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Abstract

Objective of the present work is a broad investigation of the so called "target poisoning”
during magnetron deposition of TiN in an Ar/Ny atmosphere. Investigations include real-
time in-situ ion beam analysis of nitrogen incorporation at the Ti sputter target during the
deposition process and the analysis of particle fluxes towards and from the target by means
of energy resolved mass spectrometry.

For experiments a planar, circular DC magnetron, equipped with a 2 inch titanium target
was installed in an ultrahigh vacuum chamber which was attached to the beam line system
of a 5 MV tandem accelerator. A manipulator allows to move the magnetron vertically and
thereby the lateral investigation of the target surface. During magnetron operation the inert
and reactive gas flow were adjusted using mass flow controllers resulting in an operating
pressure of about 0.3 Pa. The argon flow was fixed, whereas the nitrogen flow was varied to
realize different states of target poisoning. In a first step the mass spectrometer was used to
verify and measure basic plasma properties e.g. the residual gas composition, the behavior
of reactive gas partial pressure, the plasma potential and the dissociation degree of reactive
gas molecules.

Based on the non-uniform appearance of the magnetron discharge further measurements
were performed in order to discuss the role of varying particle fluxes across the target du-
ring the poisoning process. Energy and yield of sputtered particles were analyzed laterally
resolved, which allows to describe the surface composition of the target. The energy resol-
ving mass spectrometer was placed at substrate position and the target surface was scanned
by changing the magnetron position correspondingly. It was found, that the obtained energy
distributions (EDF) of sputtered particles are influenced by their origin, showing significant
differences between the center and the erosion zone of the target. These results are inter-
preted in terms of laterally different states of target poisoning, which results in a variation
of the surface binding energy. Consequently the observed energy shift of the EDF indicates
the metallic or already poisoned fraction on target surface. Furthermore the EDF’s obtained
in reactive sputtering mode are broadened. Thus a superposition of two components, which
correspond to the metallic and compound fractions of the surface, is assumed. The conclu-
sion of this treatment is an discrete variation of surface binding energy during the transition
from metallic to compound target composition. The reactive gas target coverage as derived
from the sputtered energy distributions is in reasonable agreement with predictions from
model calculations.

The target uptake of nitrogen was determined by means of ion beam analysis using the
YUN(d,«)'2C nuclear reaction. Measurements at varying nitrogen gas flow directly demon-
strate the poisoning effect. The reactive gas uptake saturates at a maximum nitrogen areal
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density of about 1-10'® cm~2 which corresponds to the stoichiometric limit of a ~ 3 nm
TiN layer. At sufficiently low reactive gas flow a scan across the target surface discloses a
pronounced lateral variation of target poisoning, with a lower areal density in the target race
track compared to the target center and edge. Again the findings are reproduced by model
calculations, which confirm that the balance of reactive gas injection and sputter erosion is
shifted towards erosion in the race track.

Accomplished computer simulations of the reactive sputtering process are similar to Berg’s
well known model. Though based on experimental findings the algorithm was extended
to an analytical two layer model which includes the adsorption of reactive gas as well as
its different kinds of implantation. A distribution of ion current density across the target
diameter is introduced, which allows a more detailed characterization of the processes at the
surface. Experimental results and computer simulation have shown that at sufficiently low
reactive gas flow, metallic and compound fractions may exist together on the target surface,
which is in contradiction to previous simulations, where a homogeneous reactive gas coverage
is assumed. Based on the results the dominant mechanisms of nitrogen incorporation at
different target locations and at varying reactive gas admixture were identified.



1 Introduction

Thin film and surface techniques have become a key technology, which find places in va-
rious fields of modern living today. Thin film products are manifoldly employed and their
wide span of applications reaches from microelectronics up to large area optical coatings on
architectural glass. All of these areas very often place high demands on quality, precision
and an efficient production, so that there is also a wide spectrum of highly developed film
deposition methods. Most of these methods are based on depositions from the vapor phase,
which can be subdivided into physical and chemical methods. In chemical vapor deposi-
tion (CVD) a so called precursor gas reacts at the hot substrate surface and releases the
atoms of interest. Physical vapor depositions (PVD) as e.g. thermal evaporation, pulsed
laser deposition and sputter deposition are characterized by a locally well defined particle
source and a free flight of these particles in vacuum to the substrate. If the vapor from a
solid source is created in the presence of a glow discharge or plasma the deposition process
is classified as plasma assisted physical vapor deposition (PAPVD). Sputter deposition is
such plasma assisted process and a variety of different techniques has been developed in the
last decades based on that principle. Sputter deposition has become an established state
of the art process for the deposition of a wide range of technological important coatings.
Hard and wear resistant coatings as titanium nitride, titanium carbide and boron nitride
used to improve the properties of cutting tools or act protective on mechanically stressed
machine parts. Transparent conductive oxide (T'CO) layers as tin oxide or zinc oxide are
used as electrodes in new flat screens and as contacts in solar cells. As a last example large
area coatings consisting of titanium oxide, silicon- oxide and nitride and aluminum oxide
layer stacks give architectural glasses new optical properties in terms of heat resistivity and
reflectivity.

1.1 Magnetron sputter deposition

Sputtering of surface atoms has been discovered already 1852 by W.R. Grove [1] during his
investigation of gas discharges but it took a while until its potential for thin film deposi-
tion was recognized and most technological application only developed during the last few
decades.

During sputter deposition the deposited material is ejected from a cathode (target) under
the bombardment of energetic particles. In the PAPVD deposition the primary particle
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for sputtering are supplied by a gas discharge which is induced close to the target. The
sputtered material condensates at the substrate and forms a thin layer.

Sputter deposition initially played only a minor role compared to e.g. thermal evaporation,
due to rather low deposition rates of the technique. It was characterized by low ioniza-
tion efficiencies in the plasma and often marked by inferior film properties and substrate
heating. [2] These limitations have been overcome with the invention of magnetron sput-
tering. [3—7] In a magnetron discharge high deposition rates are achieved by superposing a
magnetic field close to the target. This field confines the motion of secondary electrons to
near the target surface and enhances their residence time within the discharge. As a result a
higher plasma density at lower inert gas pressure can be achieved in magnetron sputtering,
what brings numerous advantages for process efficiency and quality of deposited films. Pla-
nar magnetron sputtering has become the most widely used sputtering configuration and
magnetrons are used today routinely to rapidly deposit high quality thin films.

The easiness of production of high quality films at high deposition rates is ensured in partic-
ular for depositing metal films in the direct current (DC) sputtering mode from elemental,
metallic sputter targets. The advantages of magnetron sputtering are summarized: [§]

e The high density plasma from which ions can be extracted results in an enhanced
deposition rate with a lower potential on the target than with the DC diode configu-
ration.

o At sufficiently low pressures, sputtered particles are transported from the target to
the substrate without gas phase collisions. This results in a high sputtering rate with
no thermalization of sputtered particles.

e The method is scalable so that even large areas can be deposited with very good
thickness uniformity. The process shows good controllability and long-term stability,
which enables a cost efficient deposition on industrial scale.

One disadvantage of the planar magnetron configuration is that the plasma is not uniform
over the target surface. Therefore non-uniform deposition conditions in terms of layers
thickness and film morphology can be expected on the substrate position. This requires
often an additional motion of the substrate with respect to the target. Furthermore the
non-uniform plasma leads to a non-uniform target utilization, sometimes with only 30%
of the target material being used. For planar magnetron configuration the sputter-erosion
path is a closed circle called "race track” (RT). In order to overcome this problem different
approaches have been chosen. In one commercial design, the race track configuration is
formed on the surface of a rotating tube to give the rotatable cylindrical magnetron. In
other designs the magnetic field is moved behind the target.

1.2 Reactive magnetron sputtering

As mentioned above there is a technological demand of numerous compound coatings. These
films can be deposited during sputtering of alloy and ceramic targets, respectively. The stoi-
chiometric composition of these targets has to be well defined and adapted to the desired
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film composition, what makes these targets rather expensive. Due to different sputtering
yields of the elements within the compound target the stoichiometry of the deposited film
and of the target may deviate strongly, which may require additionally a lot of experiments
before a routinely industrial process can be started.

In the case of a non-conductive compound layer, the positive plasma ions impinging on the
target lead to accumulation of charge, which may result in electrical breakdown or arcing.
A large part of the discharge current is concentrated then in a small surface volume segment
and causes local evaporation. [3] Arcing generally leads to unstable, undefined process con-
dition and may even interrupt the discharge. Furthermore the so ejected macro-particles
causes inhomogeneities and defects in the deposited layer, what finally makes a DC mag-
netron deposition for these materials completely inapplicable.

Charging of the magnetron target can be avoided by means of radio frequency processing
(RF), where a rapidly alternating potential is applied to the sputter target. The ion current
is interrupted frequently and the target is neutralized by the electron current during the
cycle with positive voltage applied. However this method is comparable expensive due to
very low deposition rates and higher investment costs. Further the applicability for large
area deposition is restricted.

Compound films can be also deposited with the reactive sputtering technique [9-12]. Here
an elemental target is exposed to a discharge of inert gas in the presence of some fraction of
reactive gases such as oxygen, nitrogen and e.g. methane. The sputtered material reacts on
the substrate surface with the reactive gas, which additionally is chemically activated by the
plasma. A wide range of compound materials such as oxides, nitrides and carbides can be
produced by this technique and the composition of the deposited films can be adjusted by the
amount of added reactive gas to the discharge. Two deposition modes can be identified for
the process. Sputtering in the metallic mode with low amount of reactive gas added to the
discharge often leads to substoichiometric films and sputtering at high reactive gas addition
in the compound mode results in stoichiometric or even in over-stoichiometric composition
of the deposited film. [13] In the transition the of these two modes process characteristics as
discharge voltage, deposition rate and film composition show a complex non-linear behavior.
In particular the reactive gas partial pressure may vary one order of magnitude within the
process transition. The principles of reactive sputtering will be introduced more detailed in
section 2.7.

The process behavior described above and the resulting instabilities are caused by the so
called "target poisoning”, which means that the compound layer is not only formed at
the substrate side as desired but also on the target. The process behavior during reactive
sputtering is mainly determined by the conditions of the target surface and its degree of
poisoning. The target surface again is influenced by the power and current densities of the
discharge as well as by the reactive gas partial pressure, as the balance of plasma species
arriving at the target is given by these parameters. The changed target composition in
the compound mode generally causes a drastic drop of deposition rate up to a factor of
ten. The attempt to deposit stoichiometric films at high rates, however, leads to unstable
process conditions since the process has to be driven into the transition region between the
metallic and compound operation mode. Therefore various techniques have been developed
in order to stabilize the process conditions. [14,15] Investigations show that a decrease of
the target size or an increased throughput of the system vacuum pump act positive on
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the process stability. [12,16, 17] Finally fast feedback control systems measure the partial
reactive gas pressure or the plasma composition and adjust the gas inlet very quickly in order
to operate with otherwise unstable process parameters. However many of these techniques
are nevertheless a limitation for the process, which are practically not applicable or increase
the costs for the film deposition. Thus target poisoning still remains a major drawback
in reactive sputtering. Therefore, in parallel to the development of stabilization methods,
the process of target poisoning itself has become an object of research. Investigations aim
to identify the major mechanisms of target - plasma interaction, which are responsible for
target poisoning. Further a reliable model of the reactive sputtering process is needed, which
predicts important quantities such as deposition rates and film composition as function of
the basic input parameters as target power and reactive gas flow. Finally ways may found
to avoid or lower the target poisoning due to an improved understanding of mechanisms
and dependencies.

Out of these considerations the aims of the present works arose, as:

e Magnetron discharges are strongly non-uniform. Regions of different plasma densities
exist above the magnetron target and therefore the arrival of plasma species and
background gas molecules at the target surface varies across the surface. A laterally
resolved ion beam analysis (IBA) of the target surface characterizes the degree of target
coverage (target poisoning). The comparison of IBA results with the flux variation of
plasma ions and reactive gas molecules should allow to identify the main mechanisms of
target poisoning which are e.g. direct implantation of reactive gas ions, chemisorption
of reactive gas species at the target surface and recoil implantation of adsorbed reactive
gas.

e In order to quantify the different mechanisms of target poisoning, the ratio between
the different gas species (ions, radicals, neutral molecules) has to be known. Therefore
the composition of the reactive plasma has to be determined by mass spectrometry
and global plasma modeling.

Further the dominating species, which are responsible for target poisoning should be
identified. These can be:

— reactive gas molecules from gas kinetic flux
— reactive gas radicals

— reactive gas ions

e A model of reactive sputtering based on particle flux balances of sputtered and reac-
tive gas particles has already been published 1986 [18]. This well established model
is still valid and has been developed further in the last years. It is applicable e.g. for
the modeling of processing with several reactive gases and for reactive co sputtering.
An overview is given in reference [19].

The concentrations of reactive gas and compound material, respectively, as obtained
from ion beam investigations of the target surface should be quantified also by mode-
ling of the reactive sputtering process. Therefore the existing model has to be ex-
tended. Since the amount of reactive gas incorporation depends e.g. on the target
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current density, which is strongly non-uniform for magnetron discharges, a lateral vari-
ation of target poisoning can be expected. The model therefore has to contain the
ion current distribution across the target surface in order to evaluated the laterally
resolved ion beam investigations.

In order to quantify the ion- and radical fluxes from the plasma towards the target
surface, global plasma modeling will be accomplished, which describes ionization- and
dissociation mechanisms of plasma species. The interaction of these species with the
target surface can be depicted by means of TRIDYN computer simulation, from which
e.g. the yields of particle implantation and sputtering and thereby the particle flux
balances can be derived. The results from both, TRIDYN simulations and global
plasma modeling have to be inserted into the modeling of reactive sputtering.

e On the base of the above mentioned experiments, laterally resolved measurements of

the amount and the energy distribution functions (EDF’s) of sputtered particles may
also improve the understanding of plasma-target interaction. Therefore it should be
checked if the composition of the target surface can also be characterized by energy
resolved mass spectrometry of sputtered particles. Furthermore the EDF’s of sputtered
particles should be analyzed in order to show how the lateral varying ion current
distribution and the lateral variation of target poisoning affects the EDF’s.
A variation of reactive gas incorporation across the target would influence the EDF
of sputtered particles, as the compound formation results in a variation of the surface
binding energy. Further the inhomogeneous plasma itself is a source of laterally varying
ion fluxes and possibly ion energies, which may affect the film growth on a substrate.
Therefore the present work aims to characterize the sputtered particle fluxes with
energy-resolving mass spectrometry.

e Finally an improved understanding of fundamental processes on the target surface
during target poisoning as well as an identification of the main poisoning mechanisms
and species may open up possibilities to lower or avoid target poisoning.



2  Fundamentals of plasma physics

2.1 Plasma definitions and classification

2.1.1 Definitions

Plasma is often referred to as the fourth state of matter. It is defined as a partially ionized
gas consisting of equal numbers of positive and negative charges, hence it is neutral in
average (”quasi-neutral”). If the charged particle density is high enough, the particles
exhibit collective properties.

In most cases the plasma consists of neutral atoms and molecules, positive ions and elec-
trons. The essential mechanisms in the plasma are excitation and relaxation, ionization
and recombination, caused due to collisions of plasma species. The most efficient process of
ionization is the collision of electrons and atoms. There is a minimum energy requirement
for ionization process to occur, equal to the energy of the most weakly bound electron from
the atom, which is the ionization potential.

To sustain a stationary plasma the rate of ionization has to be balanced by a loss of charged
particles to the environment and by recombination of ions and electrons. The steady state
is characterized by a common charged particle density n. ~ n; ~ n. The balance of loss
rate and ionization defines a mean confinement time of charged particles in the plasma.

Plasma species thermalize due to kinetic energy transfer in elastic collisions. As the mech-
anism is most efficient for particles with equal masses, the electron and heavy particle
ensemble will not thermalize efficiently. This allows to define separate temperatures T, T;
and T, for electrons, ions and neutrals, respectively.

Since the amount of collisions in low pressure plasmas is not sufficiently large and energy
transfer between electrons and heavy ions and neutrals, respectively, is very low, no ther-
malization between both subsystems takes places. Thus heavy particles may even stay close
to room temperature, while electrons remain at higher temperatures.

Plasmas with T; ~ T, < T, are called non-thermal, whereas thermal plasmas are
characterized by T; ~ T,.

In plasma physics, particle temperature is mostly expressed by the energy equivalent kgT',
with kp denoting the Boltzmann constant.

kpT =1eV = T = 11604 K (2.1)
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Further classifications of plasmas are with respect to electron temperature, pressure and
particle density, respectively. One distinguishes between low temperature plasmas, where
T, is in the order of a few eV and high temperature plasmas with T, > keV, low pressure
plasmas at pressures below ~ 100 Pa and high pressure plasmas above ~ 10* Pa.

Figure 2.1 identifies different kinds of plasmas over a wide range of densities and tempera-
tures. [20]

25
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Figure 2.1: Space and laboratory plasmas on a n versus T, diagram, as taken from reference [20]

As it is shown in fig.2.1, electron temperatures in processing plasmas are in the range
of 1 eV - 10 eV for low pressure discharge and around 0.1 eV - 2 eV for high pressure
plasmas, respectively. These values are below the ionization threshold of common gases as
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Ar (E; = 15.8 V) and Ny (E; = 15.6 €V), so that ionization and dissociation occur in
processing plasmas through the high-energy tail of the electron energy distribution, which
will be discussed in the next paragraph.

2.1.2 Maxwellian energy distribution

The different classifications in terms of plasma temperature are done considering a mean
energy or a mean velocity, respectively. Thus plasma species have a distribution of velocities,
which can be simplistically characterized by the Maxwellian distribution function. The
distribution, which maximizes entropy of the system, is the result of multiple collisions
during random motion of particles. The normalized distribution over the three-dimensional
velocity space is given by

. mo \3/2 mv?
@) = (27rkBT) oo <_2kBT> (2:2)

The mean kinetic energy (£) and mean velocity (v) can be derived from eq. 2.2 and result
to

(5= | ;m# £(#) d°F = ngT (2.3)
(v) = / 71 (5) &°F = SiZT (2.4)

Eq. 2.2 can be transformed into the energy distribution

f(E) = 4m?f(v) 52
= \/QE@(kBT)Sexp(—ka) (2.5)

In figure 2.2 the Maxwellian energy distribution is displayed for plasma species (e.g. elec-
trons) at temperatures of kgT = 5 eV and kT = 10 eV, respectively. The ionization
threshold of F; = 15.6 eV is significantly higher than the most probable energy of the
electrons at distribution maxima of 2.5 eV and 4.7 eV, respectively. It can be seen that
ionization is produced by the high energy tail of the distribution. An integration of equa-
tion 2.5 from the Ar ionization energy up to high electron energies show that for 7, = 5
eV approximately 10% and for T, = 10 eV approximately 33% of electrons are above the
threshold energy.



2.1 Plasma definitions and classification 11

— T T T T T T T T T T T T r
0.10 _kBT= 5eV_
—k,T=10eV |

0.08 |- -

0.06 Ar - ionization i

threshold
0.04

energy distribution function (eV™)

0.02

v

0 5 10 15 20 25 30 35 40
energy (eV)

Figure 2.2: Maxwellian energy distribution function for plasma particles with temperatures of
kpT = 5 eV and kT = 5 eV, respectively. The arrow marks the threshold energy, which is
required to ionize Ar by electron impact.

2.1.3 Debye shielding and Debye length

Debye shielding is an important collective property of plasma particles which guaranties
quasi-neutrality. For a sufficiently high particle density, free charges, especially the more
mobile electrons, will move in response to the influence of a particular charge in such a way
that their net Coulomb interaction will sum to zero.

Since this mechanism is only true on average the considered linear dimension of the discharge
has to be large compared to the Debye length, which is a characteristic length scale in
a plasma. The Debye length Ap is the distance over which significant charge densities can

spontaneously exist. [6]
k)BTEEO
A\p = 2.6
P =\ e (2.6)

A particular charge in the plasma interact with all other charged particles only within a
sphere with radius A\p. Outside this sphere, the detailed nature of the interaction becomes
immaterial and the net interaction is zero.

Correspondingly, quasi-neutrality is assured, when the number of particles in a plasma is
large compared to the number of charged particles in the Debye sphere.

4
N > §7r)\?]3ne (2.7)
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Choosing an electron temperature of T, = 5 eV and charged particle densities n; = n, = 10*°
cm?, \p has a value of ~ 1.7- 1072 cm.

2.2 Collisions in plasmas

Even though there exists in general a neutral ground state in technical processing plasmas,
which can be described by the gas laws, the prime features of discharges is that of ionization.
The different processing plasmas make use of ionization in different ways. For example, in
sputtering, the main requirement is a supply of ions, which can be accelerated onto a target
surface. In plasma etching a process is needed that dissociates stable gas molecules into
chemically active species, which can react with a substrate. So that on one hand particle
collisions are desired in plasmas which create these different species, on the other hand
collisions are required in order to sustain a stable discharge.

In the following different kind of collisions and collision cross-sections will be discussed, in
order to describe plasma properties like ionization degree, and particle transport in plasmas.

2.2.1 Collision cross-section

For a moving particle in an ensemble of identical or different particles with atomic density
n, the average number N of collision processes in a path length interval As is given by

AN¢g = noAs (2.8)

where o denotes the collision cross-section and has a dimension of an area.

The mean free path A\¢ is the average distance, which a gas atom can travel without any
collision with other gas atoms.

Ao = - (2.9)

no

The probability P(s) of a gas atom traveling a distance s without any collision becomes

S

P(s) = eap(— -

) (2.10)

Assuming a target - substrate distance of 5 cm and a mean free path length Ao of 5 cm for
Titanium sputtered in an Ar atmosphere at a pressure of 0.3 Pa gives a probability for a
sputtered particle to undergo one collision of

P(s) = ea:p(—g) = 0.37 (2.11)
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2.2.2 Binary elastic collision

Collision processes can be divided in to elastic and inelastic types. In elastic collisions there
is an interchange of kinetic energies only between the colliding partners, whereas in the
inelastic type also internal energy changes.

In the simplest assumption, the collisions between plasma particles can be described as
binary collisions between hard spheres. Many body interactions can be neglected for the
most plasmas, due to large mean free path length.

The energy transfer in an elastic collision of two particles of masses m; m; is given then by
conservation of linear momentum and energy. Assume that m, is initially at rest (v, = 0)
and that m; collides with an velocity v; and an angle 8, then the conservation of momentum
is given by

m;v; cos 0 = myu; + myuy (2.12)
and the equation for the conservation of energy is

1 1 1
—m; = —m;(u? + v} sin®0) + ~myu; (2.13)
2 2 2

where u;; denote particle energies after collisions. The fractional energy transferred from

m; to my results then in (confer e.g. [6])

E, 4mmy 9
— = 0 2.14
E;  (mi+my)? €08 (2.14)

The term 4mym;/(m; +my)? is called the energy transfer factor, which has a maximum of
unity when m; = my;. The efficient energy transfer between particles of equal masses ex-
plains the development of Maxwellian energy distribution, where a large amount of colliding
particles are thermalized around a mean energy value.

2.2.3 Main collision processes

Each plasma contains electrons, various types of ions, neutral atoms and molecules and
photons. In the following the most important interactions in glow discharges between these
species are given.

Electron impact ionization

The general character of weakly ionized plasmas is determined by the dominance of electron
- neutral collisions.

The electron impact ionization in which the primary electron removes an electron from the
atom A and produces an ion AT and a further electron, is the most important process in
sustaining the glow discharge.
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e+ A — AT +2¢ (2.15)
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Figure 2.3: Overview of cross sections for electron impact ionization of the noble gases, as taken
from reference [6]. Various data have been derived from experiments by Rapp et al. [21], Smith
(S) [22] and Schram et al. (SHWK) [23]. (7a3 = 8.82 x 10717 cm?) [24]

Figure 2.3 shows the behavior of the ionization cross-section for the noble gases [6]. It can
be seen, that there is a minimum electron energy required for an ionization process. This
threshold energy is equal to the potential energy of the most weakly bounded electron in the
atomic shell. Above the threshold energy, the cross-section raises up to a maximum around
100 eV.

Dissociation

When an electron collides with a molecule , electron impact dissociation according to (2.16)
can occur, which also may accompanied by ionization (2.17). In dissociation processes the
breaking apart of molecules AB takes place in the following way

e+ AB —w e+ A+ B (2.16)
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e+ AB — 2¢ + At + B (2.17)

In such reactions chemically reactive radicals and ions are formed which may react to form
additional species or undergo surface reactions, as in etching or deposition processes.

Excitation and relaxation

In an excitation process the incoming electron transfers energy, which would enable the
knock on electron to jump to a higher energy level within the atom. This process is charac-
terized by quantum absorption of energy.

e+ A—e+ A (2.18)

One of the characteristic features of plasmas is the glow, which is due to relaxation of
electronically exited states A*. These excited states are rather unstable and de-excite inverse
to the excitation described above. Each energetic transition is accompanied by the emission
of a photon of specific energy equal to the difference AE of the atom specific quantum levels.
This emission gives discharges of different gases a characteristic color. But the spectroscopy
of photons with optical techniques is also a powerful tool in order to detect various chemical
elements in the discharge.

Collisions of neutrals

Neutral particles in a plasma are presented by the non-ionized fraction of their parent gas,
but may also originate from electron impact dissociation of molecules and from plasma-
chemical processes. For the collision of these particles, a hard sphere approximation can be
applied. The collision cross-section is given by

o=m(ra+rp)? (2.19)
where 74 and rp denote the atomic radii of colliding partners. These cross-sections are

typically in the range (2...5) x 10715 cm?.

Resonant charge transfer

Resonant charge transfer takes place, when an ion collides with a neutral in particular when
the ion is fast compared to the neutral. But also in the boundary layer of a low temperature
plasma with low ion energies, the charge transfer cross-section can become very large.

At (fast) + B(atrest) — A(fast) + BT (atrest) (2.20)

The resonant charge transfer between identical molecules has a lower probability, since many
channels of vibrational and rotational excitation of the molecule are existent.
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Penning ionization

The penning process
A+ B*— A" + B +e (2.21)

can become a significant ionization mechanism when highly excited, metastable atoms are
present in the plasma. The excitation energy of the excited atom has to be higher than the
ionization threshold of the collision partner. For the collision of a metastable He atom with
an excitation energy of approximately 20 eV, the ionization cross-section of Ar reaches a
value of ~ 1071 cm?.

2.3 Motion of charged particles

Ions and electrons in a plasma will move in response to electric and magnetic fields. These
fields primarily arise from external sources like electrodes and magnets but also result from
collisional interaction among the particle.

Particle in the presence of an electric Field E and magnetic field B with charge ¢ and
velocity ¢ will experience a force F' given by the Lorentz equation

I T . .
F= mdit’ — q(E+x B) (2.22)

2.3.1 Constant magnetic field

Suppose a constant magnetic field in €, direction and zero electric field, the axial force in
e, direction vanishes and the Lorentz force equation becomes

dvy q dvy q dv,
it om0 dt et and g =0 (2.23)
Inserting equation 2.23 into 2.23 yields in
d*v,  q dy, q [ q
=1 -Yp=2~(Ly,B|B 2.24
a2 m dt m (mv > (2.24)
which becomes with the cyclotron frequency
m
d*v, d>
- wiv, =0 and v wgv, =0 (2.26)

dt? dt?

The solutions of equations 2.26 can be written as
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v, = —vysinwet  and v, = +v) coswet (2.27)
and finally
(4 vl . .
r=—coswct =rpcoswet and y=+t—sinwct = +rysinwet (2.28)
we we
where
V1 muv
rp = — = 2.29
o TalB (2:29)

is called the Larmor radius which is given by the initial velocity component v perpendicular
to the magnetic field.

2.3.2 Constant electric and magnetic field

In the presence of an additional constant and uniform electric field E the Lorentz equation
2.22 becomes

dv, ¢ dv q dv. q
= E, B 4 ==(E,—v,B d =—F, 2.30
=L ) = lE o) wmd =ln @)
with the solutions
vy = —vy sinwet + — v, = £v, cosw t—% and v, = LE.t (2.31)
T 1 C B ) Y 1 C B z m z .

The path of a charged particle is a combination of uniform circular motion plus a drift
velocity, called an F x B drift vp.

L1 - .. FExB
vp = =(Eye; — Eyey) = 52 (2.32)

The drift is directed perpendicular to both, the electric and magnetic field. Further it is
independent of the charge and its sign.
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2.3.3 Spatial variation of magnetic field

A gyrating charge carries a magnetic momentum g, which is defined as g = I'A where the
current I = ¢/t is determined by the charge ¢ and its time for one gyration. A is the area
encircled by the charge orbit. A sketch of the magnetic field configuration and the particle
orbit is displayed in figure 2.4.

Using equations 2.25 and 2.29, the magnetic momentum is given by

1 2
e s  zmvi Wy
_ ¢ 2 _ ML 2.33
b et~ B B (2.33)

Suppose a particle motion along the magnetic field lines B,, the total kinetic energy W of
the particle

W =W, + W, = const (2.34)

is conserved because the magnetic field does no work. This constancy of p has important
consequences in magnetic mirroring of charged particles and in confining the electrons in
cyclotron resonance or magnetron discharges.

As B, increases, W, increases to keep p constant. The increase in W, occurs on expense
of W, thus the particle can be reflected when W, =W (W, = 0).

There is an axial force F, which acts on the center of the particle orbit and retards the
spiral motion towards the region of higher B-field. If the particle moves a distance dz, F,
becomes then

dW, =F.dz2 = ——dB,

(2.35)
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Figure 2.4: Parallel force F, on a charged particle due to a magnetic field gradient dB,/dz

2.4 Plasma boundary

In practical plasma devices walls confine the discharge expansion. The analysis of discharge
properties at walls and boundaries is important in particular for materials processing because
the surface of the material being processed interacts directly with the plasma like a solid
boundary.

2.4.1 Electrostatic sheath

Suppose a plasma in front of a wall, which may be part of a vacuum vessel or a substrate.
When ions and electrons hit the wall they will be lost from the plasma. As electrons generally
have much higher thermal velocities than ions, they will preferentially leave the plasma and
charge the plasma slightly positive. As a result an electrostatic potential develops, which
retards the electron flux so that only electrons of the high-energy tail of the distribution
function still reach the wall. Simultaneously, this potential barrier for electrons accelerates
ions, until a new equilibrium state is established, which equalizes electron and ion losses.
Because of the shielding that occurs over distances greater than the Debye length, the quasi
neutrality within the plasma bulk is not disturbed by the additional potentials. However
due to different densities of ions n; and electrons n., the quasi neutrality is no longer fulfilled
in the sheath region. The development of an electrostatic sheath is schematically depicted
in figure 2.5.
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presheath sheath

bulk plasma
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Figure 2.5: Schematic of ion- and electron densities and the electrostatic potential in front of a
wall
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Assume a collision less sheath the ion energy conservation gives

mady = Smi(ui(@)? + () (2.36)

N | —

where m; is the ion mass, ®(x) is the electrostatic potential at position x and vy is the
velocity of ions entering the sheath. The ion continuity equation requires

nioVio = N (x)v;(x) (2.37)

combining these equations gives the ion density n;(x) at position x

= 2ed(x)

2
m;Vig

(2.38)

n;(x) = ng

The electron density is given by the Boltzmann relation

ne(z) = neo ezp (‘f;(Ti) ) (2.39)

In order to find an expression for the potential ®(x), from the uncompensated charge in the
sheath, Poisson’s equation has to be solved

PR ed 2ed(x)\
50@ =e(n. —n;) =eng {eajp (kBT€> — (1 — ) ) (2.40)

In order for the sheath to repel electrons, the potential must be monotonically decreasing
with increasing x. This will only be the case if n;(x) > n.(z) for all x in the sheath. This
condition corresponds to

ed 2ed(z) ~1/2
<|(1l—-—=5~ 2.41
“rp (kBTe) ( miva, ) (241)
which becomes for small |®|
ed ed(x)
1 <1 2.42
* kgT, * mivh (242)
and since & < 0
1 1
> (2.43)
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The expression

hpTe (2.44)

Vip = VB =

is the Bohm-criterion. Conservation laws and electrostatics can only be fulfilled if the ions
enter the sheath with a velocity equal or larger than the Bohm-velocity vg. In a low-pressure
plasma with £T; < kT, vp is much larger than the ion thermal velocity. To give the ions
this minimum directed velocity vp there must be a small finite electric field prior the sheath,
where the ions get accelerated. This required region is called the pre sheath.

2.4.2 Plasma potential
Due to the interaction between plasma and wall, the plasma potential ®, builds up with
respect to sheath boundary (see fig. 2.5). It is responsible for accelerating the ions to the

Bohm velocity and can be calculated

- VB = e®p (2.45)
to
kT
Pp =5 (2.46)
2e

which is half the electron temperature when quoted in electron volts.

The density of electrons and ions at the sheath boundary, x=0, is then reduced compared
to the bulk density and is then found from the Boltzmann relation

1
Nes = Ne e:cp(—i) ~ 0.61n, (2.47)

2.4.3 Sheath potential at a floating wall

In stationary state no net current is drawn to a floating wall and electron and ion fluxes
balance one another. In absence of any collisions the ion flux through the sheath must be
constant and is given by

Pw
kgT.

) (2.48)

Ji = jB = nevpexp(—
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The electron flux at the wall is given by

Pw
kgT,

Jes = ine@e)emp(— ) (2.49)

where (v.) = (8¢T,/mm)'/? is the mean electron speed and ®yy is the potential of the wall
with respect to the sheath-pre sheath edge at x=0.

After substituting for the Bohm velocity from 2.44 and equating the fluxes

kBTe 1 SkBTe e<I>W
= - — . 2.50
\/ m; 4\/ TMe ezl kBTe) ( )
So that solving for @y, gives
k}BTe m;
Oy = — 2.51
W 2e 2mme, ( )

Combining equations 2.46 and 2.51, the resulting floating potential is

kBTe

Cp=20p— P =—~

(1 + 1092;”; ) (2.52)

Thus, the energy of ions F; = e®; impinging a floating substrate is in the order of 10 eV
even if no external voltage is applied to the plasma.

2.4.4 Negatively biased wall

If a high voltage V; is applied to an electrode immersed into the plasma the ions will be
accelerated by the electric field. Since the applied potential V; is large, ® 5 and the initial
ion energy can be neglected, in comparison. Equations 2.36 and 2.37 for energy and flux
conservation then reduce to

m;(vi(z))” = —e®(z) (2.53)
and

Jp = eni(x)vi(z) (2.54)

where jp denotes the ion current which is constant throughout the sheath. This yields in
an ion density
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ni() = ijB _26(13(113).

(2.55)

)

Since the electron density in the sheath can be neglected due to the strong repulsion by the
negative potential, Poissons equation can be written

(2.56)

This finally leads to Child-Langmuirs law of space charged limited flux of charged particles

4 [2e VI?
78 —_
97"\ m, %

jp = (2.57)

which describes the current between two electrodes as a function of the potential difference
between them. It is confirmed, that the sheath thickness increases with the voltage, whereas
the ion flux remains constant. Substituting jg the shield thickness zg is given by

V2 2eVp\ 34
Tg = ?exp(1/2))\p <kBT2) (2.58)
The expression for the potential in the high voltage shield is
4/3
o=V, (“’) (2.59)
s

2.5 Plasma surface interaction

Plasma discharges are used to modify the surface properties of materials and various tech-
niques are applied in which the diverse interaction of several plasma species are utilized.
In the following the main mechanisms are discussed, in which plasma species may act on a
surface.

2.5.1 lon Bombardment
Interaction of ions with surfaces

Ions from plasma, which approach the surface of a solid gain in kinetic energy in the potential
drop of the plasma sheath. In result one or all of the phenomena displayed in figure 2.6 may
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Figure 2.6: Interaction of ions with a surface

occur.

e The ion enters the subsurface region where it loses its energy by collisions with atomic
cores and by the interaction with electrons of the solid. The ion finally becomes
implanted into the solid subsurface.

e At lower ion energies and especially for light ions the momentum of the ion can get
reversed by a subsequence of nuclear collisions, so that the ion leaves the surface again
before being stopped.

e The impinging ion may produce secondary electrons, which get repulsed by the applied
negative target potential.

e At sufficiently high enough energies the ion impact causes collision cascades in which
atoms may displaced from their lattice sites. Cascade atoms can be ejected trough
the surface which is called sputtering.

Implantation

Ions with high enough kinetic energy (> 100 eV) which impact on a solid can transmit
the solid surface. They interact with the target material through elastic collisions with the
screened Coulomb-potential of the atom cores. Furthermore they undergo so called inelastic
interactions with the target electrons. From both processes ions lose energy along their
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path. The energy loss per unit path length dE/ds is denoted as stopping cross section S,
which is normalized to the atomic density n of the solid material. [25]

1dE
S=——— 2.60
n ds ( )

Due to above processes the stopping of an ion can be divided into a nuclear and a electronic
fraction

S =S,+S8. (2.61)

In the energy range and ion-target material combinations most relevant in technical sput-
tering processes, S, is dominating, so that S, can be neglected for these cases.

As a consequence of stopping due to multiple collisions within the solid, each individual
incident ion forms a random trajectory see figure 2.7. Stopping of ion is responsible for the
total path length but mostly the projected range Rp is of interest since it characterizes the
implantation depth with respect to the surface.

For a continuous ion bombardment from the plasma and in particular for shallow implan-
tation depth the implanted ion concentration in the volume increases. Initially, the implan-
tation profile can be described according to

i, 9) = falr) -6 (262

where ¢; is the concentration of implanted ions, fr(x) denotes the range distribution function
and ¢ denotes the implanted ion fluence.

The concentration of the implanted species is mostly limited. So a maximum concentration
can be reached when a stoichiometric compound is formed during implantation of reactive
species. Furthermore often the maximum inventory of gaseous ions in a solid is limited.
Such behavior can be considered by a simple model of local saturation, which assumes that
any implanted ion will be released immediately as it becomes implanted into a region where
a maximum concentration ¢; ,q, has already been reached. The implantation profile is then
given by

c,-(x,qb) — { ﬁfR(‘r) ' Qb C; <<'Ci,max (263)

The profile is schematically displayed in figure 2.8. Above a critical ion fluence, reemission
starts since the maximum concentration is reached. A rectangular implantation profile forms
into a depth given by the maximum ion range.
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Figure 2.7: a) Schematic of an ion track and b) Schematic of range distribution at normal
incidence and projected range Rp



28 2 Fundamentals of plasma physics

—~~
N2
c 05
>
O
[
©
N
c
.0
=
©
p -
=
c
[0}
(&]
c
o
(&]
“—
c
©
o
£
0 0 1 ]

implantation depth (arb. units)

Figure 2.8: Schematic of concentration profile according to the model of local saturation. A
Gaussian range distribution has been assumed for four different ion fluences.

Recoil implantation

Fast ions transfer their energy in nuclear collisions to the atoms of the material, thus creating
recoil atoms. If the transferred energy is sufficiently large, these primary recoils will move
along a trajectory similar to that of the incident ion and may again undergo collisions. At
sufficiently large energies collision cascades are generated by multiple recoil collisions. As a
result, the recoil atoms will be transported deeper into the material, where it finally comes
to rest according to its initial energy. A relation between the incident ion energy energy and
number of displaced recoil atoms in atomic collisions can be found e.g. in reference [26].

Sputtering

Sputtering is the ejection of target atoms under the influence of impinging high energetic
ions. The process requires a momentum reversal, which is often realized in a series of binary
collisions between the target atoms. Furthermore ejected atoms need to have a minimum
initial energy to overcome the surface binding energy. The surface binding energy can be
approximated by the sublimation enthalpy of the solid Ug, with values between 2 eV and 8
eV for elemental solids.

The sputtering yield can be defined as the ratio

_Js _ sputtered particle flux

Ys (2.64)

Ji incident ion flux
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Derived from transport theory the Sigmund formula for the sputtering yield is [27]

4.2 10" em? ¢ (mt

YS(E()) - US

) S, (Fo) (2.65)

)

where ((m;/m;) a function of the target-to-ion mass ratio, varies from 0.15 to 0.8. S, (Ej)
is the initial nuclear stopping of the incoming ion in the target material.

Energy distribution of sputtered particles

Generally all sputtered particles are neutralized, so that they will not gain in or lose energy
within the plasma sheath. Thus their energy Eg is given by the probabilistic nature of
sputtering process. The resulting energy distribution of sputtered atoms can be described
by the Thompson formula [28,29]

Eg

f(ES) X (ES + Us)3

(2.66)

As it is shown in figure 2.9 the energy distribution of particles, sputtered from a solid with
Us=8 eV, peaks at an energy Fg = Ug/2=4 eV and exhibits a long high energy tail.
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Figure 2.9: Energy distribution of sputtered atoms according to the Thompson formula. The
energy distribution peaks at an energy of Us/2 and exhibits a long high energy tail
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2.5.2 Neutral Bombardment

At the pressures appropriate in technical plasma applications the mean free path length of
gas molecules is in the order of the dimensions of the vacuum system. The surfaces are
affected by frequent gas collisions, thus the gas-surface interaction plays an important role
for process behavior.

Assume the Maxwellian velocity distribution f(¥) (see eq. (2.2)) of the molecules, the gas
kinetic flux j, to a surface can be derived from kinetic gas theory. The flux per unit area is

Jg = in@) (2.67)

where n is the particle density and (v) is the mean particle speed (cf. eq. (2.4)). With the
partial pressure p, of the gas species

pg = nkgT (2.68)

the resulting flux j, becomes

Py

[
g BmgknT (2.69)

where the index g stands for a certain gas species, e.g. the inert gas or a reactive gas within
the plasma. The partial pressure and the atomic (molecular) mass of the respective gases
are denoted with p, and mg, respectively.

The flux j, sets an upper limit on the rate at which material can accumulate on the surface.
The attachment of atoms or molecules on the surface of a solid is called adsorption, while
desorption is the reverse process. Adsorption again is generally classified as physisorption,
where the adsorbate adheres to the surface only through weak intermolecular Van der Waals
forces, and chemisorption. Chemisorption is characterized by a stronger, covalent bond
between adsorbate and surface. Both processes mostly occur only up to one monolayer.
Gas species impinging on a solid surface can only be trapped if their energy is low enough.
In order to express the probabilistic nature of the gas-surface interaction, the amount of
adsorbed molecules can be written as S - j,. S, which is confined between 0 and 1, is called
the sticking coefficient. Generally S is a function of the temperature, the surface roughness
and the surface compound fraction 6.

The surface adsorption can be described with the Langmuir kinetics [30]. Here the adsorp-
tion is proportional to the extent of the uncovered surface fraction (1 — #)x. Thus it is
common to introduce a initial sticking coefficient Sy with the relation S = Sy(1 — 6).

A general function of a coverage dependent sticking coefficient was formulated by Kisliuk
[31,32] and is given by



2.6 Low temperature plasmas 31

o\
S=5(1+k—— 2.70
0 ( + 1_ 0) (2.70)
which becomes the Langmuir kinetics for £ = 1. For £ < 1 equation 2.70 reflects the
experimental findings for the sticking of low energetic molecules [33]. Figure 2.10 shows the
sticking function of eq. 2.70 for different parameters k.
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Figure 2.10: Sticking coefficient as a function of compound surface fraction 6 for different values
of k.

2.6 Low temperature plasmas

2.6.1 DC plasmas

A simple way to produce a glow discharge is by applying a potential between two electrodes,
which are placed inside a vacuum vessel. At certain conditions for the gas pressure and
the applied voltage a plasma can be established through an avalanche like ionization of
gas neutrals. This ionization processes require the initially existence of electrons, which
naturally occur by e.g. cosmic radiation. The electric field between the electrodes will
accelerate the electrons towards the anode and as a result the electrons gain sufficient
energy to ionize the gas atoms. This will lead to a multiplication of the number of electrons,
which can be described by the Townsend’s first ionization coefficient a.. It represents the
relative increase in electron flux j. per unit path length.
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dj. = ajedx (2.71)

with the solution

Je(d) = je(0)exp(ad) (2.72)

which determines the current arising from an electron current j.(0) emitted from the cath-
ode at position x=0. An electron production which is necessary for a maintenance of the
discharge is continuously provided by ion-induced production of secondary electrons during
the ion impact at the cathode. With the secondary electron emission coefficient (SEEC) 7.,
the electron production can be written as

je(o) = 7@]1(0) (273)

As one ion is also produced in the cascade with each electron

jZ(O) - ]z(d) = .]e(d) - je(0> - je(O)(exp(ozd) - 1) (274)

The Townsend coefficient o can also be interpreted as net ionization probability per unit
path length multiplied by the probability that the collision will generate ions. Thus a can
be written as

1 -U;
a = yerp (AeE) (2.75)

where A\ denotes the collision mean free path and AeF is the energy gained by electrons
between the collision.

Since the mean free path is inversely proportional to the gas pressure A o< p~!, @ becomes

a = Apexp (—Bz‘?;i) (2.76)

Here, A and B are constants which depend on the gas. The electric field E was replaced by
the applied Voltage V' and by the distance d between electrodes.

For a condition referred to as breakdown the electron multiplication is very efficient and
Je(d) becomes much larger than j.(0). The ion flux at the anode j;(d) can be neglected than
on the left hand side of equation 2.74 and the breakthrough condition results as

ad = log (1 + 1) (2.77)

e

Together with equation 2.76 the breakdown voltage Vp yields in
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v Bpd
" log(Apd) —log (log (1 + 1))

(2.78)

which is known as Paschen’s law. The breakdown voltage depends on the product of pressure
p and electrode distance d and weakly with the cathode material, which defines the SEEC.
For large products of pd, the breakdown voltage Vp is proportional to pd, the electric field
must scale linearly with the pressure. For very small products pd, there are only few collisions
and Vp must rise in order to increase the probability of breakdown per collision. A plot
of the Paschen law is shown in figure 2.11. The minimum voltage required for an ignition
of the discharge is called the Paschen minimum which can be found at a pressure-distance
product

1 1
pdly,. = 1 log (1 + ) (2.79)

Ve

2.6.2 DC magnetron discharge

As it is shown in figure 2.11 the pressure required to maintain a plasma in a simple two-
electrodes system is rather high. This limits the setup for applications like thin film depo-
sition techniques by sputtering. The higher pressure and hence the reduced collision mean
free path represents disadvantages for the process, since sputtered atoms get scattered away
on their path to the substrate which reduces the deposition rate. Furthermore sputtered
particles suffer an energy loss in collisions which deteriorates the film properties in many
cases.

In order to increase the probability for electron impact ionization at simultaneously reduced
pressure magnetron sputter systems were developed. In such configurations a magnetic field
is superposed transversal to the electric field, what creates a electron trap. The electrons
are confined by the magnetic field. A lot of magnetron designs have been continuously de-
veloped and figure 2.12 shows only one of possible configuration, which represents a planar
cylindrical DC magnetron. Two permanent magnets below the cathode, one cylindrical
magnet in the center and a ring shaped outer magnet create a magnetic field in a geometry
similar to a half torus. Above the cathode (magnetron target) the E x B field yields to a
gyration of electrons around the magnetic field lines connected with a drift motion around
the target center (cf. equations (2.29) and (2.32)). Applying a DC voltage of a few 100 V
the plasma can be ignited and a bright plasma ring appears above the cathode, which is
embedded into a plasma of lower density.

The lower working gas pressure which can be reduced by a factor in the order of 10 compared
to a simple diode discharge will avoid the scattering of sputtered atoms. Furthermore ions
from the plasma gain in the full energy according to the target voltage, when trespassing
the cathode sheath without any collision. This increases not only the sputter yield but also
the production of secondary electrons. These electrons are accelerated back into the plasma,
get trapped by the magnetic filed according to the Lorentz force (see eq. (2.22)) and lose
their energy by collision with gas atoms. Again with an energy according to the cathode
voltage, electrons are able to create a number
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Figure 2.11: Paschen law of the breakdown voltage Vg as function of the pressure. The distance
between the electrodes is 5 cm. For an argon discharge A=1.02 (Pa cm)~! and B=17.7 V (Pa
cm)~!. The SEEC is assumed to be 0.1 which is typical for a dc discharge.

Pu,

Figure 2.12: Schematic of a planar cylindrical DC magnetron. The applied cathode (target)
voltage accelerate the ions, which are increasingly produced in the plasma ring above the cathode.
Target atoms get sputtered by this ion bombardment and condense at the substrate surface opposite
the target (not shown).
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eVo NeVo

N = ~
Uerr  2U;

(2.80)

of ion-electron pairs. U, .ry denotes the average amount of energy spent per ionization
event. It is about twice the ionization potential since electrons also lose energy by other
processes than ionization within the plasma. Furthermore some of the electrons strike back
at the target before losing their full energy, which is accounted for by an effective SEEC. A
estimation yields

Ve
’Ye,eff ~ 5 (281)

Assume that all created ions leave the plasma towards the target. Then in stationary state,
the number of ions produced per unit time is equal to the ion current [; at the target.

IiVeersN = 1; or YeefsN =1 (2.82)
Together with equations (2.80) and (2.81) this yields to an estimation for the target voltage

AU;
Vi ~ (2.83)
€%

which is about 600 V assuming an ionization potential of 15 eV and a typical SEEC of 0.1.
The voltage is higher by a factor of about 2 as observed in experiments, which is partly due
to the fact that additional ionization by thermal electrons is neglected above. Furthermore
the assumption of steady state ion balance in equation (2.82) does not take into account
any flux of ions towards the surrounding walls.

The gyro radius of the electrons r; determines the axial extension of the plasma ring and
can be calculated according to equation (2.29)

Ve 1 2m.
= = — 2.84
L we B e ( )

e

A magnetic field of 200 mT and a voltage of 300 V results in a gyroradius of about 1 cm
for electrons and a radius of about 3 m for ions.

Referring to figure 2.12 the mean height of the plasma ring is equal to the gyration radius.
The limiting field line can be approximated by a circle segment with an opening angle 6 and
radius R¢

2
sinf/2 = 1;/ and 7+ Rccosf/2 = Re (2.85)

C

Combining these two expression yields a width of the plasma ring
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w = 2\/TL(2RC - TL) (286)

The ions are almost uninfluenced by the magnetic field, as shown in equation (2.84) and a
typical operating pressure of 0.5 Pa allows to utilize the collisionless Child-Langmuir law
(eq. 2.57) to describe the ion flux towards the magnetron target. On the other hand, from
geometry considerations above the ion flux j; is given by

-~ 2reRw

Ji (2.87)
as the current I; is only determined by the ion flux to the cathode and the SEEC is small.
With the parameters [;=0.3 A, R=1.3 cm and w=2 cm the resulting average current density
Ji is about 6 mA /cm?.

The ion density n; within the plasma ring can be estimated using the Bohm-flux (eq. (2.44))
and inserting j;= 50 mA cm~2 and an electron temperature of 1 eV, both as obtained from
experiments (see sections 3.2.1 and 7.1.4).

Ji

A — 2.88
0.6levp ( )

n;

yields in an ion density above the erosion zone of n; ~ 3-10'2 cm~3, which is a typical value
for low pressure discharges, in particular when considering the region of magnetic electron
confinement.

2.7 Reactive magnetron sputtering

Metallic thin films can easily produced by sputtering metal targets in a DC discharge.
Though this method is not feasible if compound materials or dielectrics should be fabricated,
since sputtering of compound and in particular dielectric materials would charge the target.
This would disturb the deposition process decisive or may finally stop the DC discharge.
In order to avoid target charging, compound materials are sputtered in radio frequency
(RF) discharges. This method requires additional equipment and exhibits, compared to DC
sputtering lower deposition rates, due to the applied power pulses. Furthermore compound
materials possess in general higher surface binding energies and, thereby a reduced sputter
yield.

Reactive DC [3,9-12, 14, 34| sputtering instead is a very common and efficient method for
deposition of compound materials, such as oxides, nitrides and ceramics. The deposition
takes place here through sputtering of elemental or alloyed targets in a working gas that
contains a reactive gas component (e.g. Og, No,CoHy). The resulting thin film is a compound
formed from sputtered target material and the reactive gas. During deposition, the plasma
itself becomes a chemically active environment, where the excitation of reactants takes place.

Advantages of reactive sputtering from elemental targets are attributed to several factors
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e Insulating films can be deposited in a DC discharge at a high rate and on an industrial
scale [35-37] without the need of complex and expensive RF systems.

e [t is possible to produce a wide range of thin compound films of controllable stoi-
chiometry and composition [38] by varying the reactive gas partial pressure.

e Elemental targets are usually more easily purified, hence higher quality films become
available at lower prices.

e A higher thermal conductivity of metallic target allows an efficient cooling and, thereby
to extend the applied power. This makes the process scalable for different applications.

Despite of the simplicity of the concept, reactive sputtering is a complex and non-linear
process. For the deposition of high quality coatings with defined stoichiometry, parameters
like the particle density in the stream of sputtered material, the reactive gas partial pressure
(prg) and the plasma density must be kept as constant as possible. However, reactive
sputtering is impeded by the effect of target poisoning, which means that a compound film
is not only formed on the substrate as desired, but also on the sputter target. This results in
a significantly reduced sputter yield of the target material and influences the major process
parameters. According to the condition of the target surface, in particular of the erosion
zone, two different stable operating modes of the magnetron discharge exist, the metallic
mode and the compound mode. The transition between these two states is associated with
an unstable operation regime and a hysteresis of the reactive gas partial pressure (and
deposition rate) at increasing/decreasing reactive gas flow. Figure 2.13 shows schematically
the operating modes during reactive sputter deposition at constant power and constant
partial pressure of inert gas.

The metallic mode is characterized by a high deposition rate and thereby a high reactive
gas consumption. The gettering rate by the sputtered metal is higher than the reactive
gas flow rate into the sputtering chamber and hence all available reactive gas is consumed.
At increasing reactive gas flow no change in p,, can be observed in figure 2.13. Typically
sputtering in this regime leads to understoichiometric films.

When the reactive gas flow reaches the critical value (b), the available reactive gas exceeds
the rate of sputtered metal. The reactive gas covers then the target surface and a gas-metal
compound forms, which has a higher surface binding energy than the pure metal. As a
consequence the sputtering yield drops and again less reactive gas will be consumed, so
that p,, increases rapidly up to point (c). A further increase of reactive gas flow leads to a
linearly response of p,4. Decreasing now the reactive gas flow and following the red arrow
in figure 2.13, p,, decreases linear beyond point (c¢). This is because the sputter yield and
thereby the reactive gas consumption of the still poisoned target is low, so that p,, remains
high even at a lower gas flow, compared to the metallic mode (green arrow). Only at point
(d) prg is low enough, that the compound layer at the target becomes removed through
sputtering.
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Figure 2.13: Schematic of the hysteresis behavior of reactive gas partial pressure during the
increase (green arrows) and decrease (red arrows) of reactive gas flow, as obtainable for magnetron
sputtering without any process stabilization. The blue, dashed-dotted line shows the theoretical
behavior of reactive gas partial pressure and the black, dashed-dotted line represents the partial
pressure with the discharge switched off.

The sputtering yield of the target and thereby the gas consumption increases and causes a
sudden drop in p,, (point (a)).

The points (a,b,c,d) confine the hysteresis area, which is characterized by unstable process
conditions [39]. Within this area e.g. p,, may jump between two or three values at one
certain reactive gas flow value, what makes the deposition of qualitative defined layers,
without any means of process control, impossible. Therefore several attempts have been
made to stabilize the process in the transition mode and reduce the hysteresis effect. Process
stabilization allows to fabricate thin films of a specified stoichiometry in the otherwise
forbidden range of reactive gas flow between points (a) and (b). [12,14,15,38]. However target
poisoning still remains a major problem in reactive sputtering, since the various techniques
of process stabilization always increase the industrial costs in thin film production [3,34].



3 Modeling of plasma target
interaction during reactive
sputtering

3.1 Plasma modeling

The present section will introduce simple plasma modeling, which allows to quantify the
inert and reactive gas particle fluxes from the plasma towards the magnetron target. The
results will be employed in chapter 3.3 as input quantities for modeling of reactive sputtering.

The plasma model introduced here can be also found in reference [43]. The stationary
global model describes the ion and radical fluxes, which impinge on the target surface of
a cylindrical planar DC magnetron. Referring to the typical geometrical appearance of a
magnetron discharge, shown in figure 2.12, the plasma is approximated in the model by
a homogeneous ring above the target. Within this ring ionization and dissociation of gas
species result mainly from fast electrons, which are generated at the target by ion induced
secondary electron emission. These electrons are accelerated in the electric field of the
magnetron target, which is given by the operation voltage V; of the magnetron plus a small
contribution of the plasma potential (see section 7.1.4). Reactions from thermal electrons are
neglected in the model, since their contribution is less than 10%. The accelerated electrons
are captured by the magnetic field of the magnetron. They spiral along the magnetic field
lines and lose their energy by subsequent collisions with the inert and reactive gases. The
possible electron-impact reactions for inert and reactive gases are shown in table 3.1.

For each reaction of type r the number of events along the path of one electron is given by

Table 3.1: Electron-impact reactions with their threshold energies and corresponding references
for the cross section data

No. Reaction Threshold energy (eV) Ref.
1 Ar— Art 15.8 [40]
2 Xe— Xet 12.1 [21]
3 Ny — N 15.6 [41]
4 Ny — N*4NO 24.4 [40]
5 Ny — NO4NO 0.8 [42]




40 3 Modeling of plasma target interaction during reactive sputtering

3
— n
‘s &r — Art
(&)
i 5 NJ =N N

o=

= { /"‘" .\ \\
: ATl NN
B T \\
3 1 F . \G\“n "
P 277 e iy
8 rd ',,-f "\-\_ -
3} v‘nv‘f‘f"y // N,|{> N*+N° Bt

L

10 100

Electron Energy (eV)

Figure 3.1: Cross section for electron impact ionization and dissociation of Ar and N, respec-
tively, versus electron energy. The data were taken from references listed in table 3.1

N, = / nyo,(E)dl (3.1)

where n, denotes the atomic density of gas species (Ar, Xe or Ny) and o,.(F) is the reaction
cross section as a function of the electron energy E, which decreases along the path 1 of the
electron. Figure 3.1 shows the progression of o, versus the electron energy for different gas
species. The data were taken from the references listed in table 3.1.

It is more appropriate now to transform integral (3.1) from path length into an energy
integral. This yields

N, =n, /V (‘2?)_ o (E)dE (3.2)

Bth

where the integration extends from the initial electron energy eV; down to the threshold
energy E' of the respective reaction. dE/dl denotes the energy loss of the electron per
unit path length, which is given by the energy transfer in each possible reaction. With the
average energy transfer T;(E) for the reaction i at the electron energy E it is

Cf(E) — S nTi(E)oi(B) (3.3)

alli

A rough approximation of the energy transfer per reaction is T;(E) = 2E!™ [20] and by



3.1 Plasma modeling 41

combining equations (3.1) - (3.3) the number of events per electron becomes

Vi JT(E)
N —n, 3.4
" Bt Yo nili(E)oi(E) o0

The individual ion flux, resulting from the ion production process r, is given than by the
expression

I = erffjfgqiNr (3.5)
where 7.777i% expresses the flux of electrons into the plasma. The secondary electron
emission coefficient (SEEC) 7. is assumed to be independent of the impinging ion species.
Jiot the total ion flux to the target is known from the experiment. Assuming that all
created ions are accelerated towards the target, the summation over all ion species yields in
the self-consistency relation

Yess D N =1 (3.6)

The index r=1,3,4 and r=2,3,4 stands for for the Ar/N, and Xe/N, discharges, respectively
(see table 3.1). Since this relation defines the effective SEEC at given target voltage and gas
consumption, no further knowledge about the secondary electron emission, which strongly
depends of the surface composition, is required.

The analog to equation 3.5 for the N radicals, which are created through dissociation and
dissociative ionization, respectively, finally reads

jwo = TLL 2Ny + Ns), (3.7)

with the reasonable assumption, that about half of the generated radicals arrive at the tar-
get surface.

In accordance with the experiments, which will be introduced in chapter 6, a total gas pres-
sure of 0.3 Pa and a nitrogen addition between 0% and 25% was applied in the modeling.
Further a target voltage of 350 V and an average target current of 15 mA/cm? was inserted
into the model. Any variation of target voltage due to the addition of nitrogen has been
neglected. From equation 3.6 an effective SEEC of around 0.1 for the Ar/N, gas mixture
was found, which is in agreement with literature [20,44]. For the Xe/N, discharge plasma
modeling yields an effective SEEC of 7, ~ 0.045 which is lower than for the Ar/Nj system
by roughly a factor of two . The lower SEEC corresponds to an increased target voltage dur-
ing magnetron operation, which can be observed in experiments (see sec. 6.1). Furthermore
the different values of 7.ff are in qualitative agreement with literature, where a decreasing
SEEC at increasing ion mass is reported. [20,45] These first results already demonstrate the
accuracy of the model and confirm the reasonability of included assumption and simplifica-
tion.
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Figure 3.2: Gas kinetic fluxes (Ar and Ng) of plasma produced species arriving at the target
surface versus nitrogen addition to the process gas, as obtained from plasma modeling.

Figure 3.2 shows the results of the plasma modeling for an Ar/N, discharge. For complete-
ness the gas kinetic fluxes of inert gas atoms and Ny molecules are also included in graph
3.2. The latter fluxes can be derived from equation (2.69), which is introduced in section
2.5.2. For the present modeling again the masses and partial pressures of the respective
gases are inserted in accordance with the experiments. Further a gas temperature T of 50
meV is assumed during magnetron operation. [46] From figure 3.2 it is apparent, that at
low nitrogen addition (<10%) the Ar ion flux is higher than the gas-kinetic flux of nitrogen
molecules. The ion bombardment is dominated by the argon ions. The ratio of the nitro-
gen and argon ion fluxes is in reasonable agreement with the partial pressure ratio of the
respective gases. The ratio of NJ to N* ions is about 3, which is in reasonable agreement
with experimental data. [47,48] The flux of N° radicals is roughly half of the N flux and is
smaller than the flux of Ny molecules by little more than one order of magnitude (jx/jn, =
0.08). It is noted that the contribution of reactive gas radicals and molecules fluxes are
further influenced by the target sticking coefficient of these species, which will be discussed
further in section 3.3.5.

3.2 Surface modeling

3.2.1 Fluxes towards the target

For modeling the incident particle fluxes can be taken from the global plasma model intro-
duced in section 3.1. As the quantities of impinging fluxes were calculated there, the lateral
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distribution across the target diameter will be discussed in this section.

Figure 3.3 shows schematically the plasma species, which are involved in the reactive de-
position process. Due to the inhomogeneous plasma above the target the ion fluxes have
their maxima in the race track region, whereas there is an uniform distribution of impinging
neutrals across the target diameter.

Neutrals ons
homogeneous high ion fluxes
gas-kinetic fluxes of within the race track
Ar, N, Art, N,* N+ and NO

jimy

eroded magnetron target

Figure 3.3: Schematic of lateral variation of plasma species fluxes towards the target surface

In figure 3.3 the cross sectional view of an eroded sputter target is imaged. The radial
distribution of ion current density, which is shown in figure 3.4, has been derived from
such surface erosion profile. The Ti target was sputtered for this purpose approximately
17h in pure Ar atmosphere. The measured erosion depth e(r) along the target radius R
was converted directly into a current density distribution j(r) The distribution j(r) was
normalized to the measured target current during magnetron sputtering.

I = /0 * ir)2mr dr (3.8)

A magnetron operation in constant current mode at 300 mA target current leads to the
current density, which is shown in figure 3.4.

It is noted here, that the measured target current I; was corrected by the amount of emitted
secondary electrons. With an emission coefficient of v = 0.1 [20,44], the ion current at the
target I; = 300 mA reduces to an effective current

Lepr = 1;(1—7) (3.9)

of &~ 270 mA, which is considered for the modeling of reactive sputtering described below.
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Figure 3.4: Ion current density as derived from the erosion profile of a Ti sputter target after
long time magnetron operation for 17 h with Ar inert gas only.

3.2.2 Mechanisms of plasma particles - surface interaction

The above denoted plasma species strike the target surface through different processes,
which are listed qualitatively for Ar/Ny and Xe/N, discharges in Table 3.2 together with
the kinetic energies of each species. The energy of the neutral molecular and atomic nitrogen
does not allow any surface penetration. For these species only adsorption at the target
surface is considered. Inert gas neutrals are assumed to be reflected from the target surface.

In spite of the neutral atoms and molecules, ions created in the plasma can gain in energy
by the target potential. These particles affect the target surface with their high kinetic
energy by direct ion implantation, furthermore they cause surface sputtering and recoil im-
plantation. The latter acts not only on adsorbed species, but may also transport implanted

Table 3.2: Atomic and molecular species taking part in plasma surface interaction at the target,
with their approximate incident energies and the corresponding interaction process.

Plasma Species Approx. energy Processes

Ny 50 meV adsorption
NO eV adsorption
NS eV;/2 (2 atoms) implantation, recoil implantation, sputtering
N+ eV; implantation, recoil implantation, sputtering

Art Xet eV, sputtering, recoil implantation
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nitrogen into larger depths of the bulk. It is assumed for the modeling that reactive gas ions
remain implanted in the subsurface up to the stoichiometric limit, whereas any incorpora-
tion of inert gas ions is neglected. Further it should be noted that molecular reactive gas
ions split into two atoms with half of the initial energy when impinging the target surface.
The depth on which the ion bombardment phenomena influences the target surface can be
estimated by the range distributions of the involved ions, which are shown in figure 3.5. The
data were obtained from static binary collision simulation using standard TRIM computer
simulation [49] for ion energies of 350 ¢V in fig.3.5(a) and 500 eV in fig.3.5(b). The mean
projected ranges are between 1 nm and 1.5 nm depth, with slightly higher ion ranges during
magnetron operation in Xe/Ny gas mixture, due to the higher target voltage.

From the obtained range distributions a thickness of the nitrided target surface layer of
only a few nm can be expected. Atomic nitrogen ions penetrate most deeply, however the
resulting depth profile of implanted nitrogen will be influenced only to a minor extent by
this species, since it exhibit the lowest fluxes as described above (see fig.3.2).

3.2.3 Nitrogen incorporation at the target surface

Due to the above atomic processes, an initially purely metallic target surface becomes ni-
trided ("poisoned”) at increasing time or fluence of the bombarding particles. At sufficiently
large fluence, a dynamic stationary state evolves with a constant subsurface nitrogen pro-
file, which is given by the balance of nitrogen injection by ion implantation and combined
adsorption and recoil implantation, and nitrogen removal by surface sputtering.

Figure 3.6 shows the development of implantation depth profile of nitrogen ions. The data
were calculated with dynamic binary collision computer simulation program TRIDYN [50,
51]. Different depth profiles at increasing ion fluences are shown for medium reactive gas
addition and unity sticking coefficient of Ny. At low ion fluence, the profile is dominated
by a surface peak due to adsorption and recoil implantation. At higher ion fluences, a
contribution of ion implantation becomes visible at a depth of around 1.5 nm, which reflects
mainly the range profile of N5~ At high ion fluence of NJ the depth profile saturates towards
a rectangular shape. The saturated depth profile shows a tail which may be attributed to
multiple recoil implantation and some contributions of N T ions.

The almost rectangular, stationary implantation depth profile results from the equilibrium of
ion implantation under simultaneous surface erosion. The maximum depth of 2.5 nm is larger
than indicated in figure 3.5. This deviation is primarily caused by the dynamic simulation
of surface composition which is only partially nitrided in contrast of stoichiometric TiN for
which the data of figure 3.5 have been calculated. From the depth profile, which is shown
in figure 3.6 a maximum depth of nitrogen of 2.5 nm can be derived, which will be used in
the analytical model of reactive sputtering, described below.
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Figure 3.5: Static ion range distribution of plasma species incident on TiN for magnetron opera-
tion in Ar/Ns gas mixture at &~ 350 V target voltage (a) and Xe/N2 gas mixture at ~500 V target
voltage (b), respectively . (NN, ions split into two atoms of 175 eV and 250 eV, respectively) The
data have been obtained from TRIM binary collision computer simulation
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Figure 3.6: Nitrogen depth profiles at increasing total ion fluence for a reactive gas addition of
15 mol% and a sticking coefficient = 1 of molecular nitrogen

3.3 Modeling of reactive sputtering

An early theoretical description of the reactive sputtering process has been formulated by
Berg et al. [16,19,52]. The model includes the reactive gas balance during thin film growth
and target poisoning to predict the optimum operating parameters as well as instabilities of
the process. The reactive gas balance is determined by the inlet and outlet flows and by the
consumption due to layer deposition at the chamber walls, the substrate and the sputtering
target. The consumption at these surfaces was treated within an adsorbed-layer model.
Recently, it turned out both from experiment [53-56] and computer simulation [57,58], that
up to ten monolayer of reactive gas are incorporated into the target surface, which was
ascribed to direct implantation of reactive gas and recoil implantation of adsorbed reactive
gas atoms mainly by inert gas ion bombardment.

The model introduced here is based upon the principles formulated by Berg and Lars-
son [16,52]. Correlated with experimental findings [53-56] of several groups and further
theoretical considerations (e.g. [57]) this model was extended and improved. Whereas the
early formulation by Berg treated only an adsorbed layer model at the target surface, re-
cently Kubart et al. [58] published a description, which includes plasma-target interactions
like

e adsorption of reactive gas molecules at target surface

e direct implantation of reactive gas ions
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substrate

target

Figure 3.7: Schematic of particle fluxes during reactive sputtering. Shown are the target and
substrate area, both with nitrided regions 6; s and metallic regions (1 — 6; ), respectively. The
target is divided into a surface and bulk layer, denoted by #%°. The total reactive gas consumption
Q; at steady state is equal to the consumptions caused by gettering at the target area )y and
surface area Qs and the flow that passes out the pump.

e recoil implantation of adsorbed reactive gas atoms mainly due to inert gas bombard-
ment

This model involves a system of up to 10 layers to describe the temporal evolution of reactive
gas depth profiles in the target subsurface region during magnetron sputtering. Applying
this formalism only to the stationary state, it reduces to a two-layer system with a surface
layer and only one underlying bulk layer. Furthermore the substrate area including all
the walls of the deposition system contribute to the particle balance as well by consuming
sputtered material and reactive gas. Considering target and substrate balance situations
allows self-consistent modeling of reactive magnetron sputtering. The following sections will
introduce the model.

3.3.1 Gas balance

The reactive gas partial pressure py, within the deposition system is a crucial parameter
in reactive sputtering. As mentioned above, there exists a complex non-linear dependence
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between this parameter and the introduced reactive gas flow.

Figure 3.7 shows how the incoming gas flow ();, can be divided primarily into three flows.
The balance between these flows determine the complex relation between py, and @);. For
steady state condition

Qi=Qi+ Qs+ Qy (3.10)

where Q; denotes the flow of reactive molecules towards the target surface, Q, is the flow
to substrate and chamber walls and Q, is the reactive gas flow, which is not gettered at
any surface and passes out through the vacuum pump. It is the task of the modelling to
calculate the particle fluxes at the target and substrate areas, in order to determine the

reactive gas flows Q:(pn,) and Qs(pny,)-

As described in section 2.5.2 a probability for the adsorption of reactive gas molecules has to
be introduced since not all nitrogen molecules resulting from equation (2.69) are consumed
by the surfaces of the system. This is considered by the introduction of sticking coefficients
S; and Sy for the target and substrate area, respectively, into the model equations. A more
detailed discussion follows in section 3.3.5.

3.3.2 Target balance

For the calculation of the particle balance at stationary state a two layer system is intro-
duced, consisting of a surface monolayer and one underlying bulk layer. Both layers are
composed from a compound fraction denoted with 6 and 6, respectively, and a metallic
fraction. The balance situation of the reactive gas incorporation is determined by various
mechanisms. the stationary balance equation of the topmost target layer is

Qsz‘S’t(l - Qf) + jixef(ymcef + Ymm(l - Qf)) - tigcef - ]eref(l - 05) =0 (3'11)

where x denotes the stoichiometry of the compound MeN,, with Me standing for the metal
component.

The surface layer gains reactive gas atoms by adsorption of the molecular gas on the metallic
fraction (1—67) with the zero-coverage sticking S; (term I in equation (3.11)). Each molecule
delivers 2 atoms to the surface, thus the factor of two is inserted. By sputtering metal
atoms from both, metallic fraction (yield Y;,,,) and compound fraction (yield Y,,.) the bulk
material is exposed to the surface (term II). Depending on the previous bulk composition this
process is an additional source of reactive gas, which may increase the compound fraction
at the surface layer. The removal of reactive gas atoms occurs through sputtering from the
compound fraction (with a sputtering yield Y,.) and due to recoil implantation into the bulk
material (with a yield Y;.), as long as the bulk is still partly metallic. These mechanisms are
represented by term III and IV, respectively. The ion current density displayed in figure 3.4
contains primarily contributions from Ar* and N3 ions, however any distinction in terms
of sputtering and recoil implantation is neglected in the model. This simplification is less
severe as the NJ flux is significantly smaller than the Ar™ flux. Thus, j; = ja+ + J N
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denoting the ion current density. Furthermore any multiple recoil implantation and the
recoil implantation of metal atoms are discarded.

The equation for the balance situation of the underlaying bulk is given by

2jnt (1= 607) + 5:Y,0; (1 = 07) = it} (Yonel; + Yo (1 = 67)) = 0 (3.12)

It includes the implantation of reactive gas ions, which is represented by term one. Since the
amount or reactive gas being implanted into the surface layer is very small (see figure 3.5)
this contribution is neglected in equation (3.11). Term two stands for the increase of reactive
gas due to recoil implantation from the surface into the bulk. Equation (3.12) contains also
a transfer term (term IIT). This time sputtering at the surface replaces compound material
in the bulk layer with pure metal from the the target bulk (see eq. (3.11)).

It is assumed that adsorption, direct ion implantation and recoil implantation of reactive
gas atoms only occur at the metallic target fraction. Therefore both equations contain
saturation terms (1 — 6; ’b). With increasing concentration of reactive gas, adsorption, recoil
implantation and ion implantation are increasingly suppressed. As the energetic events will
take place independent of the bulk concentration, this corresponds physically to a back-
reflection of recoil atoms into the surface layer and to the reemission of implanted atoms
into the vacuum. The transport is increasingly limited at increasing compound fraction,
which physically corresponds to a suppression of short-range diffusion.

To calculate the compound fractions 67 and 6° for the surface and bulk layer, respectively,
equation (3.12) can be inserted into equation (3.11) what results in a quadratic equation
for the surface composition.

2 i
aB0;” — (e + ad + (B7)0; — 5= —70] =0 (3.13)
Ji
with the abbreviations
o = 25153?22 + Y’gm ﬁ = x(Ymm - Ymc) - }/m
; J INT
Ji Ji jz
jN+
and e=2—"2Y, (3.14)
Ji

For the solution of equations (3.13) - (3.14) the particle fluxes j;, jy+ and jn, have to be
entered. The gas kinetic flux jy, was calculated using equation (2.69). The total ion flux
ji: can be derived from the effective target current as described in section 3.2.1 on page 42.
The flux of reactive gas ions was assumed to be directly proportional to the ratio of partial
pressures of reactive gas py, to inert gas p4, and their ionization cross sections o4, and o,,.

. ONy PN, .
In+ = Ji 3.15
N, ONyPNy + O ArDAr ( )
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The ratio of ionization cross sections is obtained by averaging the cross sections given in
figure 2.3 over an energy range extending from the ionization threshold to the target voltage.

O Ar

= 1.35. (3.16)
O'N2

The yields for sputtering and recoil implantation were taken from specific TRIDYN sim-
ulation runs. The sputtering yield from the compound, Y,.=0.275 and Y,,.=0.07 are the
results from simulations at high nitrogen addition, where a stoichiometric TiN profile has
been formed. The pure metal sputtering yield Y,,,,=0.45 has been obtained from simulation
at low nitrogen flow, where the yield was extrapolated towards zero reactive gas fluence.
Ti sputtering yields sputtered from both, Ti and TiN under Ar"™ bombardment at energies
between 400 eV and 700 eV have been published by Ranjan et al [59]. These data were
obtained both from experiments and TRIM.SP [49, 60] computer simulation. The present
value for Y,,,, at an energy of 350 eV is in good agreement with the data in [59], whereas
the present yield for Ti sputtered from compound Y,,. seems to be significantly lower. How-
ever this is attributed to a different experimental situation, in which the yield is measured
at stationary sputtering of TiN in a pure Art beam. Under this conditions the nitrogen
concentration at the surface decreases due to preferential sputtering. TRIDYN calculations
were performed with adapted parameters [43], resulting in a calculated yield with a 30 %
deviation from the value in [59]. The simulations show that the sputtering of stoichiometric
TiN, which is relevant for the present modeling, reduces the Ti yield by a factor of around
3 with respect to Tip75Np.o5, thus the present yields are reasonably consistent with those
published in reference [59].

The recoil implantation yield again was obtained from TRIDYN simulation. A monolayer of
TiN was bombarded with a low fluence of pure Ar™ ions, which results in Y,=0.53. Figure
3.8 displays the nitrogen depth profile from which the yield was calculated as the difference
of the integrated nitrogen areal density and the nitrogen areal density in the surface mono-
layer, normalized to the Ar™ fluence.

As it is shown in section 3.2.1, the ion flux towards the target is not homogeneously dis-
tributed. However, the balance situation at the target surface is strongly influenced by
the ratio between bombarding ions and the molecular flux of neutrals. A more detailed
description including the radial dependence of the target composition, the sputter yield and
the reactive gas consumption can be achieved by inserting the measured ion current density
distribution, as shown in figure 3.4, into the theoretical model.

For this purpose, the target area A; is decomposed into 25 concentric rings with outer and
inner radii r; and r;_;, which are influenced by the different particle fluxes.

25

A= (mr} =) (3.17)

=1

The target compound fractions 6 and 6%, can be calculated as function of the radial position
by solving equations (3.11) and (3.12) for each of these rings. This was realized with a loop
algorithm in the simulation program.

The total nitrogen incorporation (in terms of an areal density) was derived by multiplying
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Figure 3.8: Nitrogen recoil distribution

67 and 0? with the particle density within the compound. By definition, the surface layer
corresponds to one atomic monolayer. Further, the atomic density ny of nitrogen in the
stoichiometric compound is equal to the molecular density nprn = 5.07-10%2 cm =2 of TiN.
The reactive atom areal density of nitrogen is then in a reasonable approximation HQT/ZZJ)’V and

the nitrogen areal density in the surface monolayer is

2
Vi = g ; (3.18)

A larger uncertainty arises from the thickness of the bulk layer, which can be estimated from
the penetration depth of the ions. From the stationary nitrogen profile shown in figure 2.8,
which was calculated with TRIDYN, a depth of d ~ 2.5 nm can be derived. Subtracting
from this the thickness ny, 1/v3 of the stoichiometric surface monolayer, results in a bulk layer
thickness of d &~ 2.23 nm. The nitrogen areal density within this bulk region is then

VA = dnpin 0. (3.19)

3.3.3 Substrate balance

The substrate area, which also includes the walls of the vacuum chamber is influenced by
different particle fluxes. The balance situation of these fluxes is described in equation 3.20,
where it is assumed that all the material is deposited homogeneously at the substrate area.
The reactive gas supply to the substrate occurs mainly through chemisorption of nitrogen
molecules from the background reactive gas partial pressure (term I). Furthermore there is a
flux of sputtered reactive gas atoms contributing to the reactive gas supply (term II). Since
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the energy of the sputtered atomic nitrogen is higher, different sticking coefficients Ss,, and
Ss, are introduced in equation (3.20) for the molecules and sputtered atoms, respectively.
The compound fraction 6, formed at the substrate is reduced by the deposition of sputtered
metal onto the compound (term III). The balance equation for the substrate area finally
reads

2jNQSSm(1 - 95)A5 —|— SSGFN<1 - 93) - FTiHS — O (320)
with the amount of sputtered nitrogen atoms I'y per unit of time

25

Ty =Y jY,00 A, (3.21)

=0

and the amount of sputtered titanium atoms I'p; per unit of time

25

=0

The fraction I'y(1 — ;) of sputtered nitrogen is deposited onto the metallic part of the
substrate and converts it into the compound fraction #,. Sputtered nitrogen which reaches
the fraction 6, of reacted material, does not change the situation at the substrate and is
neglected in the balance equation (3.20). The fraction I'r;6, increases the amount of non-
reacted target material at the substrate.

The different target regions (rings) with the area A;, contribute with a certain amount of
sputtered material accordingly to the ion current density distribution shown in figure 3.4.
The total yield of incoming fluxes at the substrate is the sum of all these contributions
which are represented in equation (3.21) and (3.22), respectively.

3.3.4 Reactive gas consumption

From equations (3.13) and (3.20) finally it is possible to calculate the reactive gas consump-
tion of the sputter system. Quantities of the process as the behavior of reactive gas partial
pressure, the deposition rate and the target composition are predictable as function of the
reactive gas flow into the vacuum chamber.

For the sputter target the consumption ), is given again as the sum of contributions of each
target area Ay, .

25

Qe =D (2w Su(1 — 63) + 2 (1 62) — iYye ) A (3.23)

i=1
Term (I) in (3.23) describes the sticking of nitrogen molecules at the metallic target surface.

The implantation of N into the target bulk is included in term (II) and term (III) considers
the removal of reactive gas from the target area.

The reactive gas consumption of the substrate area @), is given as



54 3 Modeling of plasma target interaction during reactive sputtering

Qs = (2Jn, S5, (1 —0)As + S, Tn (1 — 6y)) (3.24)

where term (I) in (3.24) denotes the gettering of nitrogen molecules at the metallic substrate
area Ay and term (II) includes the total amount of sputtered atomic nitrogen I'y (see eq.
(3.21)), which again is consumed by the metallic part of the substrate area.

Finally the throughput of the pump @), can be easily calculated. It is

2\
Q=175 (3.25)

with py, the reactive gas partial pressure and S the pumping speed of the vacuum pump.
For the steady state the total gas consumption Q. must be equal to the ingoing reactive
gas flow as denoted in equation 3.10.

Qi = Qrotar = Qt + Qs + Q) (3.26)

3.3.5 Results of modeling

The established relation for Q;(pn,) allows to model the behavior of nitrogen partial pressure
PN, as a function of the applied nitrogen gas flow into the sputter chamber. One result of
modeling is displayed in figure 3.9, where the nitrogen partial pressure (a) and the amount of
sputtered titanium (b) are calculated for a homogeneous (constant) ion current distribution
across the target (dashed-dotted line) and for the inhomogeneous ion current distribution
j(r) (solid line), which is shown in figure 3.4, respectively.

Figure 3.9 shows that, as the Ny gas flow is increased from a low level, its partial pressure
(b) remains almost constant at a low value of around 0.001 Pa. All of the reactive gas
will be consumed in the reaction with the pure titanium being sputtered from the target.
Under this condition the sputter target is metallic and the sputter yield (a) remains high at
around 0.8-10'7 Ti s~'. When the gas flow reaches the critical value of around 0.9 sccm the
gas flow rate into the chamber becomes higher than the gettering rate of the pure metal, a
TiN compound layer forms on the target surface. This reaction occurs very quickly and is
connected with a significantly drop of the sputter rate. As it is shown in figure 3.9(a) the
sputter yield for the TiN system reduces by a factor of around 4. In the consequence less
reactive gas is consumed by the sputtered Ti and the reactive gas partial pressure increases
rapidly up to 0.03 Pa. Both calculations in (a) and (b) show the typical, abrupt change in
the sputter rate and in py, as well as their hysteresis behavior, which is described in section
2.7.

The width of the hysteresis is a measure of the process stability. A smaller hysteresis
corresponds to an improved process stability. The higher ion current density, which is
confined on a small area, can be considered as a smaller effective target size. Referring
to constant magnetron power the target remains still metallic even at higher reactive gas
flows, due to enhanced sputtering within the region of higher current density. This leads to
a higher sputter rate and higher reactive gas consumption. An improved operating stability
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and limitation of the hysteresis effect due to the use of a smaller target have been introduced
as a method for process stabilization in references [11,17].

Influence of the pumping speed

Figure 3.10(a) shows another possibility to achieve stable operating conditions, which has
been described by numerous authors in e.g. [38,61-63]. Here the behavior of the reactive
gas partial pressure py, is plotted as function of the reactive gas flow, for different values
of pumping speed of the system vacuum pump. It is shown, that with increasing pumping
speed the width of hysteresis becomes smaller, whereas the critical value of reactive gas flow
remains constant at around 0.55 sccm. In the compound mode, py, is linearly connected
with the applied reactive gas flow. The gradient of py, in this mode, decreases for higher
values of pumping speed and enables thereby a gradual transition from the metallic to the
compound deposition mode. At high pumping speed the reactive gas consumption of the
vacuum pump is high enough, that it dominates the consumption by the growing TiN layer
at the substrate area and, thereby, the behavior of py;,.

Figure 3.10(b) shows a comparison between simulation and experimental data, which were
recorded with the calibrated mass spectrometer during reactive sputtering. The model pa-
rameters include the experimentally determined pumping speed of 60 1/s, the ion current
density j(r) (see figure 3.4) and a substrate area of 0.15 m?, which is reasonable since, the
walls of the vacuum vessel are affected by sputtered material to a large extend, due to the
absence of a properly substrate in front of the magnetron.

The result of modeling is in good agreement with the experimental data. In particular
the critical reactive gas flow value for the transition from metallic to compound mode, but
also the magnitude and gradient of partial pressure increase are very well described by the
model. The simulated pressure values are slightly below the experimental points, which
cannot only be ascribed to the deficiencies in the model, but also in a systematic error
during the calibration of the mass spectrometer and during the measurement of the partial
pressure. One uncertainty for instance arises since the spectrometer had to be calibrated
with the magnetron and, thereby, the plasma switched off, whereas it was exposed to the
nitrogen ions created in the plasma during sputtering.

Effect of variable sticking coefficient of N, molecules

The nitrogen incorporation at the target is strongly influenced by the sticking of nitrogen
ions, molecules, and radicals. In general, the sticking coefficient, which denotes the retained
fraction of the incoming flux, decreases with the incorporation or coverage of the implanted
and adsorbed species, respectively. A definition of the sticking coefficient, which is required
in any surface models, can be described as introduced in section 2.5.2.

As it is shown in figure 3.6, nitrogen ions penetrate into the surface up to around 2.5 nm.
The sticking coefficient of incoming ion flux, is given by the fraction, which is not collision-
ally reflected from the surface. According to TRIM computer simulation [49] the reflected
fraction of nitrogen ions in the present range of ion energies is around 15%, so that the
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Figure 3.9: Modeling of Ti sputter rate (a) and reactive gas partial pressure (b) during reactive
sputtering for a homogeneous (red, dashed-dotted line) and inhomogeneous (blue, solid line) ion
current distribution across the target. The parameters used in the simulation can be found in table
9.2.
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Figure 3.10: a) Modeling of partial pressure at different values of pumping speed of the vacuum
pump. b) Comparison with experimental data as measured with the calibrated mass spectrometer.
The parameters used in the simulation can be found in table 9.2.
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sticking coefficient at the pure metallic surface is treated as unity here. Hence almost all of
the impinging ions are implanted in the target material.

For the zero-coverage sticking coefficient of nitrogen molecules around room temperature,
data from indirect experiments are given in literature [64,65], which scatter widely between
~0.1 and ~0.8 with a mean value of ~0.3. The latter is also given in reference [64] as the
zero-coverage limit of a dependence on the coverage. Thus, in view of this uncertainty, the
model will be applied and discussed in this section for the limits of zero and unity sticking,
and consider the intermediate value of 0.3 as probably most realistic one for comparison
with experiment.

In figure 3.11 (a) the nitrogen areal density at race track position versus reactive gas ad-
dition is calculated for a unity sticking coefficient S;. The nitrogen content decomposed
into contributions of the topmost surface layer and the bulk layer. The stationary nitrogen
profile in figure 3.6 exhibits a depth of ~ 2.5 nm, which corresponds to a bulk layer thickness
of 2.23 nm, as shown above. As this is significantly larger than the monolayer thickness,
the total nitrogen inventory is dominated by the bulk layer contribution at typical mag-
netron powers. In the saturated regime, were the stoichiometric limit is reached and TiN
has formed at the target, the nitrogen areal density in the topmost surface layer is ~ 1-10%
cm~2, whereas the areal density in the bulk is ~ 8.5 - 10" cm™2.

Figure 3.11(b) shows the compound (TiN) surface (6s) and volume (6,) fractions, with the
options of zero and unity molecular sticking at the target surface. At unity sticking of nitro-
gen molecules, both the surface layer and the bulk layer converges towards saturation above
a reactive gas flow of around 2.5 sccm. At zero sticking, the amount of formed compound
is considerably lower and shows a weaker tendency of saturation within the present range
of nitrogen addition. The lower amount of compound in the bulk layer demonstrates the
important role of recoil implantation of adsorbed nitrogen into this region, since this is the
only mechanism, which is suppressed at zero sticking of molecules. Furthermore in this case,
the only addition of nitrogen at the surface takes place due to sputtering, which transfers
the bulk layer into the surface layer and exposes thereby TiN compound from the bulk to
the surface. The amount of compound material at the surface layer compared to that one
in the bulk layer differ more for the case of zero sticking. In this case the surface is cleaned
by sputtering and adsorption as important nitrogen source is missing.

As it was shown already in graph 3.10, the results of modeling are in good agreement with
experimental findings. Reactive gas partial pressure and critical points of reactive gas flow
as well as the hysteresis behavior are well described by the two layer model. In the chap-
ters 6 and 7, the model is applied further to quantify the experimental results of ion beam
analysis and mass spectrometry.
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Figure 3.11: (a) Comparison of nitrogen areal densities for surface layer (green line) and bulk
material (red line) of the Ti target exposed to an Ar/Ng plasma at increasing nitrogen addition.
Both calculation are performed for unity sticking values S; = 1 of Ng molecules. b) Compound
(TiN) surface (6s) and volume (6p) fractions at the Ti target surface again at increasing reactive
gas flow. Results are compared for unity (solid and dashed lines) and zero (dashed-dotted and
dotted lines) sticking of Ny molecules. All data are simulated for the erosion zone of the target.
(parameters see table 9.2)



4 Experimental Setup

The investigation of target poisoning during reactive magnetron sputtering includes the
analysis of reactive gas coverage of the magnetron target as well as a study of particle fluxes
towards and from the target surface.

Figure 4.1 shows the setup that allows to combine ion beam analysis of the target surface
and mass spectrometry in order to characterize the reactive sputter process. Since these
particle fluxes resulting from the plasma-target interaction, the target surface composition
as well as the plasma properties are of interest for the investigations.

For the experiments a standard sputter configuration was installed in an ultrahigh vacuum
chamber which was attached to the beam line system of a 5 MV tandem accelerator. The
planar circular dec magnetron of 5 cm diameter was equipped with a 99.995 % purity titanium
target and positioned in the center of the vacuum chamber. An energy resolving mass
spectrometer (HIDEN EQP 500) was placed in front of the magnetron at usual substrate
position at a distance of 5 cm. A manipulator allows moving the magnetron vertically with
respect to the axis of the mass spectrometer and the ion beam line what allows a laterally
resolved investigation with both techniques.

During magnetron operation, a 10 sccm argon flow was maintained, whereas the nitrogen
flow was varied between 0 and 3 sccm in order to realize different states of target poisoning.
Both gas flows were adjusted using mass flow controllers resulting in an operating pressure
between 0.3 Pa and 0.35 Pa. The base pressure in the 50 liters vacuum chamber of ~ 1-107¢
Pa was reached using a turbo pump with a maximum pumping speed of around 190 1/s.
The throughput of the pump was controlled by a throttle valve to lower values as required
for magnetron operation. Figure 4.2 displays the pumping speed of the system versus the
aperture of the valve. A typical aperture of ~0.2 during magnetron operation at ~0.3 Pa,
results in a pumping speed of around 60 1/s.

Due to differential pumping a beam line pressure of < 10~* Pa was realized during magnetron
operation. For pressure control two vacuum gauges were installed. A pirany gauge covers
the range between 0.1 to 1077 Pa and a capacitance gauge provides values with a higher
accuracy in the range from 1 Pa to 10~® Pa which is relevant for the sputter deposition
process.

Typical parameters applied during magnetron operation are summarized in table 9.1 in the
appendix.
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Figure 4.1: Experimental Setup with the 2 inch magnetron placed vertically moveable in the
center of a high vacuum chamber. The energy resolved mass spectrometer is installed at usually
substrate position at a distance of around 5 cm.
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5 Analysing methods

5.1 lon beam analysis

Ion beam analysis enables the characterization of the target surface during magnetron op-
eration. It is a well suited analyzing tool since ion beam itself as well as the detected «
particles possess energies in the order of several MeV, so that any influence of the magnetron
discharge and the involved electrical-magnetic fields can be neglected.

In Figure 5.1 a schematic view of the detector setup is shown. The analyzing beam of 1.8
MeV deuterium ions (DT) with a typical current of 30 nA was directed onto the target sur-
face. The ion beam is collimated to a spot of 1x1 mm?, which defines the lateral resolution
of the analysis.

The nitrogen incorporation at the target surface was analyzed using the N(d,a)?C and
MN(d,a1)'2C* nuclear reactions. The « particle yields from these reactions were measured
by means of a surface barrier detector, which was placed at a distance of 82 mm from the
target under a back scattering angle of = 150°. With an effective detector area of A = 150
mm? a solid angle Q = 0.016 sr is covered. The detector was covered by a thin aluminum
foil in order to prevent any contact with the plasma. The foil was replaced periodically
since the film deposition on the foil would cause an excessive energy loss of the emitted «
particles, which would smear out the peak areas of the spectra.

In general the cross section for an NRA experiment cannot be written down in an analytical
way, since it varies strongly with the scattering geometry and the energy of projectiles. For
common analysis reactions for several elements the cross sections are published in refer-
ences [66-68|, from which the experimentally conditions can be chosen. By Pellegrino et
al. [69] cross sections of o(F, 60, ap) = 1.6 mbarn st~! and ¢(F,fa;) = 3.8 mbarn sr! are
denoted for the setup shown in figure 5.1 and a deuterium DT energy of 1.8 MeV.

Due to the low cross section of the nuclear reaction, the convenience of the present exper-
iment is hampered by long analysis times of 20 min and more, which still yield no more
than about 200 counts of the « spectra. This, however, does not deteriorate other than
the statistical quality of the results as all measurements have been performed in stationary
state.

Assuming only a thin nitrogen layer at the target surface, which is reasonable for com-
pound formation under sputtering conditions, the yield Y of « particles can be derived from
equation (5.1):

Y =0(E, 6)-Q-I-n-d (5.1)
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Figure 5.1: Schematic of the arrangement of magnetron target, detector and ion beam direction.
The surface barrier detector with an effective area of A=150 mm? was placed at a backscattering

angle of ©=150° referring to the ion beam axis. The distance between target and detector was 82
mm, what results in a solid angle of 2=0.016 sr.
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Figure 5.2: NRA spectrum as obtained during the analysis of target nitrogen incorporation. The
analyzed ag particles spectra are background free due to their high energies. At lower energies
elastically reflected Deuterons and protons of various reaction channels can be observed.
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The integral yield of the peaks is proportional to the areal density ny = n - d of nitrogen
in the target surface, where n denotes the atomic density and d is the layer thickness.
With the differential cross sections o(ag) and o(«q), the solid angle covered by the detector
Q= 0.016 sr, the flux of impinging D* I ~ 200 - 10° s~ and an areal atomic density of n4
= 1-10'6 . ¢m ™2 nitrogen atoms, a yield of ~ 0.18 s~! can be expected as a sum from both
MN(d,ap,1)*C reaction channels. Due to the high Q-value of the employed nuclear reaction,
background free energy spectra are obtained at ~ 9 and ~ 6 MeV for the oy and «a; reaction
channels (see fig. 5.2). The calibration of the areal density was performed by means of a Ti
sample which has been implanted with a well-defined dose of (1+0.02)-10'" N* cm~2 at 50
keV resulting in a mean depth of ~60 nm. By time-dependent analysis of the nitrogen areal
density of the calibration target and the magnetron target (with the magnetron switched
off), it was assured that the ion beam does not induce any release of nitrogen retained in
the targets.

Figure 5.2 shows a NRA spectrum obtained from the calibration target.

5.2 Mass spectrometry

The composition and properties of the magnetron plasma as well as yield and energy distri-
bution function of sputtered particles were analyzed by means of the energy resolving mass
spectrometer HIDEN EQP 500.

It was placed in a distance of 5 cm from the magnetron at usual substrate position. In
the pressure range of 0.3 Pa during magnetron deposition, the gas kinetic mean free path
length is several cm and thereby close to the distance between the target and the mass spec-
trometer orifice, so that neutral-neutral or ion-neutral collisions affect the measurements
only to a minor extent. Due to differential pumping, a base pressure of ~ 1x107¢ Pa was
maintained inside the spectrometer during the deposition process. This enlarges the mean
free path of a particle inside the spectrometer up to several metres what is much larger than
the dimensions of the device, so that gas phase collisions inside the spectrometer can be
neglected again.

The mass spectrometer is made up of four distinct elements, which are introduced in the
following section.

5.2.1 Details of the mass spectrometer

e Spectrometer orifice, electron source and ion optics

The first part consists of the sampling orifice (extractor) with an aperture of 100
pm in diameter. Extractor and first electrodes can be biased to a positive potential,
which may be usually applied to prevent positive ions from entering the spectrometer.
In the presented experiments this was found to be inappropriate, since in particular
recorded energy distributions were affected by this parameter. An electron source for
the electron impact ionization of neutral particles is placed behind the extractor tube.
In residual gas analysis mode (RGA) neutral species with thermal energy of ~ 50 meV
diffuse from the plasma into the spectrometer and get ionized by the electron source.
Ions are formed at an additional potential of 3 V in order to transfer them into the
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Figure 5.3: Schematic view of the HIDEN EQP 500 energy resolving mass spectrometer

drift space towards the energy filter.

The energy of electrons produced in the source can be adjusted between 10 eV and
120 eV. In general the electron energy is fixed at ~100 eV where the electron impact
ionization cross section exhibits a maximum for numerous gases as it is shown in
figure 2.3. A technique which allows to detect radicals in the plasma is the so called
appearance potential method or threshold spectroscopy, where the electron energy
across the ionization threshold is scanned [70].

The elements and parts mentioned above determine the acceptance angle, which can
be defined as the maximum entrance with respect to the optical axis at which an ion
can be accepted by the mass spectrometer. Low et. al [71] denote for a comparable
plasma monitor a maximum acceptance angle of ~ 1° for ion energies around 4 eV.
This value was calculated using the SIMION software [72]. Transferred to the current
setup a lateral resolution of less than 1 mm? can be assumed, in order to investigate
particles, sputtered from the target surface.

The ion optical units direct the ions into part two, the 45° electrostatic energy analyzer

(ESA).

e Electrostatic analyzer (ESA)

The ESA transmits only ions with one specific energy to charge ratio (E/q). Since
such a 45° sector field has an constant relative energy resolution AE/E, the analyser
is set to constant transmit energy in order to obtain a constant energy resolution for
all the incoming ions. For this purpose, ions are accelerated or decelerated by the ion
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optics before entering the ESA.

e RF quadrupole mass filter

The RF quadrupole mass filter selects ions of a specific mass to charge ratio (m/q),
by passing them through superposed RF and DC fields applied to a system of four
parallel rods. For ions with a certain m/q stable trajectories exist. To obtain good
mass resolution each ion must experience a minimum number of RF cycles and has
usually to be decelerated before entering the quadrupole. On the other hand many
ions with the correct m/q ratio might get lost due to non-optimum conditions on
the entry to the filter as the dwell time within the filter is to long. Therefore the
adjusted transit energy through the filter is a compromise between mass resolution
and sensitivity.

e SEM Detector (SEM = secondary electron multiplier) / Channeltron
The detection of ions, which have passed all filters, occurs via secondary electron
production in the first dynode of the SEM detector. Applying a voltage of ~2000
V to an arrangement of further channel plate these electrons can be multiplied, what
amplifies the signal. Since the performance of the SEM depends strongly on the surface
composition of the dynodes regular calibrations are crucial for interpreting absolute
yields.

Combining the two systems ESA energy filter and RF quadrupole mass filter as it is realized
in the HIDEN EQP 500 and scanning the mass at a fixed ion energy enables to detect various
ionic species, whereas scanning of the ion energy at a selected mass enables measurements
of ion energy distributions.

5.2.2 Sensitivity of the mass spectrometer

The ionization probability in the electron source and the ion trajectories of the system
depend on the initial energy of particles entering the spectrometer. Therefore each energy
distribution is convoluted with the instrument transmission function.

In particular decelerating ions in an electrostatic field broadens their angular distribution,
what causes a drop in ion counting efficiency, because of the acceptance angle. Therefore the
transmission for originally fast ions is small compared to that one of slow ions. Furthermore
low energy ions are also deflected more easily towards the optical axis than high energy ions,
resulting in an larger acceptance angle at lower energies.

Investigating the energy distribution of originally neutral particles (e.g. sputtered particles)
one has to consider that the ionization probability scales with the time of flight through the
ionization space, which can either be the plasma or the electron source of the spectrometer.

All these facts can be expressed as

N(E) = N(E) - Pi(E) - T(E) (5.2)
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where N(E) denotes the recorded ion energy distribution, N°(E) the originally neutrals
energy distribution, P;(E) the ionization probability and where T(E) is the transmission
function of the monitor.

P;(E) is proportional to the dwell time of the neutral atom within the ionization space and
hence o 1/v/E. For T(E) Low et al. [71] published a power law dependence on the initial
energy T(E) o< E=# with 3 ~ 1.5.

These dependencies were also used in the present work to correct the measured energy
distribution functions accordingly.

5.2.3 Details of operation

Two operating modes are available in the mass spectrometer. In residual gas analysis (RGA)
mode originally neutral atoms and molecules are analyzed by means of the internal ionizing
source which provides ions for mass and energy analysis. In secondary ion mass spectroscopy
(SIMS) mode all optics of the spectrometer are optimized for the analysis of externally gen-
erated ions. The ionization source is switched off.
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The following sections introduce ion beam investigations of the stationary nitrogen incorpo-
ration in the Ti target. During magnetron operation at constant conditions the analyzing
beam of 1.8 MeV D™ ions was directed onto various positions of the target surface in order
to measure a lateral distribution. Further the nitrogen uptake of the target was analyzed
at different values of nitrogen addition to the discharge and for magnetron operation using
the inert gases argon and xenon, respectively.

6.1 Nitrogen incorporation at target race track

The stationary nitrogen incorporation in the target has been measured during reactive
sputtering in Ar/N, and Xe/Ny gas mixture using real-time ion beam analysis [56]. The
magnetron was operated in constant current mode at I = 300 mA, which results in a target
voltage of 350+£10 V for the Ar/N, gas mixture. The voltage increases slightly during tar-
get poisoning and towards higher nitrogen gas flows, respectively. For magnetron operation
in a Xe/Ny the target voltage is significantly higher at ~ 500 V with a more pronounced
increase up to 570 V during the transition from metallic to poisoned target mode. As de-
scribed above, this is attributed to an reduced SEEC due to the higher ion mass. For both
discharges the pressure of 0.3 Pa was maintained, by applying a inert gas flow of 10 scem.
The added nitrogen gas flow was varied between 0.6 sccem and 3 scem, which causes an
increase of the total pressure of only up to ~ 0.35 Pa. The nitrogen partial pressures have
been also recorded by means of the mass spectrometer.

The measured nitrogen areal densities versus the flow of reactive gas are displayed in figure
6.1 . In both cases, for sputtering in Ar/Ny and in Xe/Njy atmosphere the nitrogen incorpo-
ration in the target increases quickly even at low nitrogen addition. This is in accordance
to the behavior of the nitrogen partial pressure versus nitrogen gas flow, which is shown in
figure 3.10(b). At a critical flow value of around 0.55 sccm the nitrogen partial pressure
increases abruptly and causes the higher nitrogen uptake of the target. At high reactive
gas flow, the nitrogen areal density converges to the saturation value of ~ 1 - 10 cm™2
for sputtering with argon as inert gas. However, in the present range of nitrogen flow, the
experimental data for Xe inert gas show a somewhat lower nitrogen incorporation and a
saturation value of ~ 0.9 - 10*¢ cm 2.

At a first glance and from the viewpoint of ion-surface interaction, the lower nitrogen in-
corporation from the Xe/Ny mixture is surprising, since magnetron operation at ~570 V
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Figure 6.1: Stationary nitrogen areal density versus reactive gas flow measured in the target race
track during Ar/Ny and Xe/Ng magnetron sputtering, from experiment (squares) and simulation
data (lines). The simulation data have been obtained assuming a sticking coefficient of nitrogen
molecules of 1 (solid lines) and 0.3 (dashed-dotted lines). During magnetron operation, the inert
gas flow was 10 sccm, the total pressure about 0.3 Pa, and the magnetron current 0.3 A.

for Xe/Ny plasma should cause larger penetration depth of the ionized species and thereby
increased nitrogen concentration at saturation. However, as it is shown in figure 3.5 the
range of 250 eV nitrogen ions originating from the Xe/Ns plasma exceeds that one of 175
eV ions from the Ar/Ny plasma only to a minor extent. Furthermore the range of 570 eV Xe
ions is considerably larger than that of 350 eV Ar ions. From this one would expect an am-
plified contribution of nitrogen recoil implantation, since the higher energy of Xe ions would
extend the nitrogen depth profiles to larger depth and thereby increase the areal densities
at saturation. However, the energy transfer (cf. equation (2.14)) in a xenon-nitrogen binary
collision is only half compared to that one of an argon-nitrogen collision. Therefore the
higher energy of Xe ions does not extend the nitrogen depth profiles through recoil implan-
tation. The lower nitrogen incorporation in the Xe case is mainly due to the higher electron
impact ionization cross section of Xe as it is shown in figure 2.3. This involves, compared to
the Ar case, a higher ratio of inert ion flux to reactive ion flux. Since sputtering is mainly
determined by the inert gas ions, the target erosion is enhanced for the Xe/N, plasma.
This results in a shallower stationary nitrogen depth profile and thereby in a reduced total
nitrogen amount. Furthermore, the enhanced sputtering keeps the target surface metallic
even at slightly higher nitrogen flows, what reduces the nitrogen incorporation due to recoil
implantation in particular at low and intermediate flow values.

Figure 6.1 additionally includes simulation data as obtained from the two-layer model. For
the zero-coverage, sticking coefficients of molecular nitrogen, of 0.3 and 1 have been inserted
into the simulations. As described in section 3.3.5, the value of 0.3 is considered as the best
choice, derived from from experimental data.

For sputtering with both inert gases, the abrupt increase as well as the saturation values
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of nitrogen areal densities are well reproduced by the modeling results, although the rela-
tive difference between sputtering with Ar and Xe inert gas are somewhat smaller from the
modeling. In particular the calculated nitrogen content for Xe /Ny operation exceeds the ex-
perimental data and shows a maximum deviation of ~15 % in the present range of reactive
gas flows. For the calculation of nitrogen areal densities in both cases, Ar and Xe sputtering,
a maximum layer thickness of 2.5 nm has been assumed. This is reasonable since the higher
particle energies during sputtering with xenon are compensated by a smaller energy transfer
in xenon-nitrogen collisions. As explained above this reduces in particular the recoil im-
plantation depth of nitrogen. Differences in the simulated nitrogen areal densities between
Ar and Xe sputtering originate mainly from different values for the sputtering yields (Y (Ar)
and Y (Xe)), the differences in the yield of recoil implantation (Y,(Ar) and Y, (Xe) and from
the higher electron impact ionization cross section of Xe compared to Ar (ox./04,=2.3) (cf.
figure 2.3 and table 6.1). [21] Uncertainties for the calculated areal densities and especially
for the relative difference between argon and xenon operation may arise therefore mainly
from the estimation of the ion penetration depth and from the determination of the above
listed yields (cf. section 3.3.2).

The results of modeling agree better with the experimental data with a unity sticking coef-
ficient of molecular nitrogen, rather than a value of 0.3 which would be preferable according
to experimental data. However, in view of the approximations involved in the model, any
preference for the sticking coefficient cannot be derived.

In summary the agreement between the experimental data and model results not only for
the individual gas mixtures but also for the relation between both can be regarded as sur-
prisingly good. Deviations from experimental data may arise from the plasma description,
which probably comprehends errors larger than 10 %. Errors of the electron impact ioniza-
tion cross section of plasma species and simplifications of the various particle fluxes towards
the target inhibit e.g. in that order of magnitude. Also for the collisional description of the
surface interaction with TRIDYN computer simulation errors have to be taken into account,
which are larger than the order of 10 %.

Table 6.1: Comparison of parameters, which are used for modeling of nitrogen areal densities
versus nitrogen gas flow, displayed in figure 6.1

Parameters ~ Ar/N; Xe/N,
layer thickness 2.5 nm 2.5 nm

Y m 045  0.54
Y e 0.07 007
Y 028 027
Y, 0.53 0.6

O Ar,Xe 2.7 6.3
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6.2 Lateral variation of target poisoning

As a consequence of the strongly nonuniform appearance of the magnetron discharge also
a nonuniform target poisoning is expected. Therefore laterally resolved in situ ion beam
analysis has been performed in order to quantify the nitrogen incorporation at the target
surface.

For a comparison of the laterally resolved ion beam measurements with the conditions of
fluxes towards the target, figure 6.2(a) again shows the radial distribution of the ion cur-
rent density across the target surface. The current density varies between about 1 mA /cm?
and 50 mA /cm? at the target center and the centerline of the racetrack, respectively, and
vanishes towards the target edge.

There is a qualitative anti correlation between the distribution of the ion current and the
nitrogen areal densities shown in figure 6.2(b). The latter represent stationary distributions
after sufficiently long operation time for each parameter setting. To achieve stationary state,
the eroded thickness should well exceed the thickness of the nitrided layer. With a sputter
yield around 0.4 according to TRIM [60] computer simulations, a current density of about 1
mA /em? corresponds to sputter removal of 2.5-10' atoms/(cm?s). Thus, with the observed
nitrogen areal density of ~1-10'¢ /cm?, the stationary state is achieved within about 10 s
even at the target center.

Figure 6.2(b) shows that the average nitrogen incorporation increases at increasing nitrogen
gas flow. At the target center, the nitrogen areal density appears to saturate except for the
lowest nitrogen flow. When neglecting sputtering, an upper estimate of the saturation areal
density can be obtained assuming the formation of stoichiometric TiN within the range of
the incident reactive gas ions. The dominant reactive ion species from the discharge is N2,
which, after acceleration by the target voltage and upon impinging the surface, splits into
two atoms of half energy. The range distribution of the resulting ~175 eV N atoms extends
to about 2.5 nm (cf. figure 3.6), which corresponds to a nitrogen areal density of 1.25 - 101°
/em? in good agreement with the experimental result.

Towards the centerline of the racetrack, the nitrogen incorporation decreases by ~45 % and
~10 % for the lowest and highest nitrogen flow, respectively. The radial position of minimum
nitrogen incorporation is in good agreement with that of maximum current density. Further
towards the edge of the target, the nitrogen areal density increases again in accordance with
the decreasing ion flux. However, for the largest nitrogen flows, it increases to a level which
is significantly above the saturation level at the target center, although the current density is
similar. We ascribe this to some redeposition of Ti and corresponding compound formation
in this outer area, although the transport mechanisms of redeposition are not obvious. The
redeposition of sputtered material at the edge of the erosion zone has been reported by
Rossnagel [73] and is decribed there by gas phase collisions between sputtered material and
inert gas atoms, due to variations in the gas density near the magnetron cathode.

As mentioned in section 3.3.2, the stationary reactive gas incorporation results from a bal-
ance of reactive gas deposition and sputter erosion. The three major mechanisms of reactive
gas accumulation are chemisorption of reactive gas molecules at the surface, direct implan-
tation of ionized reactive species, and recoil implantation of the chemisorbed species by ion
bombardment. Recoil implantation and sputter erosion are mainly due to inert gas ions, as
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Figure 6.2: Radial distributions of the ion current (a) and of the nitrogen areal density at the
target surface at different nitrogen flows [(b) and (c)], as determined from ion beam analysis (b)
and from model calculations (c). For (b) and (c), the nitrogen gas flows are 0.65 sccm (dots), 1
scem (squares), 2 scem (full triangles), and 2.5 scem (open triangles). The lines are added to guide
the eyes.
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the nitrogen addition is relatively small and the electron-impact ionization cross sections of
Ar is larger than the one of Ny. [40,41]

As also discussed in figure 3.3 of section 3.2.1, all ion fluxes, and thereby the sputter erosion,
follow the radial current distribution of figure 6.2(a), whereas the molecular gas flux arrives
uniformly across the target. Thus, if adsorption in connection with recoil implantation plays
a significant role for deposition, the deposition-erosion balance is shifted towards erosion in
the center of the race track compared to the target center and edge, which results in a
reduced nitrogen incorporation.

In order to corroborate this picture again quantitative model calculations have been per-
formed. The compound formation at the surface is modeled by chemisorption of incident
reactive gas molecules assuming an unity sticking coefficient on the metallic fraction of the
surface. Rather then deriving the reactive gas partial pressure from modeling of the total
system gas consumption as introduced in chapter 3.3, it has here been measured by means
of the mass spectrometer for each setting of reactive gas flow. This allows to consider only
the particle balance situation at the target and makes assumptions concerning the reactive
gas exhaust and substrate area dispensable.

Of ions, only Art and Nj are taken into account, which are dominant in the discharge
according to the electron-impact ionization cross sections. [40,41] The radially varying total
(Ar* plus NJ) ion flux is taken from the radial distribution of figure 6.2(a) as derived from
measurements, introduced in section 3.2.1. Furthermore the Ar™ to NJ flux ratio and the
yields of surface sputtering and recoil implantation are derived as described in chapter 3.3.

Figure 6.2(c) shows the model prediction of the nitrogen incorporation versus the target
radius. At the target center, the experimental results of figure 6.2(b) are reproduced quanti-
tatively. As discussed above, the discrepancy at the target edge is attributed to redeposition
of sputtered target material. The sequence of the radial dependencies at different reactive
gas flow shows good qualitative agreement between experiment and model results, although
the shape of the radial dependencies appears somewhat different with a narrower depression
in the race track obtained from the model. In particular for the highest nitrogen flow, the
predicted reduction of nitrogen incorporation in the center of the race track is in excellent
agreement with the experiment.

The inspection of the nitrogen depth profiles obtained from the model shows that the sat-
urated areal density is associated with the formation of a stoichiometric layer, whereas in
the non-saturated region around the race track centerline a constant, sub-stoichiometric
nitrogen concentration extends from the surface into the depth. In view of the good agree-
ment with the model results, this picture can be applied with some confidence also to the
interpretation of the experimentally observed areal densities.

In the framework of the above modeling, figure 6.3 illustrates the relative contributions of
the mechanisms of nitrogen incorporation at different reactive gas flows and target locations,
as calculated for the stationary state. In the present range of reactive gas partial pressure,
combined chemisorption and recoil implantation dominates over direct ion implantation.
This is consistent with the high gas-kinetic flux of nitrogen molecules relative to the flux
of NJ ions, and an efficient transfer of the chemisorbed nitrogen by recoil implantation
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into the bulk. At increasing nitrogen partial pressure, the relative contribution of direct
ion implantation increases, as the surface becomes increasingly saturated. The latter lim-
its the rate of chemisorption of gas molecules at the surface, and thereby the inward flux
by recoil implantation. Comparing the two lines of figure 6.3, the relative contribution of
direct ion implantation is somewhat higher in the race track. However, the difference is
surprisingly small in view of the ion current distribution, which varies by more than one
order of magnitude. This is again attributed to the limitation of combined chemisorption
and recoil implantation, which occurs preferentially at the target center and edge. The high
ion bombardment in the race track not only increases the relative contribution of direct
implantation of reactive ions, but also transfers chemisorbed nitrogen efficiently to the bulk
by recoil implantation, so that a high rate of chemisorption is sustained.
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Figure 6.3: Ratio of nitrogen injection by direct ion implantation and recoil implantation from
the surface layer vs the nitrogen partial pressure for different target locations. J]J\r, and jyecoir denote
the respective atomic nitrogen fluxes. The partial pressure of 0.07 Pa corresponds to a reactive
gas flow of 2.5 sccm.
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7.1 Plasma characterization by means of mass
spectrometry

The following sections introduce measurements in order to characterize the plasma pro-
perties like its composition, the relative amounts of the various species and the potentials
arising from the discharge. Thus the results of plasma monitoring are a basis which will be
used for the interpretation of the experiments, introduced in section 7.2.

7.1.1 Appearance of the magnetron plasma

Figure 7.1 shows a schematic picture of the optical appearance of the plasma, with strong
light intensities being emitted not only from the plasma race track, but also from a plume
that originates from the target center. The latter is ascribed to the ionization and excitation
by energetic secondary electrons, which are emitted from the target center and accelerated
by the operation voltage in the sheath above the target. These electrons, unlike the ones
being emitted in the zone of the plasma race track, are not trapped by the magnetic field,
but escape along the center field lines, creating there a plasma with a relatively high elec-
tron temperature and which reaches the substrate position, whereas the thin, afterglow-like
plasma at the substrate position above the race track is only fed by diffusion.

7.1.2 Mass spectrum at deposition conditions

Figure 7.2 shows a typical mass spectrum obtained with the mass spectrometer operated in
in RGA mode at fixed energy in order to detect particles with thermal energies. The spectra
were recorded during magnetron operation in an Ar/Ny atmosphere (red bars) and with the
magnetron switched off (blue bars), respectively. The gas flows into the chamber were kept
constant during both measurements. An argon flow of 10 sccm and a nitrogen flow of 0.6
sccem results in a total pressure of about 0.3 Pa. During magnetron operation, the spectrum
includes additional contributions from plasma ions. Since the spectrometer efficiency is
higher for these ions, a enhanced yield for e.g. Ar and Ny during magnetron operation
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Figure 7.1: Cross section of the magnetron target with the characteristic erosion zone below
the plasma race track, and the appearance of the plasma (schematic drawing). Three regions are
indicated: A) the target center, from which the plasma extends towards the substrate due to the
unbalanced magnetron field configuration , B) the outer target center and C) the target race track.
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can be observed. In the present mass range, signals are obtained from sputtered titanium
with a mass to charge ratio of 48 amu/q, and the main species in the discharge like Ar™ at
40 and 36 amu/q, Arg at 20 amu/q, N3 at 28 amu/q and N* at 14 amu/q. In addition,
the spectrum contains impurities of the gas which are, e.g. COJ at 44 amu/q, COT at 28
amu/q, HyO at 18 amu/q, and a large signal of H" at 1 amu/q which appears only during
the discharge. This indicates that H atoms mainly originate from dissociation processes
of HyO, OH and CxHy impurity molecules within the plasma. The latter molecules are
seen as groups in the ranges 27-30 amu/q and 38-43 amu/q. Since the parameters of the
spectrometer were optimized in order to detect particles with thermal energy the yield of
sputtered Ti, which have a higher average energy, is comparably low.

10000 -
1 I magnetron on
1 I magnetron off Ar’
10004 )
] N,
CO
AP
100 4 |-|20+

counts (x 10°s™)

0 4 8 12 16 20 24 28 32 36 40 44 48 52
mass / charge (amu/q)

Figure 7.2: The typical mass spectrum measured in RGA mode, results from the plasma con-
stituents Ar and Ny, sputtered Ti atoms, and C Oz, HyO and Cx Hy impurities. During deposition
(red bars) the magnetron was operated at a total pressure of ~0.3 Pa, an N2/Ar gas flow ratio
of 0.06, and a target current of 300 mA resulting in a discharge voltage around 340 V. For the
switched off magnetron the signal arising from sputtered Ti atoms disappears and the yield of Ar
and H is significantly reduced. The parameters of the spectrometer were set in order to obtain
neutral atoms and molecules at thermal incident energy.

7.1.3 Behavior of reactive gas partial pressure during sputtering

In reactive sputtering the relation between reactive gas flow and its partial pressure turns
out as very complex. In general one can not control the deposition process and thin film
stoichiometry by applying a certain flow ratio of inert and reactive gas. Often the ratio of
gas partial pressures is influenced by various parameters and may deviate significantly from
the adjusted flow ratio. The behavior of reactive gas partial pressure during sputtering is
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issue of the here introduced measurement.

Figure 7.3 shows energy distributions of neutral Nitrogen molecules (Ny) obtained for the
outer target center and the race track position of the magnetron target. The maximum of
the EDF is around 4 eV independent of the observed target position and nitrogen flow. This
is roughly consistent with a merely thermal motion of the particles, taking into account the
3 eV acceleration inside the mass spectrometer. From this it is concluded that Ny mainly
originates from the filling gas which is detected after direct ionization as (N5) in the mass
spectrometer. Any ion generated in the plasma would be accelerated in the plasma boundary
accordingly to equation 2.52, which is not observed.

A major effect of target poisoning is the well known increase of partial pressure of the
reactive gas at critical gas flow. This is reflected in figure 7.3, where the yields of detected
Ny species show a sudden increase of partial pressure by a factor of ~10 at a Ny gas flow
from 0.65 scem to 0.75 sccm only. Even if the phenomena of this increase is well understood
and can be described by modeling, the experiment shows impressively, how the reactive gas
partial pressure my vary by one order of magnitude. It confirms the difficulties in thin film
processing that arise from such instabilities especially in terms of achieving a desired layer
stoichiometry.

7.1.4 Determination of plasma potential

Properties like microstructure, texture and stoichiometry of thin films are influenced by the
average energy per deposited ion. Petrov et al. found that this average energy strongly
depends on the flux ratio of sputtered and in the plasma ionized particles to sputtered
neutrals (j;/jn) [74]. Thus the deposited energy further is affected by the potential drop in
the sheath between plasma and substrate, where ionized particles will be accelerated towards
the substrate. The knowledge of the plasma potential therefore can become of interest for
the characterization of the deposition process.

As described in section 2.4, due to the different velocities of ions and electrons, the formation
of an electrostatic potential takes place between plasma and a surrounding wall, which, e.g.,
is the substrate. Ions, which entering the sheath region between plasma bulk and substrate
(see figure 2.5), get accelerated by the electrostatic field. Since the probe of the mass
spectrometer, which extends into the plasma (c.f. figure 4.1) acts also like a grounded
substrate, the formed potential can be determined by measuring the energy distribution
functions (EDF) of plasma ions arriving at the probe. In the current setup the energy of
ions is given by the floating potential F; = e®y. Thus, by measuring the EDF of plasma
ions the electron temperature and plasma potential can be derived from equations (2.52)
and (2.46) .

Figure 7.4(a) shows EDF’s of titanium ions as obtained with the mass spectrometer during
magnetron operation in pure argon atmosphere. Since sputtered ions would not escape from
the negatively biased magnetron target, it can be concluded that the yield of titanium ions
originate from sputtered neutral atoms, which are ionized within the plasma. It is noted,
that the integrated yield of titanium ions is direct proportional to the applied magnetron
target current.

The measured EDF’s show a maximum for the lowest power at an ion energy of around
5.5 eV, which increases slightly at higher magnetron powers. Furthermore a long high-
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Figure 7.4: Tienergy distribution functions at different magnetron powers (a) and derived plasma
potentials versus magnetron power (b)

energy tail is visible, which, however is much less pronounced than it is expected from
Thompson sputter theory. (Most recent investigations of the angular and energy distribution
of sputtered particles, gave evidences, that these deviations from Thompsons theory might
be caused by a texture of the Ti sputter target, which is given by the fabrication process.)
According to the Thompson formula (eq. (2.66), page 29) sputtered particles exhibit an
EDF that possesses a maximum at half of the surface binding energy Ug of the sputtered
material. This has to be regarded in the determination of the plasma potential from EDF’s
of sputtered particles. The maximum of the EDF as obtained from the mass spectrometer
can be observed than at an ion energy E; = e® s + Uy /2.

Figure 7.4(b) show the floating potential versus magnetron power, as derived from the peak
positions of the EDF’s in 7.4(a). With the surface binding energy of pure titanium Us =
4.9 eV, the floating potential results from the maximum in the EDF, E; ., (V) reduced
by Us/2 = 2.45 eV. In the present range of magnetron power, the potential varies between
3.15 V and 4.2 V. According to equation (2.52) the electron temperature in the plasma is
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approximately 1 eV, which is reasonable for low temperature discharges [20].

7.1.5 Threshold ionization mass spectrometry of N-radicals

In order to distinguish the role of different plasma species and their contribution to target
poisoning, the fraction of radicals within the Ar/Nj plasma will be determined using the so
called threshold ionization mass spectrometry (TIMS). This technique has been applied by
several groups e.g. for characterization of SiN, deposition [75-77].

The experiment is carried out in addition to the modeling of the radicals flux, introduced in
section 3.1, which allows to evaluate the model results again. In the magnetron discharge
of an Ar/N, gas mixture at a pressure of 0.3 Pa, nitrogen radicals are generated primarily
in electron impact reactions. The electron impact dissociation reaction

No+e— Ny+e— N"+N"+e (7.1)

leads to an electronically excited state of Ny that subsequently dissociates into atoms with
the release of translational energy, represented here by (x).

In the dissociative ionization
Ny+e— N*f + N* 4 2¢ (7.2)

the knock on electron of the molecule is excited into an anti-binding state or to an higher
energy level of the molecule which allows auto-dissociation.

In both cases predissociation of vibrational molecule levels produces a discrete release of
translational energy to the atoms. However, while the cross section of the Ny dissociation
reaction are well known, only little information about the energy of the reaction fragments
is available. For the Ny molecule three vibrational levels can be observed and furthermore
three low lying energy states need to be considered, the S ground state and two metastable
states, 2SD and 2SP, respectively. From the possible combination of these states, the pro-
duction of N(2D) + N(S) states is the dominant dissociation channel in Ny dissociation
found by Cosby, where the two dissociates atoms posses kinetic energies of 0.797 eV and
1.071 eV, respectively. [42]

During mass spectrometry, the N radicals and Ny molecules reaching the spectrometer can
be separated due to their different ionization thresholds. The ionization of N radicals (N+e
— N*+2e) posses a threshold energy of E; = 15.2 eV [78], whereas dissociative ionization
of Ny molecules (Ny+e— NT4+N+2e) demands an electron energy Eg >25.3 eV. [42] By
scanning the energy of electrons, emitted by the filaments in the ionization source of the
mass spectrometer, a significant change in the yield at a mass-over-charge (m/q) ratio of
14 can be expected at the respective threshold energies. This allows to distinguish between
the different production processes of N radicals and with the knowledge of the cross sections
0;(E) and o4 (E) for ionization and dissociative ionization, respectively, the ratio N/Ny can
be established.

Figure 7.5 displays the yield of N radicals (m/q = 14) in a logarithmic scale versus the
electron energy, as obtained with the mass spectrometer during magnetron operation in
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Figure 7.5: Detection of N radicals by threshold ionization mass spectrometry. The measurement
was performed with the magnetron switched on (red circles) and off (blue circles), respectively. The
experimental data are fitted using the cross sections for ionization of radicals (red dashed-dotted
line) and for dissociative ionization (blue dashed-dotted line).
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an Ar/Ny gas mixture at ~20% nitrogen addition. The scan during magnetron operation
(plasma on) shows the abrupt rise of the radicals signal at an electron energy of around
15 eV. In the discharge generated radicals, get ionized inside the mass spectrometer and
can be detected, starting from that electron energy. A second rise in the N yield can be
observed at an energy of around 25 eV. Now the electrons emitted from the filaments cause
the dissociative ionization of Ny molecules.

For the second measurement, shown in figure 7.5 all conditions were kept constant and only
the magnetron was switched off. It can be seen, that the large signal of radicals appears only
for electron energies above 25 eV. In the absence of the discharge no radicals are created
outside the spectrometer, which could be detected at lower electron energies. Again at an
energy of 25 eV the dissociative ionization of Ny molecules starts inside the spectrometer.
There is a small signal at lower energies, which can be attribute to the release of atomic
nitrogen from the hot filaments or the dissociation/ionization of C,H, impurities in the
plasma (see figure 7.2).

The flux ratio jy/jn, can be derived from the measured yields of N radicals Y(N) and Ny
molecules Y(Ny), respectively. It is

Y(N,E) = oi(E)jnPi(N) (7.3)
Y(No, E) = 04i(E)jn, Pr(Na)
Due to the different translational energies of N and Ny in the plasma the particle fluxes,
although has to be corrected by the ionization probabilities inside the mass spectrometer

P;. The probability scales with the inverse of of particle velocity (see sec. 5.2.2), which
yields

Pi(N) o< 1/\/Ey and  Pi(Ne) o 1/4/Ex, (7.4)

The cross sections for ionization o;(FE) of radicals and dissociative ionization o4 (F) of
molecules are taken from reference [42]. The energy dependence o(E), which is shown in
figure 3.1, can be approximated by the polynomials

0i(E) =" aplog(E"(e)) and o4 =Y bylog(E"(e)) (7.5)

k=1 k=1

where the coefficients are

44.95 —712.12

—48.88 1201.33

16.27 —860.76
0.09 342.11

ap = —1.29 and by =] —82.56 (7.6)

0.33 12.40

—0.04 —1.13

2-1073 0.06

—6-107° —0.001
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Figure 7.5 shows the fit of the experimental data by applying equations (7.3). Inserting the
above introduced cross sections (7.5), the energies of dissociated N atoms E(N) ~1 eV and
the energy of Ny molecules E(N5) ~50 meV into equations (7.3), yields a flux ratio

IV 0.09 (7.7)

JN2

which is in very good agreement with the result of 0.08 which was found by plasma modeling
in section 3.2. The result approves again, that during reactive sputtering in an Ar/N,
atmosphere the adsorption of nitrogen molecules at the target surface plays a major role in
target poisoning, whereas the role of the radical flux can be neglected.

7.2 Energy distribution functions of sputtered Titanium

The microstructure of thin films is often beneficially influenced by fast particle bombardment
during growth [79-81]. Bombardment at some ten eV may increase the surface mobility of
adatoms and simultaneously avoid bulk damage of the growing film [82], and thus, e.g., lead
to densification of the growing film [83]. Being a well established tool for industrial pro-
duction of thin films, magnetron sputtering delivers sputtered neutrals with a mean energy
in the desired range (~20 eV) due to the physics of particle-solid interaction [25,28]. An
additional energetic particle flux is provided by the plasma ions. Petrov et al. have shown,
that the microstructure e.g. film density and grain size of the growing film, is not only
affected by the energy of impinging ions but also by the ratio j;/j, of ion to neutral particle
fluxes, arriving at the substrate [84,85]. Since magnetron discharges are laterally strongly
non-uniform (see figure 7.1) due to the electron confinement, a laterally non-uniform particle
bombardment of the growing film with a varying flux ratio of j;/j, at the substrate position
is expected.

In addition, in case of reactive sputter deposition, the reactive gas incorporation at the
target varies significantly across the surface, as shown in section 6.2. This may influence
the energy distribution function (EDF) of sputtered particles, as the compound formation
results in a variation of the surface binding energy of target material [86,87].

Although particle fluxes from sputter magnetrons at the substrate position have been stud-
ied in numerous papers, [13,47,71,87-95] the lateral variation has only be addressed in an
early measurement of electrical currents across the substrate [87]. Therefore, the present
work aims at investigating the lateral variation of particle fluxes at the substrate position
by means of energy-resolving mass spectrometry.

7.2.1 Operating details of mass spectrometry

The mass spectrometer was run in two different operation modes in order to separate neutral
and ionized particles. In residual gas analysis (RGA) operation with the ionization filaments
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inside the mass spectrometer being switched on, incident neutral atoms, which are ionized
in the spectrometer, and ions originating from the magnetron discharge are simultaneously
detected. To separate the signals arising from the neutrals and the plasma ions, the spec-
trometer was alternatively operated in ion analysis (IA) mode with the ionization filaments
being switched off, but all other settings of the ion optics kept constant. In this case only
ions produced in the plasma are detected, so that the energy spectra of neutrals can be
derived as the difference of the data acquired in the RGA and IA modes.

It should be noted that all particles gain an additional energy from a 3 V extraction po-
tential inside the mass spectrometer. The spectra presented below have been corrected
accordingly.

Furthermore obtained energy distributions of sputtered particles have been corrected ac-
cordingly to the details given in section 5.2.2.

7.2.2 Results
Non-reactive sputtering

In figure 7.6 EDF’s of sputtered titanium atoms are displayed, as measured from the target
race track and center positions. The data were taken during sputtering in pure argon with-
out additional nitrogen flow. Significant differences between both locations are observed,
with the average energy being clearly lower in the race track. Further, at the center the IA
distributions do not differ significantly from the RGA ones, so that a reliable extraction of
the energy spectrum of neutrals is not feasible. In contrast, a pronounced additional low
energy peak from neutrals is obtained at the race track position.

Reactive sputtering

In order to obtain a reliable measurement of the energy distributions of sputtered titanium
neutrals, the outer center position B (see figure 7.1) was chosen which still exhibits low
erosion at the target, but passes by the central plasma plume.

Figure 7.7 shows the corresponding energy distributions of sputtered titanium neutrals in
comparison with the race track position, being recorded during reactive deposition mode for
different reactive gas flows. Again, clear differences between the two positions are found.
The energy distributions from the race track show no distinct variation in shape and peak
energy, which is constant at around 2.4 eV, in agreement with the data displayed in figure
7.6(a). There is a small increase of the sputter yield at increasing nitrogen flow, which may
be attributed to the slight increase of target voltage after nitrogen addition. Under the
same conditions, the measurements toward the target center show a significantly different
behavior. With increasing nitrogen flow, the yield of sputtered Ti decreases. Furthermore,
the peak maximum of the EDF shifts from 2.5 eV to 3.9 eV when increasing the reactive
gas flow from 0.55 sccm to 0.75 scem. A further increase of the reactive gas flow leaves the
EDF unchanged.
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Figure 7.6: Energy distributions of Titanium sputtered from the target race track (position C of
figure 7.1)(a) and the center (position A of figure 7.1) (b). The data represent the total amount of
detected particles measured in RGA mode (full symbols) and the fraction of ionized species from
the plasma (open symbols), as measured in IA mode with the filaments of the mass spectrometer
being switched off. The solid line results from subtracting the IA yields from the RGA yields.
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7.2.3 Discussion

The above results demonstrate a significant variation of the energy distributions measured
at the substrate position in dependence on the emission region at the target. These non-
uniformities may arise from both the local conditions at the target surface and the interaction
of the particles with the plasma during their passage toward the analyzer. Starting with
the latter, first it is stated, that positive ions cannot origin from the target surface, since
they would be retained by the DC voltage between the plasma and the target. Thus, ions
of sputtered material exclusively result exclusively from ionization in the plasma. From the
similarity of the RGA and IA measurements at the center position (see figure 7.6(b)), the
ionized fraction from there is significantly higher than from the target race track. This can
be attributed to the ionization of neutral Ti atoms in the central plasma jet (see figure 7.1),
which is due to the present unbalanced magnetron configuration. However, the contribution
of these ions to the total energy balance at the target is small as the erosion yield from the
center is small compared with the race track. Nevertheless, the effect of increasing the ion
flux to the substrate in an unbalanced magnetron is well known [87,88] and is employed to
increase the energetic particle bombardment of the substrate [34].

To explain the significant differences in the peak energies of the ion EDF’s between the center
and the race track, it is noted that the high electron temperature in the central plasma jet
leads to an increased plasma potential and thus to an increased kinetic energy of the ions
that impinge on the substrate. The change in plasma potential by applying balanced versus
unbalanced magnetron configurations has also been reported by Hippler et al. [96]. The
energy of ions from the central region might be further increased by ambipolar acceleration
in an inhomogeneous magnetic field [97]. The magnetic moment u = W, B of an electron
moving in a magnetic field B with a gyrational energy W, remains constant. Along the
field lines in the center of the unbalanced magnetic field configuration, B decreases towards
the substrate. Thus, for energy conservation, the electrons gain in energy W) parallel to
the magnetic field lines at the expense of the perpendicular energy W,. In this simple
consideration which neglects the surrounding less dense plasma, the ion flux would follow
that of the electrons due to electrostatic traction, which results in an increased energy also
of the ions.

In non-reactive mode, there is a pronounced yield of neutrals emitted from the race track
position (see figure 7.6(a)), which confirms that their ionization probability is significantly
lower than in the plasma plume above the center. Their EDF peaks at around 2.4 eV. This is
in accordance with sputter theory [28], with the maximum of the energy distribution being
predicted at E = 0.5-U%, with U denoting the surface binding energy. For an elemental
substance, U® is given by the enthalpy of sublimation, AH®. With AHZ, = 4.89 eV for Ti,
the resulting peak energy is in good agreement with the measurement. The mean energy of
the ions from the race track position is significantly larger than that of the neutrals, which
again is attributed to energy gain in the plasma boundary, which, however, is less than for
the center position due to the smaller electron temperature.

The reactive mode results in target poisoning due to the partial or full formation of a TiN
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Figure 7.7: Energy distribution of sputtered titanium neutrals measured at different flow rates
of nitrogen, i.e. at different states of target poisoning. Locations of the measurements were the
target race track (a) and the outer target center (b) (positions C and B in figure 7.1, respectively).
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layer on the target surface. Following the particle balance models, introduced in section 3.3,
the surface is then composed of a compound fraction and a metallic fraction. For the metal-
lic fraction, the EDF’s are then expected to be similar to those obtained in non-reactive
mode. This is indeed observed in figure 7.7(a), with a peak energy of ~ 2.5 eV as seen in
figure 7.6(a). Moreover, it can be concluded that the race track region of the target remains
essentially in metallic mode in the present range of nitrogen flow. This is consistent with
the findings in section 6.2, where a strongly non-uniform target poisoning at sufficiently low
reactive gas addition, was also obtained by means of ion beam analysis. Qualitatively, the
intensive ion bombardment in the race track region shifts the balance of nitrogen incorpo-
ration and sputter erosion toward erosion, so that the compound fraction in the race track
remains low compared to the target center.

In contrast, the mean energy of Ti atoms sputtered from the center region increases at
increasing reactive gas flow (see figure 7.7(b)). This is qualitatively consistent with an
increase in U”, as the sputtering yield scales linearly with its inverse [28]. A linear model is
proposed [99] for the surface binding energies of both components according to

Uz = ¢33 Uri—ri + <X Uri—n (7.8)

U]€7 = 075%‘ UTi—N + C% UN—N (79)

where ¢ represent the atomic fractions at the surface, and U,—, matrix elements for the bi-
nary interaction of the constituents (x,y = Ti or N). This model corresponds to a continuous
variation of the surface binding energies with the compound formation. For the pure metal,
equation 7.8 results in Up;_p; = AH%. In the stoichiometric case with cf = 0.5, the sum of
both surface binding energies must balance the enthalpy of formation of TiN, AH{% N, the
sublimation enthalpy of Ti,AHZ,, and half the dissociation energy of the nitrogen molecule,
AHY , ie.

1
5 (Uricri + 2Urix + Uy ) = AHL o+ AHS + AHY (7.10)

Assuming a small interaction between two nitrogen atoms incorporated into the surface
(Up, ~0) results in

Upin = AHL v + ; (AHF; + AHT,) (7.11)
Recently, Rosen [100] gave evidence that compound formation is associated with discrete
surface binding energies rather than a continuous transition from the pure metal to the
stoichiometric compound. Qualitatively, also the present data support this picture, as a
continuously varying surface binding energy would be in contradiction with the narrowing
of the peak width at increasing nitrogen flow, which is observed in figure 7.7(b). In the
above formalism, this translates to

Uf; = Uy = Uni_n (7.12)
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for the compound fraction of the surface. Evaluating equation 7.11 results in Up;_ny = 7.7
eV, so that the peak of the EDF is expected at ~ 3.9 eV. This is indeed observed in figure
7.7(b) for the highest nitrogen addition, indicating that almost full compound formation
has taken place under these conditions at the target center. For the lowest nitrogen flow,
the peak energy approaches the one for the pure metal. However, the EDF is significantly
broader than that from the race track position, which indicates a fractional compound
formation.

Thus, the energy distributions of sputtered Ti atoms demonstrate a transition from a lo-
cal metallic mode to a local compound at the target center starting around a nitrogen
flow around 0.55 sccm. This is in qualitative agreement with the global flux balance mod-
els [18,19,101] which predict a steep increase of the nitrogen incorporation at a critical
value of the reactive gas flow. However, the present results indicate that the transition from
metallic mode to compound mode occurs at different reactive gas flows on different loca-
tions of the target surface. From this and at a first glance, one might expect a significant
broadening of the transition from the global metallic to the global reactive mode, which is
not observed in experiments [19,102]. However, due to the axial symmetry, the race track
area contributes much more than the central area of the target to the global balance, so
that the latter is mainly determined by the poisoning in the race track.

Following the above picture of discrete binding energies [100], the measured EDF’s would
be composed of two components, which correspond to the metallic and compound fractions
of the surface, with peak energies of ~ 2.5 eV and ~ 3.9 eV, respectively. Accordingly, the
distributions of figure 7.7(b) have been decomposed into two Gaussian distributions, with
fixed peak energies of ~ 2.5 eV and ~ 3.9 eV. The resulting fits, which are shown in figure
7.8, have been obtained at a fixed width of 1.9 eV for all distributions, which corresponds to
the experimental energy resolution. A good fit of the superposed EDF’s to the experimental
data is obtained, which confirms the validity of discrete surface binding energies. For the
lowest nitrogen flow of 0.55 sccm, sputtering from the metallic fraction still dominates. At
the higher nitrogen flows, the metallic fraction is significantly reduced in favor of the com-
pound part. At 0.65 sccm, the yields from both surface fractions are about equal, which
reflects the gradual transition from metallic to compound deposition mode. For the highest
nitrogen flow of 0.75 sccm, the compound fraction largely dominates.

The shift of the peak energy resulting from the outer target center is accompanied by a
decrease in sputter yield which merges into a constant low yield at high reactive gas flow, as
shown in figures 7.7 and 7.8. According to sputtering theory this is again due to the increase
in surface binding energy, and also indicates the development toward a fully poisoned target.

As shown in section 6.2 by measuring the local nitrogen incorporation at the target with
the ion beam, a still metallic surface in the race track can coexist with a partially or a fully
poisoned area in the center of the target. This is not described by conventional balance
models [18,19,101] which assume a uniform reactive gas coverage in connection with con-
stant rare and reactive gas fluxes ratio toward the target surface. In the following, results
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Figure 7.8: Energy distribution of sputtered titanium neutrals (open circles) measured at different
flow rates of nitrogen, i.e. at different states of target poisoning. Location of the measurements was
the outer target center (position B in figure 7.1). The EDF is decomposed into two contributions
as sputtered from the pure metallic fraction (dark grey) and the compound fraction (light grey),
respectively.
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of the model calculation as described in section 3.3 are shown for the composition of the
surface monolayer, as this represents the main origin of sputtered particles. (It is noted
that, since there is no significant difference between the resulting compound fraction at the
surface and in the bulk layer, a small contribution of sputtered particles from below would
not visibly change the results.)

Figure 7.9 shows the compound fraction in the surface layer at increasing nitrogen gas flow,
as resulting from the model. For these calculations, a sticking coefficient S = 0.3 of molecu-
lar nitrogen at the metallic fraction of the surface has been assumed. The difference between
the outer target center and the centerline of the race track results from the radial variation
of the ion bombardment. The above mentioned sudden change of the process regime is ob-
served at both positions. However, at the outer target center the target poisoning starts at a
reactive gas flow around 0.4 sccm, whereas it is significantly delayed at around 0.75 sccm in
the race track. Furthermore the compound formation saturates quickly in the target central
region, whereas there is a smoother increase in the race track. The calculated curves of
figure 7.9 are in qualitative agreement with the experimental findings. They confirm that in
a range of sufficiently low reactive gas flow, compound and metallic fractions may co-exist
on the target surface. Safi [12] and Schiller et al. [103] already mentioned a differential
poisoning of a magnetron cathode by introducing laterally varying balance situations for
oxidation and sputtering rates.

Quantitatively, the results of the calculations suggest a minor poisoning also in the race
track (between 5% and 25% for reactive gas flows between 0.55 sccm and 0.75 scem. This
is not in disagreement with the results displayed in figure 7.7(a), as a small compound
fraction cannot be identified in the EDF’s, with the sputter yield from the compound being
substantially reduced.

Figure 7.10 shows the compound fraction # at the outer target center, as derived from the
experimental Ti yields of figure 7.8, according to

(Ic/Yo)

U= WelVe) + (1) V)

(7.13)

where I and Ip; denote the integrated yields from the compound and metallic fractions,
respectively (as indicated by the light-grey and dark-grey areas in figure 7.8), and Y and
Y the respective Ti sputtering yields. In the simplest approximation, the partial sputtering
yields scale with the atomic fraction of the respective element and the inverse of the surface
binding energy [28]. In accordance with the above, this results in Yo /Yy = 0.5-(4.9/7.7)
= 0.32. This estimate, however, neglects differences of the collision cascade dissipation in
the metallic and compound target fractions. Therefore, the sputter yields have alternatively
been calculated by binary-collision computer simulation using the TRIDYN [51, 104] pro-
gram for 350 eV Ar+ bombardment. (The addition of nitrogen has been neglected here.
The main reactive ion species is NJ, which dissociates upon impinging the surface. As the
experiment is performed in constant current mode, a fraction of full-energy Ar atoms is
thus replaced by two half-energy nitrogen atoms. This introduces only a small error as the
nitrogen addition is small.) The results are Y, = 0.45 and Yo = 0.07 so that the quotient
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Figure 7.9: Compound fraction at the target surface versus Ny gas flow as obtained from the
analytical model assuming a Ng sticking of S = 0.3, for the target race track (dashed-dotted line)
and outer target center (solid line) positions.
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Figure 7.10: Calculated compound fractions (symbols) versus Ny gas flow for the outer target
center, as derived from the experimental yields of Ti sputtered from the outer target center (see
figure. 7.8), and as calculated with the analytical model for Ny sticking S = 0.3 (solid line)
and S = 1 (dashed line). The compound fractions were calculated using TRIDYN values for the
sputtering yield.
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Yco/Yn = 0.16 deviates significantly from the above estimate. It should be noted that this
reduction of the sputter yield by a factor of ~ 6 between metallic and compound mode is
in good agreement with experience [18] (see also figure 3.9).

Figure 7.10 shows the experimental results obtained from equation 7.13 with the above rel-
ative sputtering data. The indicated maximum error of ~ 15% of the experimental data
reflects only the error from the decomposition fits of the EDF, and neglects any other un-
certainties involved in the experiments and their evaluation. Alternatively, a deviation from
unity of the nitrogen zero-coverage sticking coefficient S has been admitted. Literature data
of S, which have been derived from rather indirect experiments [64,65], scatter between ~
0.1 and 0.8, with a mean value of ~ 0.3. The latter is also given in reference [64] as the
zero-coverage limit of a dependence on the coverage. Thus, the target coverage was also
modeled with S = 0.3, in comparison to S = 1.

It can be seen that the target compound fraction, which is derived from the experimental
yields, I and Ip;, and TRIDYN relative sputtering data, is in good agreement with the
modeled compound fraction, if unity sticking at the metallic surface is assumed for N,. The
most probable literature value S = 0.3 for the Ny sticking reduces the simulated target
coverage by around 30%. In this view, one might be tempted to discard a non-unity zero-
coverage sticking of nitrogen molecules. This, however, would hardly be justified in view of
the simplicity of the analytical surface model and the experimental uncertainties. Never-
theless, the results confirm the predictive power of the flux-balance model with a radially
varying ion current at the sputter target. On the other hand, the above decomposition of
the measured EDF’s appears to be convincing in spite of the numerous steps of the data
handling and the corresponding uncertainties.

The evolution of nitrogen surface coverage in dependence on the nitrogen gas flow as shown
in figure 7.10 is in qualitative agreement with the results of ion beam analysis. In accordance
the nitrogen incorporation in the target race track, shown in figure 6.1 on page 69 increases
abruptly at a reactive gas flow of 0.55 sccm and saturates at > 1.5 sccm. The measured
saturated nitrogen areal density of ~ 1- 10N em™2 is associated there with the formation
of a stoichiometric TiN layer, whereas in the non-saturated region a sub-stoichiometric layer
is assumed. This picture can be validated now by the findings of figure 7.10. A coverage
0 <1 in the non-saturated region derived from both, experiment and model calculations
again confirms the presence of a sub-stoichiometric TiN layer on the target surface, which
becomes stoichiometric at higher nitrogen gas flows. The target coverage in figure 7.10
remains below 1 even in the saturated region, which still corresponds to a slightly sub-
stoichiometric layer. This however is due to the fact, that only the topmost surface layer
is modeled, which is, in spite of the bulk material, mainly affected by sputter erosion. The
ion beam analysis in figure 6.1 shows the nitrogen uptake of the whole target.



3 Conclusions

In the present work the reactive sputtering process was characterized by means of ion beam
analysis (IBA) and energy-resolving mass spectrometry . For the investigations a planar
circular magnetron was used for sputtering of titanium in the presence of nitrogen as reac-
tive gas. The titanium-nitride system was chosen only as an example amongst the various
material combinations, which are possible to demonstrate the characteristics of the reactive
sputtering process. The experimental equipment was arranged in a way that enables both
the real-time, in-situ ion beam analysis of the target and mass spectrometry.

In a first step plasma properties were analyzed by means of energy-resolving mass spectro-
metry and simple global plasma modeling. From the latter a quantification of the various
particle fluxes towards the sputter target has been obtained. It can be concluded that the
target is primarily affected by the thermal kinetic flux of reactive gas molecules, whereas
the flux of ionized molecules and reactive gas radicals is of minor importance for the target
poisoning. The amount of nitrogen radicals within the plasma was also investigated by ioni-
zation threshold spectrometry. The measurements confirm the results of plasma modeling,
thus a radicals to molecules ratio of N°/Ny ~ 0.08 can be stated. The ion bombardment of
the target at usually reactive gas additions is generally dominated by the inert gas (argon)
ions. As an important plasma parameter, a plasma potential of ~ 4 V was obtained from the
measurement of energy distributions of sputtered titanium by means of the energy resolving
mass spectrometer.

Besides the particle fluxes, which were mainly obtained from the plasma simulations, further
input quantities for the modeling of the reactive sputtering process are necessary. Therefore
the plasma-target interaction was simulated additionally by the TRIDYN program. From
these simulations input parameters as the reactive gas surface penetration depth and the
different sputtering yields for the argon and xenon bombardment of the pure titanium and
titanium nitride surface, respectively, were derived.

The existing model of reactive sputtering which includes all known mechanisms of plasma-
target interaction was extended. The inclusion of an ion current distribution, which was
derived from the erosion profile of a sputter target, allows to calculate absolute reactive
gas concentration profiles across the target as function of the applied reactive gas flow into
the deposition chamber. In addition, the model predicts the behavior of the reactive gas
partial pressure and e.g. the deposition rates. With the modified model an over all very
good agreement between experiment and simulation was achieved.
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In a comparison between reactive sputtering with the inert gases argon and xenon, it was
found from both, experiment and simulation, that the nitrogen incorporation for the Xe/N,
gas mixture is with ~ 0.9-10'% N/cm? lower than using an Ar/N, mixture, where the in-
corporated concentration is ~ 1:10'® N/cm?. In view of the higher applied voltage during
Xe/Ny sputtering this result is in contrast to expectations. However from modeling results,
it can be concluded that sputter erosion is enhanced for Xe/Ny sputtering due to a lower
energy transfer in the xenon-nitrogen system and due to a higher Xe™ /Nj ratio in the Xe/N,
discharge.

The measured nitrogen incorporations for both, sputtering in Ar/N, and in Xe/N, gas
mixture, clearly exceed the value for one adsorbed monolayer and proofs that reactive gas
implantation into the target surface takes place. Further the nitrogen concentration in the
target saturates at a value, which correspond to the concentration of stoichiometric TiN
of a layer thickness of 2.5 nm. From this it can be concluded, that nitrogen which is not
chemically bound in the target diffuses out very quickly. Experiments with the magnetron
(plasma) switched off shown, that there is no further mobile fraction of nitrogen in the target.

A laterally resolved ion beam analysis of nitrogen incorporation in the target show a sig-
nificant variation of target poisoning across the target surface during reactive magnetron
sputtering of TiN, which depends on the reactive gas admixture. For typical conditions
of practical applications with a reactive gas addition of a few percent, the nitrogen incor-
poration in the race track may be reduced by almost 50 % compared to the target center
and edge. Again the experimental results are consistent with the modeling of the local
particle balance. The known mechanisms of plasma target interaction such as ion implan-
tation, reactive gas adsorption in combination with recoil implantation and sputter erosion
are confirmed as the main mechanisms of establishing the local target composition in the
stationary state. In particular adsorption of nitrogen molecules connected with recoil im-
plantation can be identified as primarily contribution for target poisoning. For modeling
without this mechanism the characteristic profile of incorporated nitrogen across the surface
can not be observed.

In order to broaden the understanding of poisoning mechanisms, sputtered particles have
been investigated by energy resolving mass spectrometry. With this technique it was demon-
strated that the ionization and the energy distributions of sputtered neutrals are influenced
by the inhomogeneity of the magnetron discharge. An increased fraction of ions with a
higher kinetic energy arrives at the substrate position within the central, unbalanced part
of magnetron discharge. This effect is ascribed to an increased plasma potential and to an
ambipolar acceleration of ions within this discharge region.

Additionally a significant energy shift in the EDF’s has been observed associated with target
poisoning during reactive sputtering. From this it can be concluded, that in addition to ion
beam analysis the surface composition of the target in terms of the metallic or compound
fraction can be also characterized by mass spectrometry.

The surface composition varies laterally, which is reflected by the energy distributions of
the sputtered particles. The results are interpreted in terms of laterally different states of
target poisoning, which results in a variation of the surface binding energy. In accordance
to IBA it is demonstrated, that for sufficiently low reactive gas flows, a metallic fraction
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within the center erosion zone may still exist whereas the residual target is poisoned. This
shows that the adsorption/erosion balance is shifted towards erosion within the target race
track and that adsorption as major poisoning mechanism is suppressed there.

The surface binding energy changes depending on the surface composition of the target. The
EDF’s were decomposed into a fraction originating from the metallic part and compound
part of target surface, respectively. This decomposition supports the picture of discrete
surface binding energies rather than a continuous transition from the metallic to the com-
pound phase. This is in contraction to previous assumptions see e.g. reference [57]. Again
the reactive gas target coverage as derived from the sputtered energy distributions is in
reasonable agreement with predictions from model calculations.

As an outlook, target poisoning should be investigated more detailed depending on changed
conditions for the adsorption of reactive gas molecules (Ny). Chau et al. observed the
formation of volatile oxides at the surface of the hot target at very high target tempera-
tures during reactive sputtering of silicon (1500 K) and niobium (2300 K). [105] Billard et
al. later also investigated the influence of target temperature on the reactive sputtering
process. [106] It was found there, that an increased temperature yields a stabilization of
the discharge within the transition between metallic and compound sputtering mode. Fur-
ther the possibility of high rate deposition of stoichiometric films in the metallic sputtering
mode has been observed for hot target sputtering. A lower target poisoning is attributed,
due to a lower accumulation of reactive species at the target. However, Billard described
the effect as "paradoxically” since: ”...an increase in the desorption kinetics as the target
temperature rises..., is expected to play a minor role owing to the kinetics of the sputtering
phenomenon.”

Thus, in view of the results of the present work, where adsorption of reactive gas molecules
in combination with recoil implantation was found to play a major role during target poison-
ing, the influence of target temperature on reactive sputtering process should be analyzed
systematically. It can be expected that a higher target temperature increases the desorption
rate of adsorbed reactive gas molecules, which finally reduces the target poisoning.
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0.1 Abbreviations

A area, ampere

B magnetic field

CVD Chemical Vapor Deposition
DC Direct Current

d thickness, distance

E kinetic energy

EDF Energy Distribution Function
ESA Electrostatic Analyzer
E electric field

e, q elementary charge

Pp plasma potential
AH® sublimation enthalpy
IBA Ion Beam Analysis

I; target current

j current density, flux
kg Boltzmann constant

1 liter

AD Debye length

n atomic density

m mass

W magnetic moment

Q solid angle

p pressure

PVD Physical Vapor Deposition
PAPVD Plasma Assisted Physical Vapor Deposition

Q reactive gas consumption
RF Radio Frequency

T Larmor radius

RT Race Track

p density

S sticking coefficient

sccm standard cubic centemeter, 1 sccm = 1 cm?® at p=101325 Pa, T=298,15 K
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SEEC, v Secondary Electron Emission Coefficient

SIMS
o
T
TCO

US

SES

s)

AF)
3

C

s

Secondary Ion Mass Spectroscopy

cross section

temperature

Transparent Conductive Oxide

compound fraction

surface binding energy

target voltage

kinetic energy

(sputtering) yield

sputter yield metal from metallic surface
sputter yield metal from compound surface
sputter yield gas from compound surface
recoil implantation yield of gas into surface
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9.2 Target temperature during magnetron operation

Due to the applied magnetron power of 100 W a heat flow Q of towards the target of ~
75 W can be assumed [107]. The resulting target temperature T; can be estimated by the
equation:

0Q A

o = A7 (L= T) (9.1)

where A=0.22 W ecm 'K is the heat conductivity of Ti, A=20 cm? is the target arca, d=0.6
cm denotes the target thickness and T}, is the temperature on the water cooled backside of
the target. Inserting these values in equation 9.1 and assuming 7T, = 293 K to be at room
temperature, yields in a target temperature of T; ~ 303K.

9.3 Typical process parameters during magnetron
operation

Table 9.1: Applied parameters during sputter deposition

Deposition parameter Value
base pressure 5-107% Pa
operating pressure 0.3 Pa
inert gas flow 10 scem
reactive gas flow 1 .. 3 scem
pumping speed (turbo pump) 60 1/s
target current (constant) 0.3 A
target voltage 330-360 V

magnetron power ~ 120 W
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9.4 Simulation parameters

Table 9.2: Simulation parameters used in section 3.3.5

Parameter

Value

Figure. 3.9, parameters - current distribution

gas temperature

argon partial pressure pg,
pumping speed

target area

substrate area

target current

N, sticking coefficient S,
Ymm

C

3

C

IS

580 K
0.3 Pa
60 1s~*
0.002 m?
0.28 m?
300 mA
1

0.45
0.07
0.28
0.53

Figure 3.10, differing parameters - variable pumping speed

pumping speed
substrate area

301s-90 Is~*
0.15 m?

Figure 3.11, differing parameters - variable sticking coefficient

pumping speed

target area

substrate area

N, sticking coefficient S,

60 1s~*
0.002 m?
0.15 m?
0 and 1
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