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Abstract

You are about to start reading my PhD thesis entitled Plasma diagnostics focused
on new magnetron sputtering devices for thin film deposition. It deals with pro-
cesses concerning sputtered particles in a deposition reactor. A magnetron cath-
ode is sputtered and acts as a source of metal particles. These particles are ion-
ized either by a microwave plasma located between the magnetron cathode and
the substrate or by a magnetized plasma itself working in preionized high power
pulse regime. To describe and understand these two different concepts of sput-
tered particles ionization, different approaches to plasma diagnostics are needed.
The microwave assisted PV D reactor consists of amagnetron cathode excited by a
direct current and two microwaves antennas located perpendicularly to magnetron
substrate holder axis. While a sputtered particle diffuses toward the substrate, it
can be ionized anywhere between the magnetron cathode and the substrate. In
this case, it is suitable to perform the spatially resolved plasma diagnostics. The
role of various elementary processes which may influence the densities of species
in magnetron and microwave plasma are discussed. Particular attention is given
to the estimation and the role of gas temperature. In the high power pulsed PVD,
sputtered particles are ionized in the magnetized region and after that, they can
leave it and continue towards the substrate. These processes are time dependent
and it is suitable in this case to perform time resolved measurements. Plasma
dynamics, time evolution of plasma compositions and particularly the extremely
fast transition to stable self-sputtering regime is discussed. Simultaneously with
the creation processes of ions, their transport was studied too. Because we in-
tended to work in a reactive magnetron sputtering too, | spent atime studying the
plasma ignited by surfatron in nitrogen gas, oxygen gas and their mixtures. We
started with moderate pressure microwave discharge. To detect the reactive rad-
icals, such as N and O atoms, electron paramagnetic resonance and NO titration
was used. The second mentioned method was advanced and permits now to obtain
simultaneously N and O atom density without a calibration. My thesis consists of
an introduction, 5 chapters and a summary. These 5 chapters are independent and
can be red in any order. However, if you are not interested only in a particular
topic, | advice you to follow the order, which | proposed.

| wish you a pleasant reading.

Petr VaSina
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Chapter 1

Introduction

In numerous technological applications, it is necessary to perform high quality
thin film deposition on certain objects. As an example, microel ectronics technol-
ogy is based on a precise and progressive thin film deposition. Various function
structures are created within the silicon surface by piling dielectric and conductive
thin layers. These function structures are contacted together locally to form spe-
cific function (memory cell, logic gates) and then interconnected together globally
to form afully functioning integrated circuit on the chip. Shrinking of critical di-
mensions of components and rapidly increasing number of devices per chip each
year is astounding.

Magnetron sputtering falls to a group of Physical Vapour Deposition tech-
niques (PVD), in which films are deposited from single atoms or very small clus-
ters and any reactions that occur (such as oxidation or nitridization) occur at the
film surface. This differs PVD from Chemical Vapour Deposition (CVD) tech-
niques, in which molecular species in the gas phase chemically react at a film
surface, resulting in the formation of a condensed film as well as the emission of
volatile by-products. In magnetron sputtering, a magnetron cathode is sputtered
and acts as a source of atoms which condensate on the wafer and form growing
film.

lonized physical vapour deposition (IPVD) is an advance in PVD technology
that achieves directional deposition of metals by ionizing the sputtered atoms and
collimating these ions with a plasma sheath adjacent to the wafer. Moreover,
IPVD makes possible to form films under new physical condition, particularly at
high ion flux on the wafer. lon assisted grow of thin films usually improves film
density, mechanical properties etc.

Sputtered particles are usually ionized by a high electron density, inert gas
plasma between the target and the wafer. This plasmais mainly inductively cou-
pled plasma created by aradio frequency coil introduced to the deposition reactor.
A promising pulsed IPVD technique was developed in 1999, which combines a

9



10 CHAPTER 1. INTRODUCTION

powerful power supplies with a conventional planar magnetrons. For a short time
(sometens of microseconds) a very dense plasmais sustained near the magnetron
cathode, which induces simultaneous target sputtering and efficient ionization of
sputtered vapour. The general overview of the magnetron sputtering physics, prin-
ciplesof PVD and IPVD techniques can be found in chapter 2 of my thesis.

My thesis deals with a characterisation of two different concepts of 1PVD.
Sputtered particles are ionized either by a microwave plasmalocated between the
magnetron cathode and the substrate or by the magnetized plasma itself working
in preionized high power pulse regime. The differences between our systems and
other IPVD reactors described in literature are following. In the first system, two
microwaves antennas are used instead of the RF coil to create the ionizing plasma
between the magnetron cathode and substrate. In the second system, high power
pulsed sputtering was intentionally preionized by low-current DC preionization.

To describe and understand these two different concepts of sputtered particles
ionization, different approaches to plasma diagnostics are needed. In microwave
assisted PVD, a sputtered particle diffusing toward the substrate can be ionized
anywhere between the magnetron cathode and the substrate. In this case, it is
suitable to perform the spatially resolved plasma diagnostics. Results of plasma
diagnosticsin microwave assisted PV D reactor are shown and discussed in chap-
ter 3. In the high power pulsed PV D, sputtered particles are ionized in the mag-
netized region which they can leave and continue towards the substrate. In this
case, magnetized plasma ensures simultaneously sputtering of neutral species and
their ionization. This processes are time dependent and it is suitable in this case to
perform time resolved measurements. Study of preionized high power pulse mag-
netron plasma, time evolution of plasma composition and discharge dynamicsisa
subject of chapter 4. Transport of sputtered particles created during the pulse and
atest of industrial potential of our system in trench filling is shown in chapter 5.

Because we intended to work in a reactive magnetron sputtering too, | spent
my time studying the plasmaignited in nitrogen, oxygen and their mixtures. We
started with moderate pressure microwave discharge and this study was very in-
teresting. To detect the reactive radicals, such as N and O atoms, electron para-
magnetic resonance and NO titration was used. The second mentioned method
was advanced and permits now to obtain simultaneously N and O atom density
without a calibration. More details can be found in chapter 6 of my thesis.



Chapter 2

Physics of magnetron sputtering

2.1 Introduction

The physical process that we now call sputtering was first reported in 1852 by
Sir William Robert Grove [1], who described the effect as cathode disintegration.
Grove's apparatus utilized a cathode made of silver-coated copper, but his manu-
ally pumped vacuum was insufficient that the world's first sputter deposited film
was probably not silver, but silver oxide.

In 1921, Sir. John Thomson renamed this phenomenon which refers to the
rapid gjection of small particles from a cathode as ‘frying bacon splutters fat’
to spluttering. In a scientific paper two years later, Thomson dropped ‘I’ from
spluttering in favour of aless common variation and it has been sputtering even
since.

Subsequent investigation led to an understanding of the basic physics of the
sputtering and resulted in a variety of industrial coating application as metal films
for mirror (1875) or gold film deposition on wax photograph masters (1930).
When sputtering was nearly 100 years old, the first microelectronics device - the
solid state transistor - was demonstrated publicly in 1948 and since that time thin
film deposited by sputtering - i.e. by physical vapour deposition (PVD) has be-
come an essential part of integrated circuit fabrication technol ogy.

In the 1970s, sputtering began to displace hot filament evaporation because
DC magnetrons were capable to deposit high quality aluminium aloys at de-
posited rates and costs comparable to evaporation together with better control of
film composition and better step coverage. There are number of reasonswhy PVD
has been so successful for wide range of industrial application. Sputtering can be
used to deposit all of conducting films including low melting point metals such
as Al (tne:=660 °C) and refractory metals as Ti (tne:=1670 °C). Sputtering of
important multicomponent alloys can be deposited from a single alloy sputter tar-
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12 CHAPTER 2. PHYSICS OF MAGNETRON SPUTTERING

get, which was problematic with evaporation since the deposition rate of the alloy
constituent depends on their individual vapour pressures. In the reactive regime,
oxides and nitrides can be sputtered too. Sputtering is done from an extended area
target and not from a point source as in evaporation which is another reason for
the success of PVD keeping global film uniformity from properly designed mag-
netrons. Since PVD utilises non-toxic targets and low pressure of inert gas, PVD
satisfies increasing environmental demands about the use of hazardous materials.
In this chapter, a general overview of basic physical principles of sputtering
isgiven. A possibility to increase process efficiency by using a magnetron con-
figuration will be shown. Sputtering is predominantly a neutral emission pro-
cess. lonizing the sputtered particle flux makes possible to form films under new
physical conditions, such as enhanced ion assisted grown of films and deposition
directionality. Sputtered particle flux can be ionized by a secondary plasma lo-
cated between the magnetron target and the substrate of directly by a magnetized
plasma operated in high power pulsed regime. Both so called IPVD processes are
explained without great details. Thefollowing interesting book [2] and these great
review articles[3] and [4] have been used as a very helpful base for this chapter.

2.2 Physics of Sputtering

2.2.1 Physical vapour deposition, sputter yield

Vacuum based deposition technologies fall into two basic categories. physical
vapour deposition (PVD) and chemical vapour deposition (CVD). The PVD tech-
niques include physical sputtering, thermal evaporation and arc-based deposition,
which are all generally atomic in nature. Films are deposited from single atoms
or small clusters and any reaction that occur (such as oxidation or nitridization)
occur at the film surface. Thisdiffer PV D from CVD techniques, in which molec-
ular species in the gas phase chemically react at a film surface, resulting in the
formation of a condensed film as well as the emission of volatile by-products.
Sputtering isrelatively simple processin which an energetic particle bombards
atarget surface with sufficient energy to gject one or more atoms from the target.
The most commonly used incident species are inert gas ions (e.g. Art, Krt,
Xe™), but sputtering can aso result from the bombardment of other energetic
ions, neutrals, electrons and even photons. In general, the physical effect caused
by bombardment with a neutral or an ion of the same species and energy will
beidentical. Theion isusually neutralized by pulling an el ectron from the near-
surface region just prior to impact, and so it impacts the surface as a neutral.
Because it is quite easy to generate large fluxes of ions at controlled energies al
applications of sputtering use ions as the bombarding particles. The sputtering



2.2. PHYSICS OF SPUTTERING 13

Secondary Electron Neutralized Reflected lon

Sputtered Atom Sputtered Atom

OO\ OQOO/ @)
@Odb@@@
OOQOQOOO
Q0 O QO
Oooégégo

Surface Atoms

Figure 2.1: Schematic illustration of physical sputtering process

yield y is simply defined as the ratio of the number of emitted to the number of
bombarding particles.

_ number of ejected particles 2.1)
Y = umber of incident particles '

2.2.2 From sputtering to implanting

The sputtering process is one of relatively violent. Collisions, first between the
incident energetic particle and one or two substrate atoms, and then subsequent
collisions between multiple atoms as the part of incident energy and momentum
are distributed among many atoms. Depending on the kinetic energy E of the in-
cident ion, four different physical results can occur.

1. Low energy (E < 20 - 50 eV) Thisregion is known classically and somewhat
inaccurately as the sub threshold region. In this regime, it was thought that an
incident ion had too little energy to dislodge and to gject atarget atom and that the
resultant yield was assumed to be zero until athreshold of about 4 times the bind-
ing energy of the target material. Experimentally, in high density plasma, such as
those formed using ECR techniques, sputtering and film deposition at ion energies
of bellow 15 eV are routinely observed. The required sputtering yield isin 10~
range which contradicts the threshold theories and show dramatic fall-off in the
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Figure 2.2: Sputter yield as afunction of ion energy for Ar*, Cu™ and Het bom-
barding the Cu target

yield as the ion energy decreases. However, since the ion current in ECR tools
may be many tens of amperes even these very tiny yields can be quite significant.
2. Moderate energy (50 eV < E < 1 keV) This range, sometimes known as the
knock-on regime, covers most of the practical range of energy used in PVD. In
this range, the incident ion impact a target atom, which recoils and strikes one or
more atoms, which each recoil and the process continues much likein Figure 2.1.
Thisisdifficult processto predict and measure because the sequence of collisions
will be completely different for each bombarding particle because each particle
will hit in a different place with regard to the location of the surrounding atoms.
This process must be evaluated practically by simply looking at the average of a
large number of impacting particles. For such case, using of previously defined
sputtering yield is very helpful. Sputtering yield depends strongly on the incident
particle’'s mass and kinetic energy as well as the substrate mass and orientation.
Sputtering yield as a function of ion energy for Ar™, Cut and He™ bombarding
the Cu target is presented in Figure 2.2. It was shown that unless the temperature
of target was very close to the melting point, target temperature is not relevant
to sputtering process. It would not make sense that energies on the thermal scale
(0.1 eV) would have influence on sputtering events, which contains energies in
the hundreds of eV.
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3. High energy (1 keV < E < 50 keV) Thisregion, which is not relevant to PVD
processes, is nevertheless the more well understood region. At these energies, the
incident ion causes a dense cascade of secondary particles after theimpact. Within
this cascade, amost all of bonds between the atoms are broken and the region can
by treated with a statistical mechanic-like approach.

4. Very high energy (E > 50 eV) At these high energies, the incident ion can pen-
etrate down into the target | attice many layers through before causing a significant
number of collision. As a result, the affected volume is well below the surface
and only few atoms can by emitted. The incident ion is effectively implanted into
the bulk of target changing the electrical properties of the material, which is quite
important for atom implanting into semiconductor, but it is mostly irrelevant for
physical sputtering.

2.2.3 Sputtering, self-sputtering and evaporation

Since sputtering is mostly a momentum and energy transfer process between the
incident particle and the target atoms, the particular species used are very impor-
tant. The sputter yield is different for different target materials using the same
ion species and energy. There are two reasons for these differences. First, the
binding energy will be different for each target material. There is general trend
toward higher sputtering yield for materials with lower binding energy, and there
isageneral correlation between low melting point and low binding energy. How-
ever, sputtering is not athermal process, so these correlations should not be taken
too strongly. A second reason for differences in yields is the efficiency of the
momentum transfer process between the incident ion and target atom. It has a
maximum value for two equal mass species, which implies that the highest sput-
tering yield should be for cases of target being bombarded by an ion of the same
species. Thissituationin named self-sputtering. An example, sputteringyield asa
function of ion energy for Ar*, Cu™ and He™ bombarding the Cu target is shown
in Figure 2.2. It suggest that the sputtering process will be rather inefficient and
the yield relatively low for cases of a large differences between the incident and
target masses.

Probably the most interesting aspect of copper or silver PVD isthe possibility
of using self-sputtering to completely avoid the argon working gas and associated
gas-atom scattering collisions and Ar incorporation in to the growing film.

The term self-sputtering describes the sputtering of metal target using ions of
the same element. A fraction of the ionized sputtered atoms arrives at the sheath
edge near the substrate, but another fraction can be redirected and diffuse back
to the sheath of the target. Those ions will be accelerated in the sheath of the
magnetron target and cause sputtering of more target material. If the sputtering
yield exceeds unity, sustained self-sputtering is possible, implying that the gas
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Figure 2.3: Schematic picture of the sustained self-sputtering cycle

flow could be switched off after the processis set in. The buffer gas only initiates
the process which continuesitself. The condition of sustained self-sputtering can
be written as [5]

oBys > 1 (2.2)

where a is the probability that a sputtered atom will be ionized, (3 is the probabil-
ity, that the ionized atom is redirected to the cathode and ys is the self-sputtering
yield. The whole cycle is schematically shown in Figure 2.3. Because a < 1 and
B < 1, itisclear that the sustained self-sputtering is achieved only for materials
withys > 1.

Sputtering differs from evaporation in that the atoms are physically gected
from the target surface and such can have significantly more kinetic energy. An
example of this, Cu atoms evaporated at 1500 K |eave the surface with velocity
describes by very narrow distribution function with maximum around 1 km/s.
However Cu atoms sputtered by 500 eV Ar ions have much more broader velocity
distribution with maximum around 5 km/s. The shape of the distribution differs
for each ion-target system but isonly slightly dependent on theincident ion kinetic
energy. While the sputtering of small clusters of atoms is relatively rare, such
clusters should be expected to follow nominally similar emission characteristics
in their energy spectrum as single atoms, perhaps adjusted for the larger mass.
More important than the exact distribution isthe avarage kinetic energy of emitted
atoms. Thisis amaor component of the net energy arriving at the film surface
during deposition.

There is another aspects of sputtering that may lead to significant effects on
the film deposition - reflected, energetic neutrals. Reflected, energetic neutrals are
the result of energetic ion bombardment of the target. There is some probability
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Figure 2.4: Example of the gas rarefaction due to sputter heating, simulation taken
from [9] was performed for 1 kW of magnetron power and 4 Pa of Ar buffer gas
pressure

that shortly before the impact neutralized ion will be reflected by the surface. As
neutral, it is unaffected by sheath. Usually reflected neutral can carry significant
kinetic energy, often in the order of tens percent of theincident ion energy and can
deposit considerable energy to the film surface and influence physical properties
as the film microstructure and stress 6, 7].

2.2.4 Ballistic and diffusive transport, gas rarefaction

Sputtered atoms must travel some distance before they can impact a sample sur-
face to form a growing film. At low pressures, typically below 0.1 Pa, the sput-
tered atoms travel with few if any collision. This can be described as ballistic
or collision-free transport. Ballistic transport is directional, atoms arrive at the
film surface with a angular distribution function and an energy originated from
the sputtering process. They can be deposited in the top layer or two of the film
surface and form defects. As the pressure is increased, it becomes more likely
that a sputtered atom may have a gas-phase collision with a background gas atom
during transport. This starts to become significant at pressures above 1 Pa. In
these conditions, significant kinetic energy of the sputtered atom can be shared
with the gas atoms, resulting in both cooling of the sputtered atom and heating of



18 CHAPTER 2. PHYSICS OF MAGNETRON SPUTTERING

the background gas. In addition since the momentum and energy transfer cross-
sections are strongly energy dependent [8], as the sputtered atom slows down due
to collisions, it becomes larger. Sputtered atoms are after first collision quickly
thermalized and undergo diffusive transport.

Thermalized deposition can be much different from ballistic deposition be-
cause the film grows from atoms with amost no kinetic energy. In parallel to the
cooling of sputtered atoms, the gas temperature can increase significantly. Since
sputtering chambers are fairly open and have only modest gas flow, significant gas
heating resultsin alocal rarefaction of the gas density, as the hot gas atoms leave
the near-target region faster than cooler gas atoms arrive from a perimeter. Ex-
ample of calculated spatia distribution of Ar atoms in deposition reactor for two
cases, sputter heating is and is not taken into account is presented in Figure 2.4.
Simulation was performed for 1 kW of magnetron power and 4 Pa of Ar buffer
gas pressure. The minimum Ar density decreases by 30 percent and occurs below
target dueto gas rarefaction [9].

Gasrarefaction effects werefirst observed as the sputtering wind by [10]. Gen-
erally gas rarefaction increases with magnetron power, sputtering yield or colli-
sion cross section between buffer gas and sputtered atom.

Gas rarefaction may be important in scaling issues, in that high-rate sputtering
and as a result more rarefaction may have similar characteristics to low pressure
sputtering. Thiseffect will also affect reactive sputtering due to unequal cross sec-
tion for collisions like sputtered atom - buffer gas atom, sputtered atom - reactive
gas molecule, sputtered atom - reactive atom [11].

2.3 The Planar Magnetron

2.3.1 Plasma confinement by magnetic field

Magnetron-based sputter tools deposite thin filmsat much higher rates than diodes
and operate at lower pressures, where gas-phase scattering and gas-phase impu-
rities are minimal. DC magnetron is basically a magnetically enhanced diode in
which the spatial relationship of electric and magnetic field is engineered to con-
firm secondary electrons produced by ions bombardment of thetarget. Restricting
these electrons to remain close to the target surface increases their probability of
ionizing the working gas, which results in a more intense plasma discharge that
can be sustained at a lower pressure. Since the ions are heavier than electrons,
they are not affected by the confining magnetic field and may sputter much asin
adiode type configuration.

The electron confinement is based on the Lorentz force given by the vector
cress product of two field E and B. Since E is perpendicular to the target surface,
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Figure 2.5: An example of rectangular planar balance magnetron configuration.

application of a B field tangential to the surface gives the electron a component
of velocity paralel to the target. Forcing the electrons in a plasma to move in
helical path resultsin a great increase in a probability that an electron will have
acollision with a gas atom, leading to either exciting or ionizing the atom before
being scattered out of the plasma region. This effect can be used to form a very
dense, low-impedance plasma. A single electron from the target can generate at
least 10 electron-ion pairs in the volume of magnetized plasma.

The formation of the closed-loop path for the E x B drifting secondary elec-
trons is what defines a magnetron. The simplest geometrical design is circular
planar magnetron. As the example of the trapping efficiency of the 15 cm cath-
ode, it was shown that generally the electrons can be considered to go around
the E x B loop from 3 to 8 times before they are lost to the walls of the system.
The circular planar magnetron is the most widely used example. Since the overall
requirement is simply that the E x B drift path form, there are many other geomet-
rical perturbation. A common exampleisthe rectangular planar magnetron shown
in Figure 2.5. This geometry is similar to the circular planar one, but is smply
stretched in one direction, forming an E x B drift path somewhat like a racetrack
oval. Dimensionally, thereisno real limit to the length of the rectangular cathode,
and sources have been constructed several metersin length for the systems, where
samples pass by the long sides of the cathode.
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Figure 2.6: Schematic representation of the plasma confinement observed in con-
ventional and unbalanced magnetrons [3].

2.3.2 Balanced and unbalanced magnetron

In the conventional balanced magnetrons the plasma is strongly confined to the
target region. A region of dense plasma typically does not extend more than few
centimetres from the target. Films grown on substrates positioned within this
region will be subjected to strong ion bombardment which can strongly influence
the structure and properties of the growing film. Substrates placed outside this
region will liein the area of low plasma density. Consequently, the ion substrate
current is generaly insufficient to modify the structure of the film. The energy of
the bombarding ions can be increased by increasing the negative bias applied to
the surface, however, thisleads to defects in the film and increased film stress. To
deposit dense filmswithout introducing excessive stresses, a high flux of relatively
low energy ionsis generally preferred. These condition are readily provided by
unbalanced magnetrons, ionized physical vapour deposition (IPVD) techniques
using a secondary plasma to ionize the sputtered particles and recently by high
power pulsed magnetron sputtering.

In an unbalanced magnetron the outer ring of magnets is strengthened (or
weakened) relative to the central pole. Schematic representation of the plasma
confinement observed in conventional and unbalanced magnetronsis presented in
Figure 2.6. In the case of unbalanced magnetron, not all the field lines are closed
between the central and outer poles in the magnetron, but some are directed to-
ward the substrate and some secondary electrons are able to follow these field
line. Consequently, the plasmais no longer strongly confined to the target region,
but is allowed to flow out toward the substrate. Thus relatively high ion current



2.4. IONIZED PHYSICAL VAPOUR DEPOSITION 21

L Magnetron
L r o
S | metal N S
N target\ S N
S
Dense
Thermalized o plasma
lonized
Collimated
. ® @
v v V sheath
= ]

wafer

O =inert gas atom
O = metal atom
@ = metal ion

Figure2.7: Inatypical IPVD reactor metal atoms are sputtered into a high density
plasma. Once thermalized, the atoms are ionized and diffuse to the wafer region
where they are directionally deposited. Picture taken from [13].

can be extracted from the plasmawithout the need to externally bias the substrate.
By unbalanced magnetron, substrate ion current densities approximately an order
of magnitude higher than for a conventional balanced magnetron can be routinely
generated. Unlike other ion-plating processes, in unbalanced magnetrons the ion
to neutral atom ratio at the substrate remains almost constant with increasing de-
position rate [12], which is almost directly proportional to target current.

2.4 lonized Physical Vapour Deposition

2.4.1 Idea and basic principles of IPVD

Physical sputtering is predominantly a neutral atom emission process. The filter-
ing techniques such as collimated sputtering are all subtractive: atom which are
not moving in the correct trgjectory are trapped on other surfaces, either the cham-
ber wall or the sidewalls of the collimator. Since the sputtered atoms are neutrals,
it isnot possibleto redirect their trajectory oncethey are gjected from the cathode.

lonized physical vapour deposition (IPVD) is a advance in PVD technology
that achieves directional deposition of metal by ionizing the sputtered or evapo-
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Figure 2.8: The photo shows a IPVD system in operation. The blue glow is an
inductively coupled plasma that is excited by a coil antenna. Aluminium atoms
are sputtered from target at the top of the photo and then ionized as they move
toward the lower part of plasma. Picture taken from [13].

rated metal atoms and collimating these ions with the plasma sheath adjacent to
the wafer as shown schematically in Figure 2.7. A high electron density, inert gas
plasma between the target and the wafer is needed to ionize the sputtered metal
vapour in typical IPVD reactor. Strong ionization of the metal occurs since the
el ectron temperature depends primarily on the ionization potential of theinert gas
(15.7 eV for argon) which is much greater than for metals (6.0 and 7.7 eV for
Al and Cu). The plasma source is commonly an electron cyclotron resonance
plasmaor inductively coupled plasma. An example of |PVD systemsin operation
isshown in Figure 2.8. In the Figure 2.9, there are three photos showing the cir-
cular magnetron in operation (top left photo), a RF plasma created by an internal
coil in an IPVD reactor (top right photo) and the circular magnetron assisted by
the RF plasma (bottom photo). These photos show the IPV D reactor, whose study
isaPhD project of my colleague from LPGP Mr. J-C. Imbert.

The average distance that a sputtered neutral will travel before being ionized
dictates the design of 1PV D reactor. Simple analysis of a sputtered neutral going
through a high density plasma gives the ionization mean free path

B Kine

(2.3)

iz
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Figure 2.9: Examples of a circular magnetron in operation (top left photo), a RF
plasma created by an internal coil in an IPVD reactor (top right photo) and the
circular magnetron assisted by the RF plasma (bottom photo).

where vs is the velocity of the sputtered neutral, K| isionization rate constant and
Ne isplasmadensity. Atoms sputtered from atarget exhibit a Thomson distribution
where the most probable energy is about one half of the surface binding energy.
As an example, aluminium atoms are sputtered with energy ~ 1.5 eV and there-
fore Az is ~ 60 cm for typical Ar plasmawhere Te ~ 3 eV and ne ~ 10em—3,
This analysis suggests two methods of generating a highly ionized flux. First, if
the inert gas pressure is quite low, the target to substrate distance must be quite
long. The second aternative is to increase the pressure such that the sputtered
atoms are thermalized by collisions with the inert background gas. If the metal
is thermalized, it goes through the plasma much slowly and the ionization path
length decreases to about 10 cm. The second method is more convenient because
shorter plasma needs less energy to be sustained and big experimental set-ups
are more expensive, difficult to pump etc. Schema of atypical IPVD processes:
sputtering, thermalization, ionization and collimation is shown in Figure 2.7.

The film coverage of trench and via structures used in microelectronic appli-
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cation depends on many factors including resputtering of the surface by ions, re-
deposition of resputtered surface material, mobility of surface atoms but the most
obvious factor is the fractional ionization of the metal flux incident on the wafer.
Since metal ions are accelerated to the Bohm velocity by the plasma presheath,
theion flux at the wafer is

M =0.61[M*] % (2.4)

where [M ] is the metal ion density, m; is the ion mass and Te is the €electron
temperature. In contrast, the flux of thermalized neutral metal atomsis

1 8KT,
rn == Z[M]Vtha Vth - T[r?]as7 (25)

where [M] is the metal neutral atom density, m is the atom mass and Tggs iS the
buffer gas temperature. Since Te >> Tgas, the ionized fraction of sputtered particle
flux to awafer ismuch larger than theionized fraction of sputtered particle density
in the plasma. For example, if metal ionization degree in the plasmais 0.3, the
fraction of ionized metal flux is about 0.8. This means that it is not necessary to
completely ionize the sputtered metal to create a highly ionized flux to the wafer.
To understand and optimise the IPVD method, it is necessary to characterize the
degree of metal ionization and understand the ionization channelsin the plasma.

The global zero-dimensional model was developed by [4]. It assumes that the
sputtered metal is thermalized by collisions with the argon background gas. The
three most important collisions responsible for the generation of metal ionsin an
secondary plasmaare el ectron impact ionization of the metal neutral in the ground
state, electron impact ionization of the metal neutral in the excited state, and Pen-
ning ionization by collision of metal atom with electronically excited buffer gas
atom. Corresponding rate constant are Kj, K* Kp for electron impact collisions
and Penning ionization.

For the typical gas pressure of few Pa, the main loss mechanism of metal ions
is ambipolar diffusion with the characteristic time constant t; depending on the
chamber dimensions and the mobility of metal ion.

Assuming that the rates for loss and creation of metal ions equal, the metal ion
fraction in plasma (e. g. ionization degree of sputtered metallic species) can be
written in following form

[MF] ~ (Ki+KpKet[Ar])Ti[€]
M)+ M)~ 14 K+ KpRer[AM)T 6]

(2.6)

where [MT] is metal ion density, [M] is metal atom density, [Ar] is density of
buffer gas, Ke israte constant for excitation of Ar metastable from Ar ground state
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Figure 2.10: Comparison of the modelled ionized flux fraction for several metals.
Metals with alarge ionization cross section, low ionization potential, and low ion
mobility are the most highly ionized. Picture taken from [4].

and 1 isloss rate of metastable argon atoms. For detailed step by step derivation
of the Equation 2.6 see [4]

Figure 2.10 shows the modelled ionization of various metals [4]. Notice that
the ion flux fraction is a few percent when the electron density is the order of
10%m=3. Thisis atypica ionization level for DC conventional sputtering and
is primarily due to the Penning ionization. At higher electron density, however,
electron impact ionization dominates the Penning ionization of metal species. At
electron densities greater than ~ 10Mcm—23, the important parameters that deter-
mine how completely a metal flux will be ionized in an IPVD reactor are the
el ectron impact ionization cross section, the ionization potential of the metal, and
the mobility of metal ion in a buffer gas. The first two factors relate to the gen-
eration of metal ions and the mobility sets the loss rate. For example, although
Ti has a higher ionization threshold than Al, the relative ionization of Ti atoms
is higher since the cross section is twice that of Al while the mobility of Ti" is
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somewhat lower. Copper, on the other hand, has a much lower cross section and
a higher ionization potential than Ti or Al. These factor make Cu more difficult
to ionize. Finally, carbon ionization isincluded in the figure to demonstrate that
atoms with high ionization potential (11.26 eV for carbon) and high ion nobili-
ties are not significantly ionized in an argon plasma even at densities approaching
10%3cm—3,

Although the global model presented aboveisuseful for abasic understanding
of IPVD, the model assumed a spatially homogeneous discharge. Experimental
measurements of the axial variation of the Al and Al* densities was presented in
[14, 4, 15]. The neutral Al density is the greatest near the target and decreases
nearly exponentially toward the substrate. The Al™ density, however, is sustained
by electron impact throughout the plasma volume and remains relatively constant
along the axis of the chamber. The high fraction of metal ionization are attained at
the wafer by the combined effect of neutral density decay due to diffusive losses
and approximately uniform volume generation of metal ions extending down to
the region near the substrate. Notice that although the bulk ionization degree near
substrate isonly 0.3, the ionized flux fraction is about 0.8.

2.4.2 ECR based IPVD technique

In the late 1980s with the advent of high density plasmas such as ECR plasmas
or inductively coupled RF plasma, it became apparent that these plasma could be
readily contaminated by metal atoms from the chamber walls. These metal atoms
were emitted by wall sputtering, unipolar arcs, or even evaporation from uncooled
surfaces. Once in the plasma, these metal atoms were easily ionized and could
be detected optically. This was originally viewed as a mgjor problem, because
the metal atoms and ions were then deposited on the various dielectric surfaces
such as on the microwave window and shielded out and reflected the incident
microwave power from entering the plasma chamber.

Taking this a step farther, metal atoms could be intentionally introduced into
the high density plasma either by sputtering or evaporation. This require the
plasma system to be carefully designed so that the subsequently deposited metal
films did not block the incident microwave power.

In the ECR based tools, metal atom source must be shielded from the direct
line of sight of the microwave window. Ideally, this eliminate any deposition from
neutrals on the window.

First ECR based tool used the evaporation as the source of metal atoms. It
was successful in demonstration deposition into high aspect ratio semiconductor
features, but there was little enthusiasm for trying to reintroduce evaporation as
a manufacturing deposition technology due to problems with alloy control, re-
liability, tool dimension, etc. Second generation ECR tool were all configured
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for the use of physical sputtering as the means of introducing metal atoms into
the plasma. The plasma density could approach the 103cm—3 at input powers of
several kW and at very low operating pressures. These devices used a common
plasma for the sputtering process as well as for the metal ionization process. In
these conditions, it was not necessary that the metal sputtering cathode operatesin
the magnetron mode; the plasma densities as well as the ion currents were similar
to magnetron plasmas.

In ECR tools mean free path for ionization isgenerally in the order of tens cen-
timetres under typical operation conditions. It meansthat for atypical distances of
about 10 centimetresthe flux of sputtered speciesisonly ~ 30 % ionized. Increas-
ing the pressure can results in a more sputtered atom scattering due to collisions
with buffer gas, thermalization and in an increase in the relative ionization. How-
ever, at higher pressures the likehood of arcing in the microwave launcher region
increases too since the plasma density in that region becomes very high. In gen-
eral, ECR toolsoperate best in low pressure region which has only littleif any gas
scattering effect on the sputtered flux. However scattering of sputtered atoms and
subsequent thermalization is the crucia condition for good IPVD reactor work
and therefore ECR enhanced PV D technique was replaced by technique based on
various types of inductively coupled plasma.

2.4.3 RF based IPVD technique

The RF based IPVD systems differ from the ECR tools in that the sputtering
process uses conventional magnetron sources, running independently from the
dense, inductively coupled plasma which is used for the metal ionization. That
means, that sputtering and ionization can be handled separately. The dense RF
plasma is formed by a metal coil antenna, typically larger in overall diameter
than the magnetron cathode and located few centimetres from both the cathode
and the sample. The number of turns has varied from one to about five, but in
general smaller numbers of turns and larger diameter coil cross section are better
at creating a more inductive plasmawith higher plasma density. The most widely
used driving frequency for the RF coil is 13.56 MHz primarily due to widespread
power supply availability.

The RF coils in early work was constructed from Al or Cu tubing and was
water cooled. More recent commercial tools have been devel oped with uncooled,
single turn coil designated to operate with sufficient coil sputtering. To operate
under appropriate conditions, there are at least three operating modes. One is
to tune the coil such that the net erosion rate is equal to the deposition rate, or
perhaps just slightly less. Because it is difficult to keep this condition same during
a long process, sputtering of coil materia into the plasma and contamination of
deposited film may occur. This requires the coil to be constructed of high purity
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material same as magnetron cathode. A second alternative is to operate the cail
in anet deposition mode. This allowsto use of any type of coil material, however
it leads to eventual peeling and particle formation, requiring more frequent coil
cleaning or replacement. A third alternative is to shild a coil behind a Faraday
shield, which provides an unbiased surface for deposition in place of the coil. The
Faraday shield must have several gaps to allow penetration of the applied field
into the plasma.

The relative ionization at the sample location was found to be strongly de-
pendent on the applied RF power and the operating pressure. Increase of applied
power increases the plasma density. Increase of pressure results into more effi-
cient thermalization and increase of plasma density coupled with general cooling
of the electron temperature.

2.4.4 High power pulsed magnetron discharges

Physical sputtering is predominantly a neutral atom emission process. In areac-
tive sputtering of highly insulating materials, it is very difficult to maintain ssmul-
taneously a process stability and a high deposition rate. It is due to often presence
of arcs. Arcing can be eliminated by not allowing a very high degree of positive
charge accumulated on the target surface. In other words, arcing can be prevented
by periodically discharging the charge build-up on the surface of the insulating
layer, before breakdown occurs. This can be achieved by the employment of puls-
ing technique. In aunipolar pulsed magnetron, sputtering of target material occurs
during the pulse-on time accompanied by charge accumulation on the target sur-
face. During the pulse-off time, the accumulated charge is discharged through the
plasma (for more detail seee. g. [17]).

A promising pulsed |PVD technique was developed in 1999 [18], which com-
bines a powerful power supplies with a conventiona planar magnetrons. In DC
magnetrons, the target power density is limited by target overheating since most
of the energy of positiveions accelerated to the cathode is transformed to the heat.
In this novel technique, the discharge power is concentrated in short pulses keep-
ing the average power at moderate few W/cm?. Operating with a metal target in
non reactive mode, it permits to increase the power applied during a pulse to the
value of few kW/cm?. For a short time (some tens of microseconds) a very dense
plasmais sustained near the magnetron cathode, which induces simultaneous tar-
get sputtering and efficient ionization of sputtered vapour.

This recent sputtering process in now intensively studied and still improved
e.g. agrooved target to enhance the discharge current at given magnetron voltage
due to hollow cathode effect [19], combining the high power pulse sputtering
with a secondary plasma between the target and the substrate (work in Mons and
Orsay), preionization (chapter 4 and 5 of my manuscript) etc.
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2.5 Conclusion

In this chapter, there is given an overview of the most important physical phenom-
enataking place during the magnetron sputtering together with the state of the art
of PVD and IPVD techniques.

Sputtering is neutral atom emission process in which an energetic particle
bombards a target surface with sufficient energy to gect one or more atoms from
the target. One is interested in increasing of the ionization degree of sputtered
particles. lon assisted thin film grow generaly improves quality of deposited
thin film and directionality of the deposition process is needed particularly in mi-
croelectronics applications. In many IPVD reactors, an additional, high electron
density, inert gas plasma between the target and the wafer is used to ionize the
sputtered particles diffusing towards the substrate. The important parameters that
determine how completely ametal flux will beionized are the electron impact ion-
ization cross section, the ionization potential of the metal, the mobility of metal
ion in a buffer gas, the additional plasma density and the electron temperature.
Another way, how to achieve significant ionization degree of sputtered particles
is to pulse magnetron cathode by short and high power pulses. For a short time
(some tens of microseconds) avery dense plasmais sustained near the magnetron
cathode, which induces simultaneous target sputtering and efficient ionization of
sputtered vapour.

The study of the IPVD techniquesis till of the current interest. At the present
time, the main goal of many studiesis to optimize the deposition processin order
to obtain thin films of better quality. Results of the plasma diagnostics can be
used to identify the most important processes taking place in the plasma phase.
Better understanding of these processes could help to find optimal conditions for
thin film deposition in the studied reactor. Comparing these results with those
already have been published could give general behavior of the plasma during the
deposition process. Thisisthe aim of my thesis.






Chapter 3

Microwave Assisted PVD

3.1 Introduction

As it has been pointed out in previous chapter, in most of IPVD reactors a RF
coil is used to create a secondary discharge between a magnetron target and a
substrate. At Orsay, an alternative technique has been developed combining DC
magnetron sputtering device with secondary microwave plasma created by a pair
of microwave antennas. Working in surface wave plasmaexcitation mode [20] this
microwave device allows to obtain high electron density (~ 1012 cm~3) along the
very long antenna tubes. The potential advantage is the possibility to supply the
industrial continuous linear processes which use avery long rectangular cathodes
by a secondary plasma homogeneous along all the length of the cathode.

The goal of all IPVD reactors isto ionize sputtered particles. From the prac-
tical point of view, the most important is to find out how the secondary plasma
influences the ion and neutral fluxes to the wafer. It is closely connected to the
study of ionization degree of sputtered particles in the substrate area. To get this
information, it is essential to carry out quantitative measurements near the sub-
strate. However, | wanted to well understand this reactor as a complex system
and hence the spatially resolved plasma diagnostics, not only near the substrate,
but everywhere in the magnetron-substrate area were performed. Particularly, we
focus on the optical absorption spectroscopy using a recently developed method
for simultaneous determination of the sputtered species density and temperature
[21].

At the beginning of this chapter, our experimental set-up and diagnostic meth-
ods which were used to characterise the plasma will be described. Principles of
the optical absorption spectroscopy technique which was performed using pul sed
hollow cathode lamp and anumerical procedure which allowsto obtain from mea-
sured data atom and ion densities and temperature of sputtered specieswill be pre-

31
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Figure 3.1: Schema of the IPVD reactor with a magnetron cathode, two mi-
crowave antennas to ionize the sputtered vapour and a substrate holder.

sented. After that, the main results of spatially resolved Langmuir probe, optical
emission and absorption spectroscopy measurements will be shown. After that,
discussion and interpretation of obtained results follow. The study is devoted to
quantify the dominant effects induced by microwave plasma by a ssmple model.
At the end, this chapter will be concluded and the main resultswill be pointed out.

3.2 Experimental set-up and diagnostic methods

3.2.1 Experimental set-up

The apparatus, shown in Figure 3.1, isacylindrical metallic vessel, 50 cm in di-
ameter and 45 cmin high. It consists of aplanar rectangular titanium cathode, two
coaxial-type microwave antennas and a substrate holder. The cathode supplied by
a 1.5 kW DC generator is 21 cm long and 9 cm width. Microwave antennas are
located perpendicularly to the magnetron-substrate axis, 4.5 cm from the mag-
netron cathode and 8 cm from the axis. They are supplied by 1.2 kW microwave
generators operating at frequency of 2.45 GHz. The chamber was pumped prior
to each measurements by a turbomolecular pump backed by arotary pump down
to the pressure of 10~2 Pa. Working pressure is measured by MKS baratron and
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Figure 3.2: The side view photograph of our experimental set-up.

controlled by flow and exhaust throttle valve MK S type 655B. The argon working
pressure was usually 4 Pa at argon flow of 200 sccm.

A side view photograph of our experimental vessel isshown in Figure 3.2 and
atop view photograph of our microwave and magnetron discharge taken through
aupper window is shown in Figure 3.3.

The drawing of the microwave alimentation is schematically shown in Fig-
ure 3.4. It consists of a copper tube with a diameter of 1 cm, centred in a quartz
tube of 3 cm in diameter. For sufficiently high microwave power (in our case
higher than 400 W), this configuration allows the surface wave propagation en-
suring the high electron density along the whole length of the quartz tube. The
wave propagation is reflected by a short circuit at the bottom of the reactor. To
avoid the deposition of metallic films on the quartz tube, which will prevent the
surface wave propagation, we placed a metallic protection around each of them.
It limits the exposition of the quartz to the sputtered vapour. This metallic cover
surrounds the quartz tube with a vertical opening through the entire length of the
guartz tube. The shape of the protection and orientation of the opening is shown
in Figure 3.1. Argon, the working gas, is introduced directly inwards the antenna
protection to favour the plasmaignition and expansion by increasing pressure in-
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Figure 3.3: The photograph shows our IPVD system in operation. The red glow
is the microwave plasma which is excited by two antennas. Titanium atoms are
sputtered from target at the right side of the photograph and then ionized as they
move toward the substrate holder located at the left side.

side (ideal pressure range to ignite a microwave discharge is few hundreds of Pa
and in our case, we are significantly below).

The reactor is designed in order to allow optical diagnostic and Langmuir
probe measurement. Spatially resolved optical emission spectroscopy has been
performed in order to get qualitative information about densities of excited species
together with a rude information about titanium ground state atom and ion spa-
tial evolution using the actinometry method. Spatially resolved optical absorp-
tion spectroscopy allows us to get spatial evolution of absolute titanium atom,
metastabl e and ion densities together with titanium ionization degree and titanium
atom temperature. Langmuir probe measurement gives us electron density, plasma
and floating potentials, electron distribution function or assuming Maxwell distri-
bution the corresponding electron temperature.

Spatially resolved optical emission spectroscopy has been carried out through
the upper window using asystem of 13 collimators placed equidistantly with 1 cm
step. The first was located 0.2 cm from magnetron cathode, the last one 0.2 cm
from the substrate holder. They were designed to allow the spatial resolution better
than 0.5 cm. The light emitted by the plasma is collected into 13 optical fibres
guiding the light from the collimators and the entrance dlit of ARC 500i imaging
spectrometer equipped by a CCD camera, allowing to measure and record all 13
spectra at the same time. The signal was collected from entire high of the reactor
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Figure 3.4: Top and side view on the microwave antenna allowing the surface
wave propagation.

(45 cm).

The schema of aexperimental configuration used to perform spatially resolved
absorption spectroscopy measurement is shown in Figure 3.5. It has been carried
out using a titanium hollow cathode lamp. Lens are used to transform the light
coming from the lamp in a parallel beam. Along the magnetron-substrate axis a
moving mirror is used to reflect the beam into the reactor through the upper win-
dow . The light crosses the plasma vertically, |eave the reactor by lower window
and is focused by another lens in an optical fibre. The light is then analysed by
a Jobin-Yvon HR1000 spectrometer equipped by a photomultiplier tube. Signal
from desired component is measured by Tektronix TDS 340A oscilloscope syn-
chronized with the lamp excitation.

With commonly used DC lamp excitation, it was able to measure only the
density of titanium ground state atoms. The titanium ion density was impossible
to determine due to the lack of sufficiently high intensity of Ti ion line produced
by continuously running hollow cathode lamp. In order to obtain sufficient Ti
ion emission, a pulse excitation system of hollow cathode lamp was devel oped.
An example of the hollow cathode lamp current and the titanium atom and ion
lines production in continuous and pulse mode is demonstrated in Figure 3.6.
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Figure 3.5: The schema of spatially resolved optical absorption spectroscopy mea-
surement.

The line intensities produces by the pulsed excited hollow cathode lamp has been
modified by factor 1/1f (T - pulse duration, f - repetition frequency). It allowsto
compare line intensities produced by DC excited hollow cathode lamp with them
produced during a pulse on time. In the case of pulsed excitation titanium atom
lines increase ~ 80 times and titanium ion lines ~ 230 times comparing to DC
excitation.

3.2.2 Simultaneous determination of titanium atom density
and temperature by optical absorption spectroscopy

To determine the absolute density of ground state or metastable state species in
a plasma discharge or post-discharge, optical absorption spectroscopy is one of
the diagnostic techniques widely used. It is complementary to atomic emission
spectroscopy and became possible for a wide range of atoms since the 1950s. It
is based on a resonant absorption of the light by the atomic species we want to
analyse. The source of radiation is not a continuum, as would normally be used
in absorption spectroscopy, but may come from a hollow cathode lamp. A lamp
contains a anode, a cup-shape cathode, made from the element to be analysed and
abuffer rare gas. When avoltage is applied, the radiation emitted, apart from that
from a carrier gas, is from the atom to be observed in absorption. The radiation
then passes through the plasma and a part of them is absorbed by the atomsin the
plasma. The absorption coefficient A is determined by measuring the intensity |
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Figure 3.6: An example of the hollow cathode lamp current and the titanium atom
and ion lines production in DC and pul sed excitation.

emitted by the lamp and the intensity I transmitted after crossing the plasma:

A=1-— L3 (3.1)
lo
Then, the determination of the density of the absorbing species requiresthe know!-
edge of the spectral line profile of the line emitted by the hollow cathode lamp and
of the absorbance in the plasma.

If a particle is travelling toward the detector with a velocity v, then the fre-
guency v, at which a transition between two quantum levelsis observed to occur
is shifted with respect to the transition frequency v of a stationary particle due to
Doppler effect. They are related by

c
Va=V <c— Va) (3.2

where cisthe speed of light. In the case of usually assumed Maxwell velocity dis-
tribution, the line broadening (in the case of emission) or absorbance broadening
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Figure 3.7: Simulation of the optical absorption spectroscopy experiment. Influ-
ence of the temperature of the absorbing species on the transmitted line shape.
Black line (E) - emitted line shape, red line (A) - absorbance shape, green line (G)
- transmitted line shape.

(in the case of absorption) due to Doppler effect leads to a characteristic gaussian
shape with half-width at half-maximum Av given by

1
2
Av — v (ZkTInZ) (33)

C m

where mand T are mass and temperature of an emitting or absorbing particles.
In many types of low pressure, low temperature discharges, this broadening is
more important than the natural line shape or pressure broadening which both
contribute to different lorentzian profile. Line or absorbance in optical emission
and absorption plasma spectroscopy can be describe by gaussian shapes.

The fact that absorption coefficient defines by Equation 3.1 depends on the
line and absorbance shapes is illustrated in Figure 3.7. Let us assume that the
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lamp emits the gaussian shape line of intensity 1o(A) (black line) which enters
into the plasma. Because species in the plasma absorb at the wavelengths which
are identical to them which they emit, plasma can be characterised by a gaussian
shape absorbance o4(A) (red line). As the light pass through the plasma, it is
absorbed inhomogenously. The lineintensity at a given wavelength exponentially
decreasesin the plasmaand intensity transmitted I;(A) (green lines) after crossing
the plasma of the length L follows

k(M) = lo(A)e %Mt (3.9)

Theintensities I and I; which are involved in the absorption coefficient (Equation
3.1) aretheintegrals of Io(A) and I;(A\) over all wavelengths. In our example, we
assumed

[ee]

lo = / lo\)dA = 1,04 = /oa()\)d)\ —1L=1 (35)
0 0

Four different cases are studied here. In al of them, it was assumed that the
temperature of studied plasma is lower than the temperature of the lamp. The
top left figure shows the situation, when temperature of studied plasma is very
low. The lamp line is absorbed strongly around the line centre and the tails are
not modified. A characteristic dip is observed. As the temperature of the plasma
increases, the line becomes more and more absorbed along all the profile, the dip
is weaker, tails are affected too and the absorption coefficient A increases, until
the highest A is obtained. Then, when temperature of the plasma overcomes some
value, A starts to decrease. It is shown in the bottom figures. In the case of the
bottom right figure, where the temperature of the plasma is only dlightly lower
than the temperature of the lamp but still higher than the plasma temperature in
the bottom left figure, A islower. Please note, that in an absorption experiment,
where the gaussian shape line is absorbed in the medium described by gaussian
shape absorbance, the final profile of the I;(A) is never gaussian. Generally it
excludesto get A in the analytic form.
According to [22], the absorption coefficient 3.1 can be writtenin aform of a
convergent sum .
. M+ m
Al g U™
& myV1+ma?

where L isabsorption length, a isthe ratio of emission Doppler width of the lamp
and absorption Doppler width of the species in the plasma. Assuming the gas
temperature in the lamp T; and in the plasma T, a can be expressed as

a (1) 67

(3.6)
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Figure 3.8: Schema of the titanium energy levels and transitions used to obtain
simultaneously the titanium ground state density and titanium atom temperature
by optical absorption spectroscopy.

The coeficient kojcm™1] is given by

NI

ko=1.15-10"%x f x nx A x (%) (3.8)

where f is the oscillator strength of observed transition, njcm~3] is the density
of the absorbing species, A[cm| is the wavelength of the transition and M is the
atomic mass of the absorbing species. To obtain the density of absorbing species
by optical absorption spectroscopy, transition oscillator strength f, which can be
found in literature, temperature of the lamp T, and of the absorbing species T in
studied plasma must be known.

A procedure based on the absorption measurements on the titanium ground
state sublevel s has been developed in LPGP to obtain simultaneously the titanium
ground state atom density and the titanium atom temperature [21]. The advantage
of thistechnique is that the temperature of the absorbing species and of the lamp
can be obtained additionally to the atom density. It extends the classical optical
absorption techniques and the idea can be easily used for density and temperature
determination in the case of other atomswith non singled or doubled ground state.
This technique was used as a main plasma diagnostic tool. The basic principle,
based on the work [21] isfollowing.

Thetitanium ground a3F stateisatriplet state, itiscomposed of three sublevels
with different J. Schema of energy levels used in optical absorption spectroscopy
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method is demonstrated, in Figure 3.8. Three transitions are studied, involving
the three sublevels:

- 363.6 nm, transition a%F; - y3G3, oscillator strength f = 0.223

- 364.3 nm, transition a%F5 - y3Gj, oscillator strength f = 0.198

- 365.4 nm, transition a3F, - y3G, oscillator strength f = 0.185

A fourth transition, involving the J = 2 sublevel of the ground state and having a
different oscillator strength than the 363.6 nm is considered

- 398.2 nm, transition a®F» - y3F3, oscillator strength f = 0.089

The absorption measurement on the first three transitions will enable us to deter-
mine the density of the titanium atoms in ground state. Assuming that titanium
atom are thermalized and the velocity distribution is maxwellian, we are able to
determine by a procedure described later the titanium atom temperature too. The
fourth transition will enable usto determine the unknown temperature of the lamp.
For amoment, |et us assume that temperature of the lamp isaready known. Then,
the procedure to determine titanium density and temperature is the following

1. Absorptionsrelated to the three ground states sublevels no, n3, ny at transi-
tions 363.5, 364.3 and 365.4 are measured. The absorption coefficients A
are calculated using Equation 3.1.

2. Aninitial value of a is determined using the estimated lamp temperature T,
and an arbitrary initial titanium temperature Tt = 500 K.

3. For each transition : 363.5, 364.3 and 365.4 nm the absorption coefficient
is computed from the first 100 terms of the series 3.6 changing the density
value ny(J = 2,3,4) until the computed value equal's the measured one.

4. Assuming that the populationsof threetitanium ground state sublevelsarein
equilibrium, the temperatures T3, and Ts are determined by using theng/n;
and ng/ny and classical Boltzmann plot procedure. A mean temperature Tr;
is deduced.

5. At this point a new a value is calculated and the calculation returns back
to the stage 3 and continues until convergence is reached, i.e. when relative
variations of a, Ts» and Tz, are very small ( less than 10~3) between two
consecutive iterations.

Note, that in the described procedures, the temperature Tt; determined from
titanium ground state sublevelsis assumed to equal the temperature related to the
movement of titanium atoms and involved in the Maxwell distribution.

The lamp temperature T, is determined using the same procedure, adding a
loop on T;, making it vary until we obtain the equality between the n, densities
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deduced from the two lines (363.5 nm and 398.2 nm) involving the same J = 2
titanium ground state sublevel. Asthis procedure takes alot of time, this has been
done on a sample of points, leading to a mean value of T,, which is then used for
the rest of measurements.

To determine the density of titanium ions, only one transition of the quartet
a'F ground state was measured
- 338.4 nm, transition a*F3 , - 2'G2 12, Oscillator strength f = 0.28
We assume that ions and neutrals have the same temperature Tti. We can obtain
the density of theion ground state sublevel with J=3/2 using the same procedure
as was described for the determination of the neutral sublevels densities. Then,
making the assumption of the equilibrium between the four ion ground state sub-
levels, described by the same temperature Tt estimated from titanium ground
state sublevels, the total density of the ion ground state should be calcul ated.

The density of titanium metastable atoms in a°F state was obtained by mea-
suring the absorption coefficient for
- 498.2 nm, transition a°Fs - y°GY, oscillator strength f = 0.29
and by assuming the Boltzmann distribution in a®F sublevels with the same tem-
perature Tt; as was estimated from ground state sublevels. The procedure does
not differ from that to obtain ion ground state density only the coefficients differ.

The advantage of this method is, that it allows to determine in addition to the
density of Ti atoms the temperature of the titanium atoms and the temperature of
the used hollow cathode lamp.

We would like to point out ones again that the main assumptions used in the
procedure are that the hollow cathode lamp produces the gaussian shape lines de-
scribed by temperature Ty (which means that there is no self-absorption in hollow
cathode lamp) and that the temperature of the titanium atoms Tt; isthe same asthe
temperature determined using standard Boltzmann plot procedure applied on pop-
ulation of titanium ground a®F state sublevels. That means, that titanium atoms
must be thermalized, which exclude to use this method at very low pressures,
where the ballistic transport regime dominates.

The procedure used to determine the neutrals and ions titanium densities re-
quires the knowledge of the absorption length L (see equation 3.6). An absorption
length of 25 cm (which correspondsto alittle more than the vertical length of the
magnetron) has been assumed for all distances from the magnetron cathode.

Realize that measured absorption coefficient is determined from the transmit-
ted light after it goesthrough all the length of the reactor (45 cm) where the density
of studied species need not to be homogeneous. It means that the density obtained
from this absorption coefficient is an average value which is generally not the
same as the spatially averaged density along the light path. It can introduce an
error. This error will be more significant when two values obtained at different
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distances from magnetron cathode are compared. Near the magnetron cathode,
particles will be located near the racetrack, where they are created; far away from
the magnetron cathode, spatial distribution of sputtered particle density will be
more broad. The relative comparison of two measurements performed at the same
distance from the magnetron cathode should not suffer from this uncertainty.

But surprisingly, the most important error in density evaluation occurs, when
the absorption is extremely high. Then the small variation of absorption coeffi-
cient results in great changes in estimated density. In all absorption experiments,
we were careful about it. When it happens, it could be simply solved by the choice
of the transition with smaller oscillator strength.

Adding a small amount of nitrogen admixture to the main Ar gas enabled
us to compare the values of Ty with rotational temperature T, determined from
transition 0-2 of the nitrogen second positive system. It has been found, that
both temperatures, T+ and T, behaved similarly with changes in experimental
conditions. Despite the same relative evolutions of both temperatures, Tti was
always higher than T, .

In conclusion, described optical absorption spectroscopy method enable us to
obtain simultaneously temperature and species densities. In our case, hollow cath-
ode lamp and studied plasma were very stable, the absorption coefficient varied
in the range, where the error of density estimation was low, numerical code al-
ways converted to the same final values independently on the initial values used
for the first iteration. In such conditions, the relative uncertainty of this method
does not exceed 10 percents for density and 30 percents for temperature estima-
tion. Despitethefact, that the absolute values of Tt; can be questioned, therelative
evolution of Ty; and the ratio of two temperatures, obtained at two different exper-
imental conditions should be correct.

3.3 Experimental results and discussion

3.3.1 Langmuir probe measurement results

It needs to be mentioned, that the reactor has been aready studied. The spatially
resolved Langmuir probe characterization of the microwave plasma was carried
out by S. Gurlui [23] in argon, neon and their mixtures. In order to optimise the
coaxia systems and to study the influence of various process parameters such
as microwave power, gas pressure etc. on the gas ionization, S. Gurlui did the
systematic study of the electron density and electron temperature evolution in the
magnetron-substrate holder axis for various experimental conditions.

For afixed microwave power of 800 W on each antenna, the highest electron
density has been obtained for argon pressure ~ 4 Pa. As the microwave systems
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Figure 3.9: Spatial evolution of electron density ne and electron temperature Te
for Ar pressure 4 Pa, argon flow 200 sccm and 800 W applied on each antenna.

are located 8 cm from the measurement axis, the pressure has to be low enough to
permit a sufficient electron diffusion to obtain a high electron density in the cen-
tre of the reactor. This optimal pressure to get the highest electron density in the
center of the reactor results from a balance between two competitive processes:
electron-ion pairs creation near the microwave antennawhich increases with pres-
sure and the transport of electrons towards the central axis which becomes more
important when pressure decreases.

Results obtained for this optimal pressure of 4 Pa spatially resolved along the
target-substrate axis, are reported in the Figure 3.9. It has been found that the
gpatial distribution of the electron temperature is constant along the large region
of the microwave discharge (~ 1.8 V), however the electron density exhibits a
maximum of ~ 1 x 10*cm~2 at the distance approximately 9 cm from the mag-
netron cathode. It was attributed to the presence of the metallic cover around the
antennas. The only way, how the plasma may expand isthrough the vertical open-
ing of the cover. Its orientation defines the direction of the plasma expansion and
the region of the maximum electron density is exactly the region which faces the
opening of the antenna metallic cover.



3.3. EXPERIMENTAL RESULTS AND DISCUSSION 45

3.3.2 Optical emission spectroscopy results

The optical emission spectroscopy is very useful analytical technique in deter-
mining the composition of a plasma. The particles presented in plasma could be
excited by many ways and after that their characteristic spectrum can be observed.
However, detection of the characteristic spectrum of an atom, molecule or radical
demonstrates only the presence of the speciesin the plasma. It is nearly impracti-
cable to determine absolute particle density by optical emission spectroscopy.

If an upper energy state of aparticleispopulated only by direct el ectron impact
excitation from particle ground state and is depleted only by radiative processes,
the spatial intensity evolution | (z) of a line originated from this upper energy
state will be then linearly proportional to the spatial evolution of the product of
ground state particle density [N(z)], electron density ne(z) and a probability factor
C(Te(2)) depending typically on the electron temperature Te:

1(z) ~ [N(2)] x ne(z)/0 vx f(v) xa(v)dv=[N(2)] x ne(z) x C(Te(2)) (3.9)
where f(v) is electron velocity distribution function and o(Vv) is excitation cross
section.

The Figure 3.10 presents the spatial evolution of chosen Ar (750.4 nm),
Ti (363.5 nm) and Ti* (368.5 nm) line intensity for magnetron current 0.5 A,
microwave power 800 W and argon pressure 4 Pa.

The lowest Ar line intensity is observed near the magnetron cathode, where
an important amount of energetic electrons is confined by the external magnetic
field and where the electron temperature could be expected to be higher than in
the microwave afterglow plasma. It signifies that argon atom density is highly
reduced in magnetized plasma region with respect to other parts of the reactor. It
was observed, that Ar lineintensity continuously increases with the distance from
the magnetron cathode and does not decrease even for distances higher than 9 cen-
timetres, where ne decreases and Te remains constant (see Figure 3.9). It signifies
that ground state argon density is not constant in microwave plasmatoo. The use
of absorption spectroscopy technique will allow us to estimate the titanium atom
temperature and assuming that the titanium and argon atoms are thermalized, it
will permit to understand why the Ar intensity does not follow the ne profile.

From the Figure 3.10, one can observe that titanium ion intensity continu-
ously increases with the distance from magnetron cathode however titanium atom
intensity does not vary alot.

In the actinometry method a reference rare gas (generaly Ar) isintroduced in
the percent range into the studied plasma and intensities of two emission lines,
one of the studied species and the other of the reference gas, are divided in order
to calculate the studied species density. It is assumed, that the excited states, from
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Figure 3.10: Spatial evolution of Ar (750.4 nm), Ti (363.5nm) and Ti * (368.5 nm)
line intensity for argon pressure 4 Pa, argon flow 200 sccm, magnetron current
0.5 A and 800 W applied on each antenna. Points represent the measured data,
lines result of anumerical smoothing procedure.

which these lines originate have about the same energy and are populated from
the ground states by an electron impact. Thus, they are affected by excitation of
the same electron energy group. Moreover, the corresponding excitation cross
sections need to have a similar shape. For more detail about the principle of
actinometry method, see for example [24] or [25]

Actinometry method was performed using the line evolutions from Fig-
ure 3.10. The Figure 3.11 shows the spatial evolution of the Ti/Ar and Ti*/Ar
intensities ratio for magnetron cathode distances higher than 5 cm. At thisregion,
Te does not vary alot. However, as was discussed previoudly, the strange Ar line
intensity evolution indicates that the Ar gas density varies significantly even at
high distances from the magnetron cathode. It limits usefulness of Ar lines as a
good actinometrical reference. Moreover, the excitation energy and cross section
for Ti and Ti™ are not similar to that for Ar. One could assumed that Tit/Ar
and Ti/Ar intensities ratios follows only qualitatively and not very reliably the
evolution of titanium atom and ion density. From the Figure 3.11 one could con-
clude that titanium atom density decreases with the distance from the magnetron
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Figure3.11: Ti* (368.5 nm) to Ar (750.4 nm) and Ti (363.5 nm) to Ar (750.4 nm)
line intensity ratios for argon pressure 4 Pa, argon flow 200 sccm, magnetron
current 0.5 A and 800 W applied on each antenna.

cathode, however titanium ion density remains almost constant between the mag-
netron cathode and substrate holder. More detailed and quantitative analyses can
not be provided.

The intensity ratio of the lines emitted by Ti* and Ti should follow qualita-
tively the Ti™ to Ti density ratio. Both energy states have practically the same
excitation energy and form of corresponding cross sections should be similar too.
Typical resultsfor ion to neutral line ratio for aargon pressure of 4 Pa, magnetron
current of 0.5 A and different microwave powers are reported on Figure 3.12.

For microwave powers lower than 400 W, the microwave plasma was not ig-
nited. For low powers al intensities rapidly decrease with distance from mag-
netron cathode keeping the Ti* to Ti intensitiesratio the same. We could conclude
that only the light emitted by magnetron plasmaand reflected by the metallic ves-
sel is detected by outlying collimators. For higher microwave powers, we can
observe the increase of the intensity ratio with the distance from the magnetron.
Increasing the microwave power the increase of line ratio is more obvious. At
this moment, we can conclude that applying the additional microwave plasmathe
ionization degree of sputtered vapour increases. For higher distances from mag-
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Figure 3.12: Ti* (368.5 nm) to Ti (363.5 nm) line intensity ratio as a function of
the distance from the magnetron cathode for various microwave powers injected
on each antenna. The argon pressure was 4 Pa, argon flow 200 sccm and mag-
netron current 0.5 A.

netron cathode the metal ionization degree is higher. It is difficult to set, how
much it increases because we do not have any valuable intensity ratio near the
substrate in the case of no applied microwave power than that determined from
the reflected light coming from the magnetron discharge. Because the excitation
pathways in the magnetron and microwave plasma could be different and/or be-
cause the electron energy distribution function in the magnetron and microwave
plasma is not the same and the excitation cross section depends on the electron
energy, it isdifficult to draw further conclusion.

In order to be free of the uncertainty in the excitation mechanisms of Ti and
Ti™ the absorption technique was performed.
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Figure 3.13; Dependence of titanium ground 3F state atom density and titanium
atom temperature on the magnetron current for argon pressure 4 Pa and argon
flow 200 sccm. Measurement was performed at the distance of 2 cm from the
magnetron, microwaves were off.

3.3.3 Optical absorption spectroscopy results

Production of sputtered particles and the titanium atom temperature in mag-
netized region

The absorption measurement was carried out to determine the density of titanium
neutral atoms in ground 3F and metastable °F state and the density of titanium
ionsin ground state *F.

The absorption measurement at wavelengths 363.5, 364.2, 365.3 and 398.1
was carried out. A numerical iteration program [21] was used to obtain simulta-
neously the neutral titanium ground state density nt;, the temperature of the used
hollow cathode lamp and the titanium temperature T, corresponding to Boltz-
mann distribution in the ground state sublevels. This data processing isvalid only
if titanium atoms are thermalized. Detailed description of this method can be
found in section 2 of this chapter.

The titanium atom density nt; and the titanium atom temperature Tt; asafunc-
tion of magnetron current is reported in Figure 3.13 for the Ar flow of 200 sccm
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and pressure 4 Pa. The evolutions were measured very close to the magnetron
cathode (at the distance of 2 cm from the magnetron cathode). During these ex-
periments, the microwaves were turned off and only the production of titanium
atoms and their temperature was studied. The magnetron voltage varied from 254
V for 0.5 A to 295 V for 2.0 A. The nt; increases with the magnetron current
nonlinearly. For magnetron current higher than ~ 1 A, nT; increase progressively
slows down giving the density around 3 x 101cm~—2. The temperature increases
with the magnetron current linearly.

Titanium atom leaves the cathode with the kinetic energy in the order of few
eV, which is amost independent on the kinetic energy of the incident Ar ion. The
flux of the argon ions on the cathode is linked with measured magnetron current.
If the voltage applied on the cathode is constant, the flux of sputtered atoms is
proportional to the flux of incident Ar ions and thus directly proportional to the
magnetron current.

For the pressure of 4 Pa, the mean free path of the Ti atom in the Ar gasisin
the order of few millimetres. According to [26], it requires about six mean-free
paths for mean energy Ti atom to be thermalized in argon. For the pressure of
~ 4 Pa, the distance required for a Ti atom to be thermalized in argon is in the
order of few centimetres. Thus, the majority of Ti atoms deposits their energy in
the region near the magnetron cathode, where the study was performed. Higher
magnetron current induces higher flux of the sputtered particles. Each sputtered
particle carries an energy of about few €V, each reflected and neutralized incident
ion carries an energy in the order of tens or even hundreds eV. The major part of
the kinetic energy of these particlesistransmitted via collisionswith the buffer gas
atomsequally to all particles near the magnetron cathode. It resultsin theincrease
of gas temperature with magnetron current. We can notice that for the same mag-
netron current lower temperatures were observed at higher pressures. The same
amount of energy was redistributed to higher amount of buffer gas particles.

From the Figure 3.13, one can observe that despite the fact that the flux of
sputtered particles is directly proportional to the magnetron current, the ntj in-
crease slows down at higher magnetron currents. The steady state particle density
in a system is the result of a balance between the number of particles arriving
to the system and leaving the system. Increasing the magnetron current, the flux
of arriving particles increases but at the same time as the temperature increases,
the Ti atom losses are favour too and the flux of particles leaving studied area
increases too. Consequently, Titanium atom density increases will slow down.

Spatial evolution of the titanium species densities

Spatial distribution of titanium ground state atom density n; and gas temperature
Tt for pressure 4 Pa, argon flow 200 sccm, magnetron current 0.5 A and different
microwaves powersis shown in Figures 3.14 and 3.15.
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Figure 3.14: Spatial distribution of titanium ground 3F state atom density for pres-
sure 4 Pa, argon flow 200 sccm, magnetron current 0.5 A and variable microwave

power.
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Figure 3.16: Spatial distribution of titanium metastable °F atom density for pres-
sure 4 Pa, argon flow 200 sccm, magnetron current 0.5 A and variable microwave
power.

The spatial evolution of Ty in Figure 3.15 can be divided in two parts. a
magnetron region and a microwave region. The point of division between these
two regions can be placed to a distance ~ 4 cm from the magnetron cathode.

For the case of no applied microwave power, the Tt is about 1000 K near
the magnetron cathode. This value does not change alot with applied microwave
power. It is attributed to the heating of the buffer gas by the sputtered and on the
cathode reflected particles.

In the microwave region, the Ty increases with microwave power and all
curves show a significant maximum of Tt at the distance of about 8 cm. The
titanium atom temperature reaches the value amost 2000 K for 800 W of ap-
plied microwave power on each antenna. The observed maximum in titanium
atom temperature corresponds to the maximum of electron density shown in Fig-
ure 3.9, which results from the orientation of the vertical opening of cover placed
around each antenna.

Some modelling works [27] present a theoretical study of an IPVD reactor.
Even if their system is very different from our since they use an inductively cou-
pled RF coail instead of our microwave coaxial system, the computed temperature
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Figure 3.17: Spatial distribution of titanium ground 3F state atom, metastable
SF atom and ion ground #F state densities for pressure 4 Pa, argon flow 200 sccm,
magnetron current 2 A and two cases: without additional microwave plasma (open
symbols) and with additional microwave plasmacreated by 800 W applied on each
antenna (full symbols).

values are of the same order of magnitude as our measured values. They show that
both magnetron and ICP power have an influence on the gas temperature. They
point out that the gas temperature variations are of great importance.

From the Figure 3.14, we can observe that at all distances from the magnetron
cathode increase of microwave power results into decrease of ntj. Applying of
800 W of microwave power resultsinto ~ 30 percents decrease of ntj near mag-
netron cathode and into decrease of nt; by afactor 5 at distance of 10 cm from the
magnetron cathode with respect to the case when no microwave power is applied.

For the same conditions as at Figure 3.14 (pressure 4 Pa, argon flow 200 sccm
and magnetron current 0.5 A), the spatial distribution of titanium metastable atom
density nti m as a function of microwave power is shown in Figure 3.16. In
the microwave area, we can observe for all microwave powers aimost the same
~ 50 percents increase of nti m With respect to the value without microwave. The
metastable atom density variation results from two competitive processes. The
metastable atoms are created by the electron collision with the neutral titanium
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Figure 3.18: Spatial distribution of neutral titanium atom temperature for pressure
4 Pa, argon flow 200 sccm, magnetron current 2 A and two cases. without addi-
tional microwave plasma (open symbols) and with additional microwave plasma
created by 800 W applied on each antenna (full symbols).

atoms and lost due to diffusion to the reactor walls. The metastable atom excita-
tion rate follows the variation of titanium atom density and the electron density.
Titanium ground state atom density is reduced with increasing microwave power
(see Figure 3.14), however electron density increases with microwave power.
Metastabl e lossrate increases with microwave power, becausethey arelost mainly
by diffusion which depends on the gas temperature. The combination of these
processes could result is Ti metastable atom density independent on microwave
power. In the magnetron area, where the electron density and gas temperature are
amost independent on applied microwave power, applying of microwave power
resultsinto decrease of nrj i due to decrease of nr;.

For the magnetron current 0.5 A the absorption at the wavelength 338.4 nm
was very weak to determine the titanium ion density n; j properly. Increase of the
magnetron current to 2 A raises the absorption coefficient to a reasonable value
to determine nri ;. At this condition, the spatial variation of nj, nrj m and nr; j
are reported in Figure 3.17 for two conditions. without microwave power (full
symbols) and with 800 W of microwave power injected on each antenna (open
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symbols). Similar evolution, as was reported for magnetron current of 0.5 A is
observed. With amicrowave power of 800 W on each antenna, we can see that the
presence of the additional plasma results in increase of ntj m by afactor 1.25 and
ntii by afactor 2.3 at the distance of 12 cm from the magnetron cathode while
nti decreases by a factor 2. In absolute values, nti decreases of 7 x 101%cm—3
while the sum of nrjm and nyi; increases only slightly of 1 x 10%m=3 when
microwaves was turned on. Therefore, the decrease of ntj by a factor 2 near the
substrate is clearly not only due to an increase in the sputtered particle ionization
degree and excitation of metastables.

At the distance of 12 cm from the magnetron, which corresponds to the sub-
strate holder position, metal ionization degree reaches the value of 5 percents.
Comparing this value to the one without the microwave plasma, 4 times higher
metal ionization degree was obtained with our system. For a comparison, RF coil
amplified magnetron sputtering process [28] can increase the metal ionization de-
gree by afactor 8, from ~ 3 percents in the magnetron regime to ~ 24 percentsin
the amplified discharge.

We report in Figure 3.18 the spatial evolution of Tt for the same experimental
condition as in Figure 3.17. Increasing the magnetron current from 0.5 A to 2 A,
the temperature of titanium atoms increases ~ 2 times near the magnetron cath-
ode however far away, at the distance of 12 cm, only ~ 50 percent increase was
observed. Without the microwave plasma the titanium atom temperature relaxes
more slowly with the distance from magnetron cathode for magnetron current of
2 A than for 0.5 A and remains still very high in the microwave region. With the
microwave power theincrease of Ty isless pronounced for the magnetron current
of 2 A than for 0.5 A and one can observe, that the significant maximum of Tr;
previously observed at the distance of 8 cm disappears. For magnetron current of
2 A and no microwave power applied, the titanium atom temperature is ~ 1300
K in the microwave region (at the distance of 8 cm) which is close to that ob-
tained for magnetron current 0.5 A and 600 W of microwave power. The presence
of the microwave plasma increases the titanium atom temperature by smaller ex-
tent in the case of higher magnetron currents, because at high magnetron current
operation, gasisalready heated even at further areas from the magnetron cathode.

3.3.4 Role of the substrate, ion and neutral fluxes to the sub-
strate

In the deposition processes, the main parameters are the fluxes of sputtered species
on the substrate. We evaluated the total flux of neutral species on the substrate I ,,
using the equation 2.5. The neutral species densities - ntj and nrj m - was mea-
sured near the substrate holder by absorption. Thermal velocity deduced from
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Figure 3.19: Evolution of titanium atom temperature measured at the distance of
12 cm from magnetron cathode for argon pressure 4 Pa, argon flow 200 sccm,
magnetron current 0.5 A and variable microwave power. Black line - substrate
holder was present, red line - substrate holder was removed.

the measurement of the T was assumed. Measuring the distribution of the mag-
netic field, our magnetron have been found to be well balanced. The electrons are
well confined near the cathode and when the microwave power was turned off,
only very low electron density was excepted at the distance of 12 cm from the
magnetron cathode. For the ion flux I'; we used the same equation 2.5 as for the
neutral species when the microwave power was turned off. However, when the
microwaves were turned on, for microwave power of 800 W, the electron density
is about 8 x 10*°cm~3 near the substrate and ions are accelerated to Bohm ve-
locity which is much higher than the thermal velocity. In such case, we used the
equation 2.4 to get the ion flux on the substrate.

For the pressure of 4 Pa, magnetron current of 2 A and microwave power
800 W applied on each antenna, I'p = 2 x 10°cm2s 1 and M = 6 x 104cm 251
are found. Resulting flux ratio ' /Iy is 0.3. Without additional microwave
plasma, 'y = 2.6 x 101%cm—2s 1 and I'; = 3 x 1013cm~2s~1 are found. Resulting
flux ratio ' /T, isonly 0.01. It shows that applying of 800 W on each microwave
antenna I; increases by factor 20. With the microwave plasma, the ionized flux
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fraction I'; /(I + p) is 0.24. This experimentally estimated value well corre-
sponds to the value 0.28 calculated by [4] for the secondary plasmawith an elec-
tron density of about 10cm—3.

All experiments have been carried out with the substrate holder places at the
distance of 12.5 cm from the magnetron cathode. We would like to show, how
the presence of the substrate holder influences the Tt;. Figure 3.19 shows results
of T1j measurement performed at the distance 12 cm from magnetron cathode
as a function of applied microwave power. Measurements have been carried out
with and without substrate holder in order to determine its effect on titanium atom
temperature. Magnetron current was 0.5 A and argon pressure 4 Pa. It clearly
appears that the presence of substrate holder efficiently reduces the titanium atom
temperature.

3.4 Detailed discussion and simple model

3.4.1 Interpretation of spatially resolved optical absorption
spectroscopy results

In this section, a simple model for explanation of ntj decrease with microwave
power is shown. The goal of this model isto quantify the role of various physical
processes, which could influence the vapour density in magnetron and microwave
plasma. Various physical processes will be taken into account until the spatial
distribution of ntij o, measured in the case of no microwave power applied will be
obtained from spatial distribution of titanium ground state density n; x, measured
for the applied microwave power of x Watts. From many curves, we choose ssimply
the one corresponding to applied microwave power of 700 W to demonstrate the
influence of secondary microwave plasmaon nr;.

Let usfirst estimate the effect of the excitation of titanium atoms from ground
to upper metastable state on the titanium ground state density. The loss of n; x
due to the excitation of metastable °F levels was taken into account by adding the
concentration of metastabl e titanium atoms ntj mx to NTj x to obtain n?‘LX

nt} x = NTi x + 1T mx (3.10)

The value of n , should be the same as nf, , if the excitation of ground state
atoms to their metastable states is the dominant mechanisms of nTi decrease.

In the Figure 3.20, there are plotted the spatial distribution of ntio, N o,
nri 700 and N} ,o,. We can observe, that adding nri 700,m to Nri 700, We are sill
far away from the value of N 0. We wanted to get. Now, it is obvious, that the

excitation of titanium metastable °F levelsis not the main effect leading to the de-
crease of nrj with microwave power. In these experimental conditions, the density
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Figure 3.20: Effect of the metastable level excitation on the titanium ground state
density.

of titanium ionsis in the order of few percent, which is insufficient to cover the
residual divergence between nf; ;o and nfj .

Next effects need to be taken into account. During the experiments the mag-
netron current was kept constant. It was observed, that increase of the microwave
power results in decrease of magnetron voltage Unyqg to keep the same magnetron
current. The decrease of Umgg With microwave power is attributed to the cou-
pling between the microwave and magnetron plasma. In spite that in our case
the coupling between microwave and magnetron plasmais weak, the decrease of
voltage, applied on the magnetron cathode results into reduction of the energy of
argon ions bombarding the cathode. Consequently, it reduces the sputtering yield
y. As an example, for magnetron current of 0.5 A and no microwave power ap-
plied, the Umyg equals 231 V, however for 800 W of applied microwave power
Umag decreasesto 215 V. The sputtering yield decreases from the value yp=0.23 to
Y800=0.20 [29].

Theloss of nTj x due to the change of y was taken into account to obtain nYrLX

n¥| X — nT| Xyo (311)

Yx
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Figure 3.21: Effect of the magnetron voltage drop and gas temperature variation
on titanium ground state density.

For a given pressure, we assumed, that changes of the temperature Ty results
into rarefaction of all speciesdensities presented in the plasmaaccording to kinetic
gas equation. The loss of nrjx due to changes of Tt was taken into account to
obtain n{; ,

Tx

n%’X = nTi,xT—o (312)

In Figure 3.21, there are plotted spatial distributions of ntj o, Nri 700, n¥i,700,

M- 700 @d n¥’iT700. We can observe, that in the microwave area the decrease of
nri is caused mai nly by the increase of titanium atom temperature induces by
microwave plasma presence. However in the magnetron area, where the gasis
mainly heated by sputtered and by cathode reflected particles, the microwaves
influence the gas temperature weakly and the y effect becomes significant.
Because all assumed effects take place simultaneously, we used all equations

at the same time to obtain N7} ; from nrj x. Order of the upper indexes indicates

the order of the effects taken into account. Then nﬁ%‘o means that Nrj m 700 Was

added into nj 700 after taking into account they and Tr; effects. The n?;"%o means
that nTim 700 Was added into nrj 700 before the y and Ty effects were proceeded.
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Figure 3.22: Effect of the metastable level excitation, magnetron voltage drop and
gas temperature variation on titanium ground state density. The effects have been
treated in the order given by upper indexes.

Changing the order of y and T procedure does not change the final result, be-
cause both are represented by multiplication, which is a commutative operation.
However, the position of upper index m changes the results. When the index m

precedes the indexes'y and T, it means that the final result n%q, will be greater

than n%.2%  where the m index is the last in the order. Physically, nT:%. - means

that the density of metastable and ground state atoms behaves the same, both un-
dergo the same rarefaction due to the temperature increase as well astheir density
decreases due to the reduction of magnetron voltage. However, n‘#iT;’(‘;o indicates
that only ground state atoms are rarefied due to the increase of terﬁperature and
influenced by the drop of magnetron voltage. Metastable atoms are not concerned
by these processes. The simplicity of the model alows only to treat the physical
phenomenain the order though everything takes place simultaneously. Metastable
atoms are at the same time created from the ground state atoms and undergo the
rarefaction as all the speciesin the reactor.
y, T.m

In the Figure 3.22, there are shown the spatial distributions of nf; 5, n; 7o and

m7V7T V7T~,m 1 1 1 m
Ny 700- We can conclude, that ny; 7o, coincides well with the nf; , much better
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Figure 3.23: Effect of the metastable level excitation, magnetron voltage drop and
gas temperature variation on titanium ground state density for various microwave
powers applied on each antenna.

than % which is always higher. It shows that the processes taken into account

in our model are satisfactory and that it is more correct to treat the excitation of
the metastables at the last order after taking into account the reduction of vapour
density by the heating and the change of theyy.

In Figure 3.23, there are plotted the spatial dependencies of nf},  and ¥ for

various applied microwave powers. The fact that for all experimental conditions
nYr’,TXm obtained from nrix well corresponds to nT; o Supports the validity of the
model which alows to explain the decrease of ntj with microwave power and
quantify y, Ttj and metastable excitation effects on titanium ground state atom
density. Moreover, it proves, that all important effects has been taken into account

inthe moddl.

In conclusion, it has been shown that the main phenomenon causing the de-
crease of titanium ground state atom density in microwave region is an increase
of temperature. Metastables and ions are more created than rarefied and so, their
density increases with microwave power. In the magnetron area, the tempera-
ture effect has approximately the same importance on titanium ground state atom
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Figure 3.24: The inverse ratio of gas temperatures as a function of ratio of tita-
nium ground state densities. Each point represents the ratio of two values at two
different microwave powers. The line represents expected results according to
Kinetic gas equation.

density as reduction of sputtering yield and metastable level excitation.

3.4.2 Effect of temperature on titanium atom density

Thetitanium atom density reduction due to the increase of temperature isvery ob-
vious at the distance of 8 cm from the magnetron, where the temperature variation
with applied microwave power is maximal. In the Figure 3.24 there are plotted
an inverse ratio of two temperatures obtained at different microwave powers as a
function of aratio of titanium ground state atom densities. Each point represents
the ratio of two values measured at two different microwaves powers. All mea
sured data for microwaves powers 0, 300, 400... 1000 W have been used. Theline
represents expected results according to kinetic gas equation.

The agreement of such many experimental points with kinetic gas equation
confirmsthe major influence of temperature on the titanium atom density decrease
with applied microwave power. Moreover, it ensures us, that hypothesis, taken
during the absorption data processing was correct. Notably, the hypothesis about
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Figure 3.25: Comparison of Ar 750.4 nmlineintensity spatial evolution and ne/Tr;
ratio for argon pressure 4 Pa, argon flow 200 sccm, magnetron current 0.5 A and
800 W applied on each antenna.

the equality of titanium atom temperature and the temperature corresponding to
distribution in titanium ground state atom sublevels provesits validity.

3.4.3 Interpretation of spatial evolution of Ar atom line inten-
Sity

Finally, we can explain the spatial variation of Ar 750.4 nm line intensity shown
in Figure 3.10, particularly why the intensity does not follow the electron density
shown in Figure 3.9 for distances higher than 9 centimetres. Assuming the direct
excitation of the upper Ar level by an electron impact, the emission intensity is
according to equation 3.9 proportional to density of electron ne, density of argon
ground state atom na, and the probability factor C(Te).

Assuming that the titanium atoms are thermalized with argon atoms, the ti-
tanium atom temperature evolution Tr;(z) determined by absorption will be the
same for Ar atom temperature evolution too. The ground state argon atom density
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Nar(z) evolution can be then deduced from the kinetic gas equation

_p
KTy (2)

Nar(2) (3.13)

From the Figure 3.9, one can conclude that the probability factor C(Te) in nearly
constant for distances higher than ~ 5 cm where the electron temperature does
not change alot.

According to the above consideration, the Ar 750.4 nm lineintensity evolution
should follow the evolution of ne/Tri. Figure 3.25 shows scaled evolution of Ar
750.4 nm line intensity and the ratio ne/Tti. Very good agreement between these
two evolutions shows ones again the strong effect of the temperature on the density
of speciesin the IPVD reactor. At the distances between 8 and 9 cm the electron
density and the temperature are maximal. In thisregion strong Ar gas rarefaction
takes place. The increase of argon line intensity for distances higher than 9 cm
while ng decreases is then ssimply due to faster decrease of the gas temperature
than electron density.

3.5 Conclusion

In this chapter, an original 1PV D reactor consisting of a magnetron assisted by an
additional microwave source of ionization was studied.

The spatial distribution of sputtered species in this IPVD reactor has been
obtained by optical absorption spectroscopy measurements: densities of neutral
titanium atom in ground (3F) and metastable (°F) state together with density of
titanium ions in ground (*F) state. The spatia distribution of titanium atom tem-
perature Tt; has been obtained too.

For magnetron current of 0.5 A and argon pressure of 4 Pa, the titanium ground
state density isin the order of 1012 cm~3 in the magnetron area and 101%cm=3 in
the microwave area. At these conditions, titanium atom temperature has been
found ~ 2000 K near the magnetron cathode and ~ 500 K far away from the
magnetron (10 cm from target).

Applying the microwave power the titanium atom density is reduced in the
magnetron area of ~ 30 percents, however in microwave area by factor ~ 5. The
temperature increases up to value ~ 2000 K in the microwave area, however near
the magnetron cathode, the temperature did not increase alot.

For pressure of 4 Pa, magnetron current of 2 A and no applied microwave
power, the ionization degree near the substrate holder is about 1.5 percents. For
800 W of applied microwave power on each antenna, the metal ionization degree
increases up to the value of 5 percents. It is an increase by factor 4 with respect
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to the value without microwave. Both, the absorption and emission spectroscopy
results show that the increase of metal ionization degree with the distance from
the magnetron cathode is due to the huge decrease of titanium atom density si-
multaneously with only low increase of titanium ion density.

For magnetron current of 2 A, the flux of all titanium species on the substrate
is 2.5 x 10%cm2s~1. With 800 W of applied microwave power the flux of all
titanium species on the substrate is 2.7 x 10°cm?s~1. Comparing these values,
one can easily found that microwave plasma does not influence the total flux of
sputtered particles on the substrate and so the deposition rate could be expected
to be not influenced by additional microwave plasma. We observed that total flux
of sputtered particles is conserved independently on applied microwave power.
Microwavesinfluencetheionfractionin thetotal sputtered particleflux. Applying
800 W of microwave power increases the ion flux by factor 20 with respect to
no applied microwave power. It increased from value 3 x 103cm~—2s~1 (without
microwaves) t0 5.9 x 10%%cm—2s1 (800 W applied).

A decrease of titanium ground state density ntj with microwave power was
observed. The model, taking into account the gas heating, metastable levels ex-
citation and changes of sputtering yield with applied microwave power correctly
describes the observed decrease of nri. Increasing the microwave power, the nr;
decrease in magnetron area was attributed to simultaneous small increase of gas
temperature and drop of the magnetron voltage followed by a reduction of the
sputtering yield. In microwave area, the titanium atoms in ground state are mainly
rarefacted due to gas heating. The dominant role of the gas temperature on the
titanium and argon atom densities was derived from both optical emission and
absorption spectroscopy results. It was shown that the actinometry diagnostic
method is of no much use in IPVD reactors.

The advantage of using the microwave coaxial antennas as a plasma source
is that it alows to support long industrial magnetron cathodes by a secondary
homogeneous plasma at long distances, which isimpossible to deal with RF cail.

Unfortunately, deposition of sputtered metallic particles on the quartz tube
limit long time operation. The operation time can be prolonged by proper chosen
protection around each antenna. In a deposition process of dielectric filmsfrom a
dielectric target or in areactive mode, the antennas can run without any protection
and the deposition of dielectric film on quartz will not decrease its efficiency.

The microwaves are easy to control, one has no problem concerning hybrid
capacitive and inductive coupling such as with RF antenna. Applying sufficiently
enough of microwave power ensures surface wave propagation along long tubes.
Due to low potential difference between the plasma and the tube wall and low
quartz sputtering yield, the quartz is not sputtered a lot and our system does not
induce contamination of deposition process. It is well known [30, 31], that RF
plasma could be a non negligible source of impurities in sputtering process, be-
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cause it is not always possible to create the coil from the same material as the
magnetron cathode. Even for proper designed coil, the potentia difference be-
tween the plasma and coil should be some tens of volts.

The huge disadvantage of our system is low ionization efficiency with re-
spect to high power injected into each antenna. The sputtered particles do not
go through active plasma, which islocated only near the quartz tubes, but through
the plasmain afterglow, which is characterised by lower electron density and tem-
perature.



Chapter 4

Fast Dynamics of High Power
Pulsed Magnetron Discharge

4.1 Introduction

In previously published results[18, 19, 32, 33, 34, 35], unipolar high power pulsed
magnetron sputtering was reported. The main advantage (apart from them pre-
sented in chapter 2) of this technique is high ionization degree of sputtered par-
ticles with no secondary ionization device in reactor chamber. Nevertheless, this
method is limited by atoo large delay between the beginning of the pulse and the
moment when high magnetron current is reached. It requires long pulse duration
(at least few tens of ps) to work in high current density regime (~ 1 A/cm?). Long
pulses increases the probability of an arc formation, which could be detrimental
for deposition process.

To stabilise the high power pulsed sputtering process and to achieve the fast
increase of magnetron current a home made system based on the superposition of
low density preionization plasma with high voltage pulses was developed. This
system was used to ignite and maintain the high density magnetron plasma and
to study its time behaviours and dynamics. The results, obtained with this system
will be presented in following two chapters.

At the beginning of this chapter, our experimental set-up and plasma diag-
nostic methods which permit time resolved study of the discharge will be shown.
Time average optical emission spectroscopy carried out in the preionization mode
only and in the superposition of preionization mode and high power pulses will
enable us to compare qualitatively these two regimes of interest. Then we will
report the time resolved magnetron voltage and current measurements for various
pressures and pulse conditions. Time resolved optical emission spectroscopy, per-
forms at many pressures will describe the time behaviour of chosen spectral line.

67
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Figure 4.1: Schema of the experimental set-up

All these time resolved measurements allow us to discuss time changes of plasma
composition, role of various processes and the fast transition to stable and arc-free
self-sputtering regime when copper target was used. At the end, this chapter will
be concluded.

4.2 EXxperimental set-up

The apparatus, shown in Figure 4.1 is a standard balanced planar magnetron
source the type Mighty Mak-130-STD_E manufactured by Thin Film Products.
It operates with a copper target (99.9% purity) of 33 mm in diameter. The cath-
ode is located inside a stainless-steel chamber of radius R = 220 mm and height
L =350 mm.

A home made adapted pulse generator was developed in cooperation with Dr.
Mihai Ganciu. It allows the superposition of alow power DC discharge (~ 4 mA,
~ 300 V) and high voltage pulses (500-1100 V) applied directly on the magnetron
cathode. The maximum magnetron current corresponding to 1 kV applied in pulse
regimewas 40 A for Ar and 65 A for He buffer gas. The system was designed to
insure a fast rise and short fall (less than 1 ps) time of magnetron current and to
vary the pulse parameters, such as pulse duration and repetition frequency. Pulse
duration was varied from 1.5 psto ~ 55 ps. The maximum repetition frequencies
~ 600 Hz was used only in the case of very short pulses. A pulse generated
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by an extern pulse voltage generator (about 10 V) commands the high voltage
coming from an high voltage DC generator. In our case, the pulse duration and
repetition frequency were controlled by Thurlby Thandar Instruments TGP 110
Pulse Generator. Mean magnetron voltage or current regulation was provided by
Technix SR 1.5-R-1500 high DC voltage generator.

The chamber was pumped prior to each measurements by a turbomolecular
pump backed by arotary pump down to the pressure of 10~3 Pa. Argon (helium)
gas was used as a buffer gas. The working pressure was varied from 0.1 to 10 Pa
by gas flow (from 1 to 15 sccm) and by exhaust throttle valve.

The processes taking place in pulsed magnetron plasma were characterized
by time resolved measurements of magnetron current and voltage to get a basic
magnetron characteristics and by optical emission spectroscopy to obtain the time
behaviour of chosen line intensities.

To measure the magnetron voltage and current, the voltage and current probes
were integrated directly into the power pulse system. After that, they were cali-
brated by classical commercial Tektronix large bandwidth probes.

Light emitted by the magnetized plasmatogether with part of plasmaafterglow
was collected by a system of lenses and was led to an entrance dlit of a monochro-
mator. Spectral analysis were made by Jobin Yvon THR 1500 monochromator
equipped with Hamamatsu R4457P photomultiplier tube connected by an adapted
50 Q coaxial cableto 100 MHz digital Tektronix TDS 340A oscilloscope. Signals
from chosen lines were synchronised with the magnetron voltage pul se.

4.3 Experimental results

4.3.1 Time average optical emission spectroscopy

In afirst approach, the discharge was investigated by a very simple way. The
discharge colour was observed and the time average spectra were taken to get a
first information about the ionization capability of our discharge.

In the Figure 4.2, there are shown the photos taken through the observation
windows at argon pressure of 1.2 Pa. On the left photo, the plasma only in the
preionization mode (~ 300V, ~ 4 mA, ~ 1.2 W) isshown. The high power pulses
were turned off. The observed red colour of the plasma is characteristic colour
of the argon plasma. On the right photo, the superposition of the preionization
mode with high power pulsesis shown. One can observed, that the red colour of
preionization modeistotally cover by the green colour which is characteristic for
the plasma burned in copper vapour.

The numerical camera was set to an automatic regime, thus we can not com-
pare the absolute light intensities in these photos because the integration time, di-
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Figure 4.2: Photos of magnetized plasma taken through the observation window.
L eft photo - preionization mode only, high power pulses turned off. Right photo -
superposition of preionization mode with 1 kV pulses of 10 ps length and repeti-
tion frequency 30 Hz. Argon pressure was 1.2 Pa.

aphragm etc. were not the same for both photographs. To compare them, the time
average spectra in the UV-VIS range of spectra were measured for the same two
modes of interest at the same experimental conditions. The intense lines which
were easily separated from the others were chosen. In the Figure 4.3, there are
shown by black line the representative Ar and Cu atom and ion lines taken in the
preionization mode. The same lines taken in the preionized high power pulsed
operation are shown by red line in the same figure.

One can observe, that superposing the high power pulses to the preionization,
the intensity of Ar atom line is amost unchanged but the intensity of Arion line
increases by afactor ~ 3. When high power pulses are turned on, the intensity of
Cu atom lines increases a lot (~ 10 times) and Cu ion lines appears clearly. The
low intensity of Cu atom lines in preionization mode demonstrates the weakness
of preionization low current discharge to sputter a lot of material. The materia
sputtered in the preionization mode is not ionized as can be seen from an absence
of Cu ion lines in preionization mode only. But it still contribute to the flux of
the neutral atoms to the substrate, which is needed to be as low as possible with
respect to the ion flux. To ensure high ionization degree of sputtered material,
the preionization needs to be well chosen in order to simultaneously reduce the
breakdown delay and does not provide alot of sputtering itself.

High power pulses induce a high sputtered particle ionization degree, which
can not be quantify by optical emission spectroscopy, but can be demonstrated by
the presence of many times ionized sputtered species. The Figure 4.4 presents
two times ionized copper lines observed during the high power pulse operation.
Not only one, but many Cu™" lineswere found. One can assume that if two times
ionized copper atoms are present in detectable quantities, the ionization degree of
metallic vapour will be very high during the high power pulsed operation.
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Figure 4.5: Typical time evolution of magnetron voltage and current in our exper-
iment. It was measured at Ar pressure of 2 Pa, repetition frequency of 30 Hz and
mean pulsed voltage of 800 V.

4.3.2 Time resolved magnetron voltage and current measure-
ment

In the Figure 4.5, there are shown the typical time dependencies of magnetron
voltage and current in our experiment. The characteristics were measured at ar-
gon pressure of 2 Pa, mean pulse voltage of ~ 800 V and repetition frequency
of 30 Hz. Asit was aready mentioned, the system allows the superposition of
low power DC preionization discharge with high power pulses. The system was
designed to ensure before each high power pulse the magnetron current at least
~ 4 mA. Corresponding self-establish voltage on magnetron cathode was in our
magnetron device ~ 300 V. When 800V was applied in pul se regime, we observed
from Figure 4.5 that magnetron current rise very steeply. After desired time, the
high voltage is stopped and very short magnetron current fall follows. One can
observe that it takes a certain time until the same self established voltage as was
before the high power pulse is re-established. It is related to the fact, that our
system is designed as a current generator and just after the end of the high power
pulse, there are still enought charges to provide magnetron current higher than 4
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Figure 4.6: Typical time evolution of magnetron voltage and current during the
high power pulse as a function of Ar pressure. It was measured at repetition
frequency of 30 Hz and mean pulsed voltage of 1 kV.

mA. Hence, there is no need to apply voltage on the magnetron cathode immedi-
ately after the end of the high power pulse. At very high repetition frequencies
(higher than ~ 10 kHz), the plasma afterglow of the previous pulse could assist
as a preionization for the next pulse development and an external preionisation
should be needless.

The preionization creates a stable low density plasmanear the magnetron cath-
ode. It ensures that the plasma sheath is already established before each high
voltage pulse. The presence of the initial plasma sheath provides the fast and re-
productive cathode current dynamics when high voltage is applied. Hence, the
preionization significantly eliminates breakdown delay and ensure good process
stability and reproducibility.

The preionization together with high voltage applied ensures proper current
development and it allows to work with very short pulses. Short pulse duration
and the short time of switching off significantly reduces the arc formation during
the discharge because the plasma does not have time to undergo the transition
to the arc discharge even at very high cathode loads. The arcing depends a lot
on the cathode purity. For an unclean cathode surface, usually after opening the
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Figure 4.7: Dependence of the magnetron saturated current and time needed to
reach them on mean voltage applied during the high power pulse. It was measured
at repetition frequency of 30 Hz.

apparatus, first arcs occur at pulse duration of only few psat 1 kV applied. For a
clean cathode and 1 kV applied, the arcs occur rarely only for pulses longer than
~ 35 s.

Typical time variation of discharge current and cathode voltage are reported in
Figure 4.6 for three values of the argon pressure and 1 kV applied in pulse regime.
Three regimes has been identified. Shortly after the high voltage is applied, the
magnetron current does not rise identically for various pressures. It was observed
that for times lower than ~ 2 s the current rise is steeper at higher argon gas
pressures. After this early regime, there is a transient regime between ~ 2 and
~ 6 us. Particularly at the beginning of this regime the magnetron current rise
does not depend on the pressure. At the late part of this regime the magnetron
current continues to rise little longer for lower pressures. Finally, for time higher
than ~ 6 ps, astationary regime is reached characterized by pressure independent
magnetron current of ~ 40 A for average 1 kV applied in pulse regime.

Now, knowing that after a certain time, the pressure independent magnetron
current is reached, it could by useful to know, how it depends on the voltage
applied on the magnetron cathode during apulse. Inthe Figure 4.7, thereis plotted
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the dependence of the magnetron saturated current s and the time T needed
to reach it on the average voltage applied on the magnetron cathode during the
pulse. It was observed that for average magnetron voltage of 1 kV, saturated
pressure independent magnetron current of 40 A was reached in 6 us. For lower
magnetron voltage of 0.8 kV (0.6 kV) lower value of 25 A (15 A) was reached
later 9 ps (17 ps).

In the magnetron discharges, the magnetron current is an important parameter
related to the sputtering rate of magnetron cathode material. For a given voltage,
two times higher magnetron current means two times more of the sputtered ma-
terial. Power or current densities are other important parameters related to the
density of magnetized plasma.

For the argon pressure of ~ 1 Paand ~ 1 kV of mean voltage applied on the
magnetron cathode, magnetron saturated current of ~ 40 A is reached. Corre-
sponding current and power densities are ~ 5 A/cm? and ~ 4 kW/cm?. As the
magnetron current does not go through the whole cathode uniformly, aimost all
the current goes only through the racetrack part of the cathode, the current and
power densities are much higher than the values obtained by assuming the whole
cathode surface. The racetrack surface was estimated from the width of the race-
track at its half depth. In our case, the racetrack surface is almost the half of the
whole cathode surface. Thus, we can specify the current and power densities.
The current and power density of ~ 10 A/cm? and 8 kW/cm? was reached in the
racetrack region during the high power pulsed operation.

Power density in aconventional DC magnetron devicesis ~ 10 W/cm?Z. In our
case, we managed to get three order of magnitude higher power density in pulsed
regime and keep average power operation comparable to classical DC magnetron
devices.

4.3.3 Time resolved optical emission spectroscopy
Temporal evolution of line intensities at Ar and He buffer gas

To understand the behaviour of our fast high power pulsed magnetron discharge,
time resolved optical emission spectroscopy measurements were performed. We
investigated the time evolution of chosen Ar, Ar™, Cu, Cut and even Cu*™ lines.
The experiment was done for many pressures.

The Figure 4.8 shows an example of data processing on the time evolution
of very weak Cu™" 377.7 nm line. The line intensity evolution (green line) was
obtained as a subtraction of measured base line (red line) from measured signal
(black line). The baseline was obtained at the same conditions asthe signal except
that the optical fibre was shuttered. The same process was applied to all time
resolved line intensity measurements in order to subtract from measured signal
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Figure 4.8: Time evolutions of measured signal (black line), baseline signal (red
line) and two timesionized copper line intensity (green line) obtained as subtrac-
tion of baseline from measured signal. An example of data processing.

an electromagnetic oscillation at the beginning and at the end of the high power
pulse.

Figure 4.9 presents the temporal evolution of magnetron current and Ar and
Cu atomandion linesfor the pressure of 0.7 Paand 1 kV applied in pulsed regime.
One can observethat Ar atom line appears shortly after the high voltage isapplied,
alittle earlier than Ar™ line. Cu atom line starts to appear with ~ 2 s delay with
respect to the beginning of the pulse. Short time after that, between 2 and 4 s, Cu
atom line increase is stopped for a moment and Ar atom line rapidly decreases.
Cu™ and even Cu™™ lines appear almost simultaneously, only ~ 1 ps later with
respect to Cu atom line. For times higher than ~ 6 ps, Ar neutral line is dropped,
Ar™ line decreases quickly however Cu™ and Cu™™ lines remain nearly constant
until the end of the pulse. One can observe, that even at the end of the pulse, Cu
atom line does not reach amaximum. Prolonging the pul se duration, the saturation
of Cu atom line was observed at time ~ 14 ps.

When argon working gas was replaced by helium, similar behaviour was ob-
served. Helium has higher ionization potential, significantly lower mass and better
heat conductivity than Ar gas. So it seemed us interesting to compare these two
gases.
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Figure 4.9: Time evolution of magnetron current and chosen line intensities of
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He (492.2 nm), Cu (521.8 nm), Cu™ (204.4 nm) and Cu*™ (377.7 nm). Helium
pressure was 8 Pa, 1 kV was applied in pulse regime with repetition frequency of

30 Hz.
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The experiment was performed at helium pressure of 8 Pa. It was the lowest
pressure at which a stable discharge was ignited. The discharge ignited at lower
pressures was often unstable hence, these experimental conditions were avoided.
It was not studied in detailed, but it seems us, that the preionization current was
not stable at low helium pressures.

One can observe at Figure 4.10, that He line behaves identically to Ar line,
it rises steeply and shortly after the moment, when Cu line appears, it starts to
decrease. Time behaviour of Cu line intensity isvery similar to the case of argon
working gas. The same flat region at the beginning of the pulseis observed. Cu™
and Cu™™ lines reach saturated value for time ~ 4 s, Cu line saturates later. It
can be concluded that replacing the Ar working gas by He, similar phenomena
and a little faster discharge dynamic were observed.

Temporal evolution of line intensities at various Ar pressures

In Figure 4.11, there are plotted temporal evolution of magnetron current, mag-
netron voltage and Ar and Cu species intensities for Ar pressure of 0.7, 4.4 and
9.0 Pa. Let us emphasize the most significant changes in the magnetron el ectrical
characteristics and line evolutions with pressure change.

As was discussed previously the time evolutions of magnetron current can be
divided in three stages. In the early stage (t < 2 ps) the current rise strongly
depends on the buffer gas pressure. Lower pressure means slower current rise.
Particularly at the beginning of the transient regime magnetron current rise does
not depend on the pressure. At the late part of this regime, magnetron current
continuesto riselittlelonger for lower pressures. But finally the stationary regime
(t > 6 ps) isreached and magnetron current reaches always the same pressure in-
dependent value. These characteristic times are for magnetron voltage of ~ 1 kV
applied in pulsed regime Decreasing the magnetron voltage lower pressure inde-
pendent saturated current isreached later as has been already shownin Figure4.7.

In the early stage of the discharge fast magnetron current rise is followed by
steep rise of Ar line. As magnetron current increases earlier and faster with in-
creasing pressure, Ar line increases earlier and faster too. Shortly after the mo-
ment of Cu lines appearance, Ar line starts to decrease. For higher pressures, it
happens earlier and the characteristic maximum of Ar line is observed at higher
pressures earlier too. For al studied pressures, we can conclude, that Ar line
dropsin favour of Cu line. The low argon line intensity observed for times higher
than ~ 4 ps could not come from the active discharge but maybe mainly from the
plasma afterglow. The measurement was done through the observation window
and all thelight, from the discharge and from a part of the afterglow was collected
and led to the monochromator dlit.

Contrary to the shift of Ar line maximum with increasing pressure toward the
beginning of the pulse, Ar™ line maximum shifts toward the end of the pulse.
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Figure 4.11: Time evolution of magnetron current, voltage and chosen line inten-
sities of Ar (696.6 nm), Ar™ (434.8 nm), Cu (324.8, 521.8 and 578.2 nm), Cu™

(204.4 nm) and Cu™™ (377.7 nm). Argon pressure was varied from 0.7 to 9.0 Pa,
1 kV was applied in pulse regime with repetition frequency of 30 Hz.
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Figure 4.12: Time evolution of magnetron current and chosen line intensities of
Cu (324.8, 521.8 and 578.2 nm). Argon pressure was 0.7 Pa, 1 kV was applied in
pulse regime with repetition frequency of 30 Hz.

One can observe, that all studied Cu lines (324.8 nm, 521.8 nm and 578.2 nm)
appear at the same time. For higher pressures, they appear earlier. In the early
stage of the discharge, the only difference in their time evolution is that the lines
obtained at 9 Pa are shifted of about 1 ps toward the beginning of the pulse with
respect to them obtained at 0.7 Pa. The same shift can be observed at the mag-
netron current time evolution. The magnetron current obtained at pressure 9 Pais
shifted of about 1 s with respect to the one for 0.7 Pa too. We can conclude that
in the early stage of the discharge the time shift of Cu lines evolution corresponds
well to the time shift of magnetron current.

Despite that all studied Cu atom lines appear at the same time and behave
similarly in the early stage of the pulse, for times higher than ~ 2 ps they start to
differ. The Cu 324.8 nm line tends to saturate very quickly, however the Cu 521.8
and 578.2 nm lines continue to rise practically until the end of the pulse. Increas-
ing the pressure, al lines tend to saturate faster. The Cu 324.8 nm line reaches
the maximal intensity at the lowest pressure, however the Cu 521.8 and 578.2 nm
lines at the highest pressure. This behaviour was not expected because both lines
324.8 and 578.2 nm, which behave differentially, appear due to depletion of the
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same upper level of a copper atom. At the Figure 4.12, time evolutions of all
studied Cu line intensities observed at pressure 0.7 Pa are merged together. Their
intensities are scaled to fit the figure. The schema of energy levels from which
these lines originate together with Einstein coefficients and oscillator strengths
was added on the right side of the figure. One can observe that Cu 521.8 nm line
behaves more similarly as the Cu 578.2 nm line despite the fact that they do not
rise from the same upper level. The Cu 324.8 nm line which rises from the same
upper level as 578.2 nm behaves differently from the rest of the lines. We think,
that the difference is probably caused by significant self-absorption of this line
because of very high oscillator strength and/or high density of sputtered copper
ground state atoms due to high magnetron current operation.

Returning back to the Figure 4.11 one can observe that characteristic flat re-
gion between 2 and 4 ps at the time evolution of 521.8 line is the most evident
at low pressure. Increasing the pressure, it isless evident. Similar behaviour, but
less visible shows the Cu 578.2 nm line evol ution too.

Intensities of all studied Cu™ and Cu™™ lines behaves similarly in the pressure
range we investigated. Both saturate for times higher than 6 ps. Increasing the
pressure, lower saturated valueis reached.

4.4 Discussion

Let uscomment in detail the different stages of our preionized high power pulsed
magnetron discharge. These stages were identify from the temporal evolution
of magnetron current and voltage and from time resolved optical emission spec-
troscopy, which were shown in previous section of this chapter.

Before the high voltage pulse, system generates a low preionization current
~ 4 mA. Corresponding self-established voltage is about ~ 300 - 350 V depend-
ing on the pressure. This current comes from stable, low density plasma near the
magnetron cathode. The plasmaconsistsmainly of Ar ionsand electrons, because
no lineintensity of copper ion was observed, when high power pulses were turned
off. Only avery low intensity of copper atom line was detected. It makes us con-
clude that only a little amount of easy excited copper atoms were present. The
preionization plasma provides a plasma sheath already established before apply-
ing the high voltage pulse. The presence of the plasma sheath ensures the fast and
reproductive cathode current dynamics when high voltage is applied.

At desired time, the high voltage is applied directly on the magnetron cathode.
The ions coming from preionization plasma are attracted to the cathode at high
guantities. They sputter the copper atoms and knocks the secondary electrons,
which are injected without significant delay to the magnetized region. They are
trapped there by magnetic field and creation of new electron-ion pairs follows.
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Argon atom line intensity copies at the initial stage of the discharge the mag-
netron current. Argon excited states are created by electron impact and the ex-
citation rate is directly proportional to the electron density. Magnetron current
is proportional to the density in magnetized plasma too, because argon ions are
extracted from the plasma contributing to the magnetron current. From denser
plasma, more ions can be extracted. Both magnetron current and argon line in-
tensity are proportiona to the density of magnetized plasma, and so, it is not
surprising that both behaves same.

Increasing the pressure, the argon ionization and excitation collision frequen-
cies in magnetized plasma increase too and both, magnetron current and argon
line intensity rise more steeply. At higher pressure, an electron injected to the
plasma loses its energy earlier in favour of creation of new electron-ion pairs. It
accel erates the discharge dynamics.

Shortly after the beginning of the pulse, first Cu atom lines appear. This delay
can be caused by the fact that Cu atoms, sputtered from the cathode surface are
not excited in the magnetized plasma immediately. A cumulative probability of
a sputtered Cu atom going through the magnetized plasma to be excited will de-
pend on its resident time in the plasma. From the photograph presented in Figure
4.2, the plasma thickness was found to be ~ 5 mm. The velocity of the sput-
tered copper atoms ranges from a very low values up to few tens km/s. The most
probable velocity of a sputtered copper atom is ~ 5 km/s [2]. The time in the
range of ~ 1 psisneeded to transport first sputtered Cu atoms from the cathode to
the remotest parts of magnetized plasma. During this time, the travelling copper
atom may be excited. Increasing the pressure, magnetron current is shifted toward
the beginning of the pulse and significant amount of Cu atomsis sputtered earlier.
Consequently, they arrive to the magnetized plasma, where they are excited earlier
too. It explains, why the difference in the appearance time of Cu lines and their
evolution in the early stage of the discharge corresponds well to the evolution of
the magnetron current.

For times lower than ~ 2 ps, plasmais formed mainly by buffer gas species.
Despite the fact that till ~ 4 pus magnetron current still increases and consequently
both plasma density and sputtered copper atom flux arriving to the plasma in-
creases too, in the time between 2 and 4 us, Cu 521.8 line increase is stopped
for a moment and argon line intensity rapidly decreases. This Ar line originates
from the upper 4P state of Ar atom, which is mainly populated by direct electron
excitation from Ar ground state. The cross-section for this processis very narrow
making excitation of this state very sensible on the changes in the tail of electron
energy distribution function. The observed time variation of this Ar line can be
explained by very fast electron cooling induced by an important amount of sput-
tered Cu atoms arriving into magnetized plasma. A fast and intense cooling of the
electrons can explain the observed flat region in the time evolution at Cu 521.8 nm
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line too. First copper atoms sputtered during the pulse enter to the plasma which
in mainly formed by argon gas species and thus characterised by relatively high
electron temperature due to high excitation and ionization energy levels of Ar
atom. Cu has significantly lower excitation and ionization energy levels than Ar.
It means that excitation and ionization of Cu atoms will be favoured and the Cu
line intensities will rise steeply. Consequently, electron energy distribution func-
tion (EEDF) will be modified towardsthe lower energies with respect to the one at
the early stage of the discharge. The argon atoms excitation rate decreases and the
excitation of the copper atomsarriving to the magnetized plasmajust after the first
huge packet of copper atoms will be reduced. The argon lines will decrease and
Cu linesmay show a shoulder in their time evolution. After acertain time, needed
to establish a new steady state electron energy distribution function, Cu 521.8 nm
linewill continue to increase due to the simultaneous increase of copper atom and
electron densities however Ar lineswill keep their low intensity. Other studied Cu
line, such as 324.8 nm and 578.2 nm, will be less affected by changes of EEDF
due to the lower excitation energy of the states, from which they originate.

Cooling of electrons will be more faster at higher pressures, where the dis-
charge dynamics is faster. Faster magnetron current increase causes higher cop-
per atom flux arriving to the plasma. More copper atoms will faster modify the
electron energy distribution function. It will causethat at higher pressures, the flat
region at Cu 521.8 nm line will be observed during shorter time and will be less
pronounced.

Cooling of the electrons could explain why, for all studied pressures, Ar line
maximum is linked together with appearance time of Cu lines and both are shifted
towards the beginning of the pulse with increasing pressure.

Moreover, huge amount of sputtered Cu atoms and reflected Ar neutrals col-
lides with buffer gas atoms, shares a part of their kinetic energy with them, in-
creases the gas temperature in magnetized region and pushes the buffer atoms
out from the magnetized region. In conventional DC magnetron discharge, buffer
gas density is reduced significantly even at low current operation. For direct cur-
rent density of ~ 200 mA/cm? and Ar pressure of 4 Pa, gas density was reduced
~ 5 times at the distance of 5 cm from magnetron cathode [36]. In the case of
pulse regime, it is difficult to quantify the gas rarefaction effect. One can as-
sumed, that during the discharge on time, gas will be intensively rarefied in the
magnetized region due to high current operation and during discharge off time,
buffer gas density will increase because atoms will return back from a perimeter.

During the high power pulsed operation, it is difficult to distinguish the main
excitation mechanisms of the upper ion energy level from which studied line orig-
inates. It can be two step process of consecutive ionization and excitation or one
step simultaneous ionization and excitation. It makes the situation difficult be-
cause one does not know, which ground state - if of argon atom or of argon ion -
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is concern.

The buffer gas rarefaction effect could be observed at the behaviour of Ar™
434.8 nm line and can explain higher Ar™ line intensity at higher pressures. It
was observed that for times higher than ~ 6 s a steady state regime was reached
characterized by pressure independent magnetron current and voltage. Assuming
that plasma density and electron energy distribution function are almost pressure
independent at this regime, the only explanation in pressure behaviour of the Ar+
434.8 nm line is that the amount of Ar species (neutral and/or ions) is different.
At higher pressure, higher intensity was observed. It could mean, that at higher
pressures, the density of residual Ar species (neutrals and/or ions) is higher. Itis
only incomplete information, we are not able to estimate the absolute densities.
However it is reasonable to assume the residual argon atom and/or ion density to
be very low.

For times higher than 6 ps, pressure independent magnetron current was
reached and Cu' and Cut™ line intensities reached a steady state value. As the
magnetron current does not depend on the Ar pressure, one can conclude that
the plasma is formed mainly by Cu ions which dominate over Ar ions and that
mainly these Cu ions contribute to the magnetron current. Such situationis called
self-sputtering regime [5]. We suppose that for times higher than 6 s, transition
between buffer gas discharge and a discharge sustained in copper vapour has been
aready passed. Thistransition was associated with the falling of Ar™ lineinvesti-
gated in magnetron plasma simultaneously with atransition toward the stable Cu™
and Cu™™ emission and pressure independent magnetron current.

After the transition to the metalic vapour sustained discharge the stable
self sputtering regime is achieved which is consistent with current densities of
~ 10 A/cm? and power densities of ~ 8 kW/cm? (averaged on the cathode race-
track) which is about two orders of magnitude higher than those reported for self
sputtering operation. The possibility to reach sustained self sputtering by using
the direct current magnetron source of different material is well described in de-
tail in [5]. The threshold power densities for copper target ~ 80 W/cm? [37]
and threshold current densities ~ 200 mA/cm? [38] were estimated. In the high
power pulsed magnetron discharges, the peak power densities are at least one or-
der higher than that in the dc magnetrons and the plasma process naturally tends
toward the self-sputtering. In our experiment, the times needed to obtain sustained
self-sputtering regimeis very short and approaches the self-sputtering cycle dura-
tion [39] which was estimated to be ~ 1 ps. We can emphasize that we obtain a
fast dynamics of the pulsed magnetron discharge (copper target, 4 kW/cm?) with
time characteristics one order shorter than previously reported by [32] (titanium
target, ~ 2.8 kW/cm?) and [19] (copper target, ~ 0.5 kW/cm?). The self sput-
tering regime is generally convenient regime for sputtering due to high copper
ionization degree despite the fact that copper ions participate on the sputtering.
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These ions are lost, but the material is not lost, because the sputtering ion will
stick on the cathode being ready to be sputtered and return back to the plasma, of
course as neutral. For more detail about self-sputtering operation, see Figure 2.3
and accompanying text in chapter 2.

It was observed, that copper atom 521.8 and 578.2 nm lines (which did not
suffer from significant self-absorption) tend to reach a steady state value after
~ 14 ps, far later after the current saturation was reached. The stationary state
of Cu lines can be achieved only after a certain time, needed for copper atomsto
fill the whole volume of magnetized region, where they are excited. As neutral
species, they can leave the magnetized region freely. The only way how to make
the copper atoms to stay in plasma and occupy the whole magnetized plasma
volume is through the collisions with the species in magnetized region. Without
any collision, they will continue to move away from the plasma with their initial
velocity ~ 5 km/s originated from a sputtering process. It can explain, why a
certain time is needed for Cu line to reach the saturation. Increasing the pressure
favoured the collisions and Cu 521.8 and 578.2 nm lines reached stationary state
earlier.

4.5 Conclusion

We advanced currently used high power pul sed magnetron sputtering technique by
using apreionization to significantly reduce the breakdown delay and to accelerate
the discharge dynamics.

This preionization maintains stable low magnetron current in the order of few
mMA between two successive pulses. The preionization current comes from a sta-
ble, low density plasma near the magnetron cathode. It ensures a plasma sheath
aready established before each high power pulse. It significantly reduces the
breakdown delay and provides very good process stability and reproductibility.

Our system provides the reproductive and fast magnetron current rise when
high voltage is applied. It allows to reach a high power operation in few ps and
consequently to reduce the pulse duration. The short pulse duration avoidsthe arc
formation even at very high cathode load of ~ 10 A/lcm? and ~ 8 kW/cm?. The
average power set by pul se duration and repetition frequency was kept at moderate
~ 10 W/cm? which is a value compatible with classical DC magnetron devices.

In the Ar buffer gas, the maximum pressure independent current of ~ 40 A
was reached in 6us, when 1 kV was applied on the copper magnetron cathode of
33 mm in diameter. The high cathode load in pulsed regime was accompanied by
observation of spectral lines of two times ionized copper atoms indicating very
high ionization degree of sputtered particles.

Time resolved diagnostics were performed for pulse duration of 10 us, which
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was pulse long enough to cover al important stages of discharge evolution.

The shift at the early stage of the discharge between the time evolution of Cu
atomic lines and the magnetron current has been found to be ~ 1 us and pressure
independent. 1t well corresponds to the time, needed to transport the sputtered
copper atoms from the cathode, where they are sputtered through the magnetized
plasma, where they are excited.

The drop of Ar lines originated from upper “P level together with the occur-
rence of the flat region in Cu 521.8 nm line was associated with the fast changes
of electron energy distribution function due to the huge amount of copper atoms
arriving to the magnetized plasma.

It has been observed, that at the beginning of the pulse, the plasma is dom-
inated by Ar ions and as time elapses, metallic ions are detected and they out-
number very quickly the argon ions. We associated this transition with the falling
of Ar™ line simultaneously with the passage towards the stable Cu™ and Cut+
emission and pressure independent magnetron current. Gas-metal plasma transi-
tion takes place only ~ 6 ps after the beginning of the pulse which is at least one
order faster transition than was already reported in literature.

By changing the pulse duration, from afew ps up to about 50 s, it is possible
to choose the proportion of self-sputtering regime on the overall sputtering pro-
cess. The pulse duration can be adapted in order to avoid the arc formation even
at unusually high power densities. It was shown, that an arc free self-sputtering is
possible to maintain.



Chapter 5

Transport of Sputtered Particles and
Trench Filling

5.1 Introduction

The potential of high power pulsed magnetron sputtering has created growing
interest, because it can generate a dense plasma with high target material content.

One issue reported recently [40] is a reduced deposition rate compared to the
conventional DC deposition rate at the same average power. These lower depo-
sition rates in high power pulsed magnetrons of only about 25-35 % of the de-
position rates of convention DC magnetrons may be an issue for many already
working industrial application.

Additionally, theionized fraction of the target material arriving at the substrate
is lower than might be expected. Observed fraction of ~ 30 % positive Cr ions
[34] and ~ 70 % positive Cu ions [18] near substrate was reported.

To understand all the processes taking place in the deposition chamber, it is
important not only to focus on the plasma composition and the discharge dynam-
ics, but at the same time to study the processes taking place between the plasma
and the substrate. A high metal ionization degree in the magnetized plasma need
not to mean the same high metal ionization degree near the substrate. The de-
posited thin films could not have expected high quality.

In this chapter, our attention will be focused on the study of the ion transport
using a simple system, similar to them used by [32]. To measure a saturated ion
current, a moveabl e negatively biased substrate holder was used as a planar Lang-
muir probe. Theinfluence of the process parameters (magnetron voltage, pressure,
distance from the magnetron cathode, pulse duration and repetition frequency) on
the amount of ions collected on the substrate is shown in section 3 and discussed
in section 4 of this chapter. Particular attention is devoted to the study of a plasma
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Figure 5.1: Schema of the experimental set-up

de-confinement and to the transition toward the sustained self-sputtering regime.
In the section 5, industrial potential of our system is tested on the filling of 2 um
trenches and vias of aspect ratio 1.

5.2 Experimental set-up

The apparatus, shown in Figure 5.1, is the standard planar magnetron source
Mighty Mac-130-STD_E, which has been already described in the Chapter 4. It
operates with a copper target (99.9% purity) of 33 mm in diameter. The cath-
ode is located inside a stainless-steel chamber of radius R = 220 mm and height
L = 350 mm. The chamber is pumped by a turbomolecular pump backed by a
rotary pump down to the pressure of 10~2 Pa. Argon is used as a buffer gas. The
pressure is varied from 0.5 to 10 Pa by gas flow (from 1 to 15 sccm) and by an
exhaust throttle valve.

A home made adapted pulse generator was developed in cooperation with
Dr. Mihai Ganciu. The generator allows the superposition of the low power DC
preionization discharge (~ 4 mA, ~ 300 V) and high voltage pulses applied di-
rectly on the magnetron cathode.
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Figure 5.2: Typical time evolution of magnetron current and magnetron voltage
during the high power pulse operation with prototype A and B. The pressure was
1.4 Pa, repetition frequency was 30 Hz and 1 kV was applied in pulsed regime.

The system was designed to ensure a fast rise and a sharp drop of the mag-
netron current. Pulse duration was varied from 1.5 ps to 55 ps. The highest
repetition frequency about 600 Hz was used only in the case of very short pulses.

The current and voltage probes were integrated directly into the pulse gener-
ator system and calibrated by a classical commercia voltage and current probe.
The maximum magnetron current corresponding to 1 kV applied in pulse regime
was40 A.

lon saturated current measurements were performed using amovabl e substrate
holder with adiameter of 30 mm. It was used as aflat Langmuir probe and biased
by asystem allowing ~ 10 nstime resolution. The probe was positioned at the dis-
tances of 40-100 mm from the magnetron cathode along the central axis. Thetime
resolved ion saturated substrate holder current was recorded by 100 MHz digital
Tektronix TDS 340A oscilloscope at fixed negative substrate holder bias voltage
-60 V to repel the electrons. The signal was synchronised with the beginning of
the voltage pul se applied on the magnetron cathode.

During the deposition samples were placed on the biased substrate holder
placed at a desired distance from magnetron cathode.
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The experiments described in this chapter were performed by using two pro-
totypes (let us call them A and B) of the adapted pulse generator. The results dis-
cussed in previous chapter and trench filling described in section 5 of this chapter
were obtained with the prototype A, which was the first one developed in LPGP.
The saturated substrate holder current measurements, shown in section 3 and dis-
cussed in section 4 of this chapter were obtained with the prototype B which was
developed later. Prototype B was advanced with respect to A in order to ensure
faster switch-off of the magnetron current.

The typical time variations of the magnetron current and voltage obtained by
these two power supplies operating at the same experimental conditions are shown
in Figure 5.2. One can observe, that in the case of prototype B, magnetron voltage
is applied faster and magnetron current rise is little steeper. After the end of the
voltage pulse, magnetron current relaxes ~ 3 times faster with the prototype B
than with A. It drops from ~ 30 A to 15 A in 0.5 ps with prototype A and only in
0.15 pswith B.

5.3 Influence of the process parameters on the
amount of ion collected on the substrate

5.3.1 Influence of the pulse duration

The simple and direct way, how to study the influence of the pulse duration on
the amount of ions collected on the substrate, is to prolong the magnetron pulse
and to observe the ion saturated substrate holder current change. To perform this
study correctly, it is necessary to assure that at least following two conditions are
satisfied. Thefirst condition is, that the prolonged magnetron pulse must copy the
shorter one in their common part. If it is not assured, one can not distinguish, if
observed changesin substrate holder current are due to prolonged part of the pul se,
or due to the changesin the common part of the reference and the prolonged pul se.
The second condition is, that the magnetron current fall must be asfast as possible
after the end of the pulse. The fast fall time of the magnetron current will reduce
the role of the post-discharge on the substrate holder current, which may not be
the same for the pulses of different durations.

In the Figure 5.3, there are shown the typical dependencies of magnetron and
substrate holder current for two pulse durations: 2 and 2.5 ps. One can easily
observe, that the first 2 us of the 2.5 ps magnetron current pulse is the same as
the 2 ps magnetron current pulse. Moreover, the pulse generator, which allows
very short magnetron current and voltage fall time, was used. This significantly
reduced the role of plasma afterglow on ion saturated substrate holder current. It
impliesthat the two previously defined conditions were well fulfilled and that the
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Figure 5.3: Time evolution of magnetron and ion saturated substrate holder cur-
rent for two pulse durations: 2 and 2.5 ps. The pressure was 1.4 Pa, -60 V biased
substrate holder was placed at the distance of 4 cm from magnetron cathode, 1 kV
was applied in pulsed regime.

hatched difference between substrate holder currents for 2 and 2.5 ps magnetron
current pulse comes mainly from the last 0.5 us of the 2.5 ps pulse. The area
between these curves represents the number of ions collected on the substrate
holder due to the prolongation of magnetron high power pulse from 2 to 2.5 ps.

In the Figure 5.4, there are plotted the time evolutions of magnetron current
obtained at Ar pressure of 1.4 Pa, repetition frequency of 5Hz and 1 kV appliedin
the pulse regime. The pulse duration varied from 1.5 to 8 ys. The corresponding
substrate holder currents measured at the distance of 4 cm from magnetron cath-
ode are shown in Figure 5.5. Pulse durations are labelled in the figure. Figures
5.6 and 5.7 show the substrate holder currents measured at the distance of 6 and
8 cm from the magnetron cathode. They will be discussed in the next section,
now we focus only on the Figure 5.5. One can observe, that the substrate holder
current does not copy the magnetron current. The shape of magnetron and sub-
strate holder current isdifferent. For all pulse durations, the maximum of substrate
holder current is always observed with a certain delay of ~ 7 us with respect to
the end of the magnetron pulse. Thistime delay indicates a transport of the ions
from the magnetized region toward the substrate.
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Figure 5.4: Time evolutions of magnetron current. The pulse duration ranges
from 1.5 psto 8 us. Pressure was 1.4 Pa, repetition frequency 5 Hz and 1 kV was
applied on magnetron cathode in pulse regime.
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Figure 5.5: Time evolutions of substrate holder current measured at the distance
of 4 cm from the magnetron cathode for the magnetron pulses described in Fig-
ure 5.4. Pulse durations are labelled.
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Figure 5.6: Time evolutions of the substrate holder current measured at the dis-
tance of 6 cm from the magnetron cathode for the magnetron pulses described in
Figure 5.4. Pulse durations are labelled.
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Figure 5.7: Time evolutions of the substrate holder current measured at the dis-
tance of 8 cm from the magnetron cathode for the magnetron pulses described in
Figure 5.4. Pulse durations are labelled.
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Figure 5.8: Dependence of the integral of substrate holder current recorded at the
distance of 4 cm from magnetron cathode on the integral of magnetron current.
Each point represents a pulse duration which is labelled in the figure. Pressure
was 1.4 Pa, repetition frequency 5 Hz and mean voltage of 1 kV was applied in
pulsed regime.

If we assumed that the maximum of the substrate holder current originates
aways from the latest part of the magnetron pulse, the ~ 7 ps, needed for copper
ionsto cross the distance between the magnetized plasma and the substrate holder
givesatransport velocity ~ 6 km/s. Thisvalueisvery closeto the average velocity
of a sputtered copper atom.

One can observe that for 8 us pulse, the substrate holder current maximum
is~ 1 A at the distance of 4 cm from the magnetron cathode. It gives the sub-
strate holder current density in the range of ~ 100 mA/cm?2. For 20 ps pulse,
even higher maximum substrate holder current of about 6 A was reached corre-
sponding to extremely high substrate holder current density ~ 600 mA/cm?2. This
value, obtained by high power pulsed sputtering is much larger than that of about
< 1 mA/cm? and 2-10 mA/cm? reported by [3] for conventional DC sputtering us-
ing balanced or unbalanced device respectively. Note, that our magnetron is well
balanced according to manufacturer’s certification and hence the reference value
for DC sputtering is rather that < 1 mA/cm?. One can conclude, that even with
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very short pulsesof ~ 2 us, we are able to have an important substrate holder cur-
rent density in the range of ~ 10 mA/cm?, significantly higher than that obtained
with the DC magnetron sputtering.

In the Figure 5.8, we deduced the dependence of the integral of substrate
holder current on the integral of magnetron current. Each point represents a dif-
ferent magnetron pulse duration, which is labelled in the figure. Integral of the
substrate holder current corresponds to the amount of ions collected on the sub-
strate holder during one period (during the magnetron pulse and between two suc-
ceeding pulses). Integral of the magnetron current is proportional to the number
of ions bombarding the cathode during a pulse.

One can observe that at the distance of 4 cm from the magnetron cathode,
for argon pressure of 1.4 Paand 1 kV of mean voltage applied on the magnetron
cathode, we detect an important amount of ions. The integral of substrate holder
current is about 10 percents of the integral of the magnetron current.

One can notice, that the dependence is not exactly linear. In the first part, for
timeslower than ~ 4.0 s, it increaseslessthan linearly. For pulse durationslarger
than ~ 4.0 ps, it changes behaviour and the dependence becomes linear.

5.3.2 Influence of the distance, pressure, magnetron voltage
and repetition frequency

In the Figure 5.4, there are plotted the time evolutions of magnetron current ob-
tained at Ar pressure of 1.4 Pa, repetition frequency of 5 Hz and mean magnetron
voltage of 1 kV applied in the pulse regime. The pulse duration varied from 1.5
to 8 us. The corresponding substrate holder currents measured at the distance of
4, 6 and 8 cm from the magnetron cathode are shown in Figures 5.5, 5.6 and 5.7
respectively. Pulse durations are labelled in each figure.

One can observe, that moving away from the magnetron cathode, lower max-
imal current is observed later. At the distance of 4 cm (6 cm or 8 cm) from the
magnetron cathode, maximum of substrate holder current is always observed with
acertain delay of ~ 7 ps(~ 10 psor ~ 13 ps) with respect to the end of the mag-
netron pulse. Using the same reflection as few paragraphs above, the transport
velocity of ~ 6 km/s can befound. Thisvalueisindependent on the distance from
the magnetron cathode and corresponds well to the mean velocity of a sputtered
copper atom. It seems clear now, that the maximum of substrate holder current
corresponds to the sputtered, non thermalized atoms, which were ionized during
their passage through the magnetized plasma.

From the Figures 5.5, 5.6 and 5.7, one can observe that the peak of the mag-
netron current corresponding to non thermalized ions broads with the distance
from the magnetron cathode and that the tail of the substrate holder current be-
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Figure 5.9: Time evolutions of the substrate holder current measured at the dis-
tance of 4 cm from the magnetron. Pulse duration was 4 s, mean magnetron
voltage was 1kV. Other experimental condition, such as pressure and repetition
frequency are marked in the figure.

comes more important at higher distances from the magnetron cathode. At higher
pressures, peak of non thermalized ions broads more with distance from the mag-
netron cathode too.

In the Figure 5.9, there are shown the substrate holder currents measured at
the distance of 4 cm from the magnetron cathode for pulse duration of 4 s, two
Ar pressures and three repetition frequencies. Increasing of repetition frequency
from 5 to 50 Hz increases the substrate holder current of ~ 10 percents, however
increase of repetition frequency from 50 to 500 Hz keeps the substrate holder
current almost unchanged.

In the Figures 5.10 and in detail in the Figure 5.11, there are reported the
results of several experiments. Similarly as in Figure 5.8, we deduced the de-
pendence of the integral of the substrate holder current on the integral of the
magnetron current. Each point represents a magnetron pulse duration and each
curve particular experimental conditions. For the same integral of the magnetron
current, it is observed that higher pressures, higher distances from the magnetron
cathode or lower magnetron voltages result in lessions collected on the substrate.
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figure is azoom of the Figure 5.10.
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Distance[cm] | Voltage[kV] | Pressure[Pa] || i
4 10 14 9
6 1.0 1.4 23
8 1.0 1.4 56
4 0.8 1.4 19
4 1.0 0.7 8

Table 5.1: Parameter i, amount of ions bombarding the cathode needed to get an
ion more at the substrate at various experimental conditions.

At al studied experimental conditions, the dependency behaves similarly. In
thefirst part, the increase isnon linear and from a certain time, the integral of sub-
strate holder current becomes almost linear function of the integral of magnetron
current. It happens at the time ~ 4. It seems, that this time does not depend on
the distance from the magnetron cathode and on the Ar pressure.

Parameter i, amount of ions bombarding the cathode needed to get an ion more
at the substrate, can be simply derived as the inverse value of the slope of linear
dependencies shown in Figure 5.10. It makesit independent on the pulse duration
contrary of the substrate holder current density, which increases with the pulse
duration due to the overlap of the current originated from various pulse stages. It
could be agood marker to quantify simultaneously the ionization and the transport
of sputtered particles. It is reported together with the corresponding experimental
conditionsinthe Table 5.1. One can observe, that thereisonly asmall dependency
on the pressure. It has been found in the previous chapter, that after a certain time
from the beginning of the pulse, magnetron current is independent on the pres-
sure. Thus, the small increase of i with pressure is probably due to an increase of
loss processes between the magnetized plasma and the substrate holder. The fast
decrease of i with increasing voltage applied during the pulse on the magnetron
cathode is probably associated with low impedance behavior of magnetron dis-
charge. Increasing the magnetron voltage from 0.8 to 1 kV, magnetron saturated
current increases from 25 A t0 40 A (see Figure 4.7) and i decreases from 19to 8.

5.4 Discussion

A metallic particle taking part on the deposition process should start at the cathode
surface and finish at the substrate. Live of anion collected at the substrate holder
can be split into five elementary processes, one coming after another.

First, a neutral atom is sputtered. This process is characterised by a sputter-
ing yield y which depends on the applied magnetron voltage and the incident ion
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nature. After that, neutral atom goes through the plasma where it can be ionized
mainly by an electron impact. In the high power pulse operation, the Penning
ionization in the plasma can be neglected [4]. The probability of a neutral to be
ionized depends mainly on the resident time of a neutral inside the plasma, on the
electron temperature and on the electron density and therefore on the magnetron
current too.

Then, ions have to leave the magnetised region. The ions are not confined by
external magnetic field as the electrons. The radius of curvature (Larmor radius)
for a 100-eV eectron (100-eV Ar ion) in magnetic field of 0.01 T is~ 0.3 cm
(~ 66 cm). However, important ion current to the substrate requires the space
charge compensation of the ions by electrons in the area between the target and
the substrate. Usually it is achieved by unbalanced magnetron [3], where the mag-
netic field configuration facilitates the transport of charged particles. It could be
achieved by a secondary plasma presence between the magnetized plasmaand the
substrate too. The secondary plasma could re-arrange itself to provide the charge
compensation of the flux of ionized sputtered particles. Since our magnetron is
according to manufacturer’s certification well balanced and no other secondary
plasma, between the magnetron and the substrate is present, other processes have
to be looked for.

At low pressures, after an ion leaves the magnetized plasmathe ballistic trans-
port with avelocity associated to the g ection velocity follows. After first collision
with a buffer gas atom, which not only changes the preferred particle momentum
but changes its kinetic energy too, thermalization start. At the end the ion taking
part on the deposition, arrives to the substrate, where it is detected.

Let us focused now on the role of various process parameters on the integral
of saturated ion substrate holder current. The dependency on the distance from
magnetron cathode, on the magnetron voltage and on the Ar pressure is shown in
Figure 5.10.

When the substrate holder is moved away from the magnetron cathode, lower
amount of ionsis collected. Moving away from the cathode, solid angle for ion
collection decreases and at higher distances, ion losses due to scattering collisions
are more important. Both lead together to a decrease of detected ion current on
the substrate. Reducing the working pressure, the |oss processes due to scattering
collisions are reduced and more ions can arrive on the substrate.

L et usquantify by avery simple model, how many ionsleaving the magnetized
region are not detected on the substrate due to its finite surface. In this model, a
symmetry with respect to the central axis was assumed. Two point source of ions
in the racetrack region, each located 8.5 mm from the central axis was assumed.
The angular distribution of sputtered atoms was described by a cosine distribution
function, which is accurate to first order for most situations [2]. The transport
of sputtered particles was assumed to be pure ballistic. It was assumed, that ion-
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ization event takes place only in the magnetized region and does not change the
momentum of sputtered particles. lonized sputtered atom simply hitsthe substrate
holder or misses it and then continues directly to the wall. It was predicted, that
the fraction of the ionized sputtered particles collected on the substrate is about
50, 25 and 20 percents of all ionized sputtered particles leaving the magnetized
plasmafor the case of the substrate holder located at the distance of 4, 6 and 8 cm
from the magnetron cathode respectively. This ssmple model predicts decrease
of ionized fraction of sputtered particle flux by factor 2 when substrate holder is
moved from 4 to 6 cm from the magnetron cathode and by afactor 1.3 whenit is
moved from 6 to 8 cm.

As was discussed previoudly, the first peak at the time evolution of substrate
holder current corresponds to the flux of non thermalized ionized sputtered parti-
cles. For 8 ps pulse, it decreases from 154 mA/cm? at the distance of 4 cm from
magnetron cathode to 51 and 19 mA/cm? at the distance of 6 and 8 cm respec-
tively. The relative decrease between 4 and 6 centimeters by factor 3 and between
6 and 8 centimeters by factor 2.7 was derived experimentally. The losses calcu-
lated in previous paragraph due to the decrease of solid angle for ion collection
givesonly factor 2 and 1.3. That means that there still remains afactor of 1.5 be-
tween 4 and 6 centimetres and afactor 2 between 6 and 8 centimetersto explain. It
isprobably related to the scattering losses due to collisions with buffer gas atoms.

Reducing the magnetron voltage results into the decrease of an amount of
ions arriving to the substrate. Integral of the substrate holder current at the same
integral of the magnetron current decreases by a factor ~ 1.7 when magnetron
voltage was reduced from 1000 to 800 V. Lower voltage applied on the cathode
resultsin lower sputtering yield and consequently lower sputtered particle flux. At
the same time, a secondary electron will at lower magnetron voltage enter to the
plasma with lower energy and consequently, a lower production of electron-ion
pairs in the gas phase could be expected. Observed decrease by a factor ~ 1.7
could be explained by the cumulative effect of the drop of sputtering yield (only
~ 10 percents) and the decrease of the ionization efficiency.

The variation of the substrate holder current with repetition frequency shown
in Figure 5.9 can be explained by buffer gas rarefaction between the magnetized
plasma and the substrate holder. A huge amount of sputtered particles moving
from magnetized plasma towards the substrate collides with buffer gas atoms. It
results in simultaneous scattering of sputtered particles and partial removing of
buffer gas atoms from the area between the target and the substrate. At very low
repetition frequency (few Hz), the buffer gas atoms return back during the dis-
charge off time (hundreds ms) to scatter the sputtered particles and to be partialy
removed during the succeeding pulse. However, at higher frequencies (tens or
hundreds Hz), the buffer gas can only partially return back during the discharge
off-time (tens or even few ms) and the buffer gas density will be then significantly
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lower between the target and the substrate at the beginning of apulse. L ess scatter-
ing collision will take place at higher frequencies than at lower and consequently,
the substrate holder current collected during aperiod will be higher at higher repe-
tition frequencies. Note that obtaining higher ion saturated current during a period
at higher repetition frequency need not to mean an increase of ionization fraction
of total particle flux to the substrate. The ions and neutrals are probably scattered
by the same way.

Few paragraphs above, it has been found that the maximum of substrate holder
current decreases between 4 and 6 centimetres by the factor 1.5 and between 6
and 8 centimetres by the factor 2 probably due to scattering collisions. Thisfactor
increases with the distance from the magnetron cathode. It could signify that the
buffer gasis not homogeneoudly rarefied in the area between 4 and 8 centimetres
from the magnetron cathode, where the study was performed.

Plasma de-confinement

At high plasma temperature and/or plasma density, the plasma kinetic pressure
might disturb the magnetic field of the magnetron. A parameter B, defined as
the ratio of the plasma kinetic pressure pyin (density of charged particles kinetic
energy) at the point inside the plasma, to the confining magnetic field pressure
Pmag (Magnetic energy density) at the plasmaboundary, isusually [41] introduced
as a measure of the relative magnitudes of the kinetic and magnetic pressures. It
isdefined as o Dot D
kin e i
B - — (5.2)
where the pe and p; represents the electron and ion contribution to plasmakinetic
pressure. Assuming a homogeneous non curved magnetic field of magnitude B
the magnetic field pressure can be derived from equation

BZ
240
To complete the Equation 5.2, it remains to estimate the plasma kinetic pressure.
Usually, in the hot plasma physicsfield [41] the B parameter isintroduced as

Pmag = (5.2

- B2

where ng, nj, Te and T; are electron and ion densities and temperatures.

It is clear that the parameter 3 characterises the relative importance of the
plasma pressure versus the magnetic pressure. For B < 1 the plasma pressure
has a small effect on magneto-hydrodynamics equilibrium and the magnetic field

(5.3)
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structure is approximately that determined from the vacuum magnetic field repre-
sentation and the plasmais well confined. In the opposite limit 3 > 1 where the
plasma pressure is much larger than the magnetic pressure, in general the plasma
‘pushes the magnetic field around’ and carries it along with its natural motion.

In DC magnetron discharges, the B factor is in the range 10-° — 10~3, and
the plasmawill not significantly affect the magnetic field distribution. In the high
power pulsed magnetrons having densities of several order of magnitude higher
than in DC case, the kinetic pressure could reach the magnetic pressure and high
density plasma can influence the magnetic field configuration and can not be more
confined by the external magnetic field [33].

Equation 5.3 givesfor typical magnetic field used in amagnetron of ~ 0.02 T,
mean kinetic energy of ionized part of sputtered vapour of ~ 3 eV, electron tem-
perature of ~ 3 eV the minimum magnetron current density ~ 3.4 A/lcm? at which
the plasmakinetic pressure overreaches the magnetic pressure. Magnetron current
density was related to plasma density by Equation 2.4, where m; was substituted
with the mass of copper ion assuming the self-sputtering regime.

Thus we can suppose that at higher cathode current densities such as that of
~ 10 A/cm? obtained in our case, the plasma could be probably de-confined and
may expand with the velocity driven by the ionized part of sputtered particles.

In the magnetron devices, the magnetic field is inhomogeneous, curved and
decreases with the distance from the cathode. It makes the estimation overesti-
mated, because the electrons will be de-confined primarily in the weakest parts
of magnetic field which are mainly the area of field disturbances. The plasma
kinetic pressure is proportional to the density of charged particles and their mean
energy while the magnetic pressureis proportional to B2. One can expect that dur-
ing the high power operation, there are some regions, where the plasma reaches
high enough density to not be confined anymore. Then, the plasma can be leaved
and continue toward the substrate holder with an average velocity driven by the
ionized part of the sputtered particles. It well correspond to velocity ~ 6 km/s
determined experimentally.

We are not sure, that thisis the main mechanism leading to plasma expansion
and unusually high ion substrate holder current densities. Let consider described
phenomenon of the plasma de-confinement as a suggestion, which has not been
yet experimentally verified. Study of the transport of ionized speciesin a reactor
operated with highly dense magnetized plasmawill continuein LPGP in order to
get more information and to understand better this complicated problem.

Transition to self-sputtering regime

The term self-sputtering was used in several reports[5, 37, 38] which describe the
sputtering of metals using ions of the same elements.
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It was shown in [39] that the self-sputtering is an important process in mag-
netron high current density operation. An upper limit for a magnetron current
density which can be reached without self-sputtering can be estimated by the ki-
netic gas equation assuming high ionization degree of buffer gas and that only Ar
ions contribute to magnetron current

n<n= % (5.4)
Using p=0.1Paant T =300 K, we obtain density of ionsn; lower than density of
buffer gas atoms n = 2.4 x 103cm~2. Putting this to equation 2.4, one gets upper
current density limit ~ 1 A/cm?. Due to the heat transfer from sputtered and
by cathode reflected particles to neutral background atoms, the gas temperature
is higher, and therefore, at given constant pressure, the density of neutrals and
consequently the upper magnetron current density limit will be lower than the
estimated value. However, in our case, very high current density operation was
reached. It signifies that ionized sputtered particles contribute to the magnetron
current together with argon ions. A self-sputtering must take place.

The sdlf-sputtering regime is stable only for the metals with high self-
sputtering yield. Others, with low self-sputtering yield, will suffer at high cur-
rent density operation very quickly from alack of charged particles to sputter the
cathode and to create the secondary electrons. In this case, stable high power
self-sputtering operation isimpossible to maintain the plasma.

Due to magnetron current densities of ~ 10 A/cm? higher than of
~ 200 mA/cm? those reported by [5] as minimum current densities for copper
self sputtering operation, our systemwill tend very quickly towards self-sputtering
regime.

Let us now examine the temporal transition from usual sputtering by Ar ions
to stable self-sputtering in high power pulse operation. As soon as the sputtered
copper atoms are injected into the magneti sed plasmathe el ectron energy distribu-
tion function is modified in the sense to decrease the Ar ionization. Theimportant
amount of sputtered and by cathode reflected particles shares a part of their ki-
netic energy via collisions with buffer gas. It increases the temperature of argon
gas and reduces the argon gas density. Both processes (Ar rarefaction and Tg de-
crease) lead to an increase of the ratio of copper to argon ions. It will continue
until the stable self-sputtering regime is reached.

Let us estimate by a very simple model a minimum time t¢, needed to reach
a stable self-sputtering regime. It could be reasonable to assume that the stable
self-sputtering regime will be reached when the copper ionsfill the whole volume
of magnetized plasma and significantly outnumber the argon ions. It leads to
estimatethet; asthe minimum time needed to fill the magnetized region by copper
ions.
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Let simplify the situation and assume that no copper ion leaves the magne-
tized region toward the substrate or toward the magnetron cathode until the stable
self-sputtering is reached. That means that till thetimet; only Ar ions participate
on the sputtering process, which will be described by sputtering yield y. The mag-
netized region isfilled by copper ions, which represent the a part of the sputtered
copper atom flux. The number of copper ions needed to fully fill the magne-
tized plasmais ngV, where V is the volume of an homogeneous and quasineutal
plasma. This volume was assumed to equal the product of the racetrack surface
and the plasmathickness d. Equation

alowsusto estimatet;.
At the time t;, electron density ne equals the density of copper ions [M™].
Substituting [M *] from Equation 2.4 to ne from Equation 5.5 one find

—— 4 (5.6)

0.61ya, /Kl

Note, that in thismodel, t; does not depend on the plasma density or on mag-
netron current.

The minimum value of a ~ 0.4 to maintain the stable self-sputtering regime
can be derived from consideration done by [5]. The sputtering yield for a1l kV Ar
ion bombarding a copper surface is ~ 2.5 as can be found in [29]. The electron
temperature was assumed to be ~ 3 eV and the plasma thickness ~ 0.5 cm was
approximately estimated from the photographs shown in Figure 4.2. Using these
values, the minimum time to fill fully the whole magnetized region by copper
ionsis about 3 ps. The transition time of a very fast pulsed magnetron discharge
to the stable self-sputtering operation could be expected to be only little higher
than ~ 3 psthisvalue.

It coincides well with the experimentally estimated time ~ 6 pys. It was esti-
mated in previous chapter from optical emission spectroscopy (Cu™ linesreach a
steady state value, Ar lines decrease) and magnetron current measurement (the
pressure independent magnetron current is reached). The closeness of these two
values proves the hypothesis discussed in previous chapter about very fast dynam-
ics and fast transition to self-sputtering operation of our preionized high power
pulsed magnetron discharge operated with a copper target.

Copper ion flux equality in a stable sustained self-sputtering regime

In any stationary regime, the plasma density does not change. It means that the
fluxes of ions leaving the plasma equal the fluxes of ions arriving to the plasma.
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The creation of electron-ion pairs in the plasma volume can be included to this
balance of a virtual flux of ions arriving to the plasma. In stable sustained self-
sputtering regime, one can assume that the fluxes of copper ions leaving the
plasmaequal the ionized fraction of sputtered particle flux.

Comparing the copper ion flux leaving the plasmatowards the magnetron cath-
ode @1 and towards the substrate ®3 with the ionized a part of the sputtered par-
ticle flux @, = ®1ys0 (Where ys is a self-sputtering yield) one find the relation

O3 = d1(ays—1) (5.7)

At the substrate holder, we detect only a part of the ®3 depending mainly on
the distance from the magnetron cathode and on the pressure. At higher distances
from magnetron cathode, the solid angle for ion collection decreases. At higher
pressures, losses induced by the scattering with buffer gas atoms are more impor-
tant.

In a steady state self-sputtering regime a and ys should be unchanged. Then,
according to Equation 5.7, the flux of copper ions leaving towards the substrate
holder will be linearly dependent on the flux of copper ions on the cathode. Con-
sequently, the integral of ion saturated substrate holder current will depend on the
integral of magnetron current linearly too.

It could explain the observed linear dependence of the integral of substrate
holder current on the integral of magnetron current shown in Figure 5.8, 5.10 and
5.11. If itis so, one can conclude that for 1 kV applied in the pulse regime and
argon pressure 1.4 Pa, the self sputtering regime was reached at time ~ 4 ps.
From optical emission spectroscopy and magnetron current measurements, the
transition time to stable self-sputtering regime was situated to ~ 6 ps. At this
time, magnetron current was pressure independent and copper ion lines already
reached the saturation. At the time ~ 4 us, magnetron current is not exactly, but
amost pressure independent and copper ion lines tend toward the saturation very
quickly (see Figure 4.11). In conclusion, these results coincide well.

When magnetron current increases, the density of magnetized region increases
too and therefore the ionized fraction of sputtered particle flux must be greater
than the flux of the copper ions leaving toward the target and the substrate. In this
case, @3 will not be linked with @4 linearly.

Moreover, the formula 5.7 may be used for a crude estimation of the ionized
fraction of the sputtered particle flux. It was observed that at the distance of 4 cm
from the magnetron cathode and argon pressure of 0.7 Pa, theintegral of substrate
holder current is about 15 percents of the integral of the magnetron current. As-
suming that all ions leaving the magnetized plasma are collected by the substrate
and for the self-sputtering yield of ~ 2.5, the ionized fraction of the sputtered
particle flux a ~ 0.5isfound. Thisis, of course, a crude and underrated value.
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Figure 5.12: Problems with deposition in trench structure in conventional PVD
techniques.

The real value can be expected to be higher than the value of ~ 0.7 reported by
[18] for high power pulsed magnetron sputtering due to higher magnetron current
density met in our case.

5.5 Trench and via filling by metal

In the microelectronics much attention has been focus on the rapidly increasing
number of devices per chip and on the shrinking of critical dimensions of compo-
nents. The multilevel integrated circuit technology has place extreme demands to
precise electrical interconnection. The individual transistors are fabricated within
the silicon surface, they are contacted and wired together locally to form specific
function and then interconnected together globally to form a fully functioning in-
tegrated circuit on the chip. To minimize signal propagation delay caused by par-
asitic capacitances and ohm resistances a high rise architecture is used in which
multiplelevels of metal areisolated by and interconnected through multiplelevels
of dielectrics. At this moment, trench and viafilling by metal isimportant.
Thefilling of trench and via structureis more difficult than depositing a contact
layer. Thisis driven primarily by the lack of fully ionization of the depositing
species. At very low pressures, free mean path of a sputtered atom isin the order
of few tens of centimetres. In this case of ballistic transport, majority of sputtered
particles arrives to the substrate without any collision keeping the cosine angular
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Figure 5.13: Schematic picture of trench filling by a high pressure PVD and an
|PVD method.

distribution characteristic for a sputtering process. It results in an asymmetry of
the deposition on the trench structure, as is schematically reported on the left
part of Figure 5.12. At high pressures, sputtered atoms undergo many collisions
before reaching a substrate and their velocity distribution near the substrate is
almost isotropic. Thisresultsin eventual build of a sidewall deposit which could
prevent to keep on the deposition at trench or via bottom. The example of thisis
schematically shown on right part of Figure 5.12 and left part of Figure 5.13. The
experimentally obtained trench filling performed by a typical DC magnetron is
shown in Figure 5.14. Low level of relative ionization and the fact, that an upper
part of the trench see the plasmafrom larger solid angle than a bottom part causes
that the majority of the atoms will be deposited there resulting in a poor filling,
trench close-off and void formation.

To fill the trench structure properly, one need to impose on the sputtered parti-
clesavelocity perpendicular to the substrate surface. The most current method is
to assure the high ionization degree of sputtered particles near the biased substrate.
The ions are accelerated in the plasma sheath perpendicularly to the substrate
surface and penetrate inside the trench or via. On the right part of Figure 5.13,
there is schematically shown directionally non isotropic trench filling by positive
ions accelerated by a negative bias applied on the substrate during the deposition.
The experimentally obtained trench filling by a high power pulsed magnetron dis-
charge where the ionization fraction of sputtered particle flux was ~ 70 percents
isshown in Figure 5.15. Thisresult was obtained by [18].

We wanted to try, if our system would be able to produce sufficiently highion-
ized fluxes of sputtered particlesto fully fill the 2 um trenches and vias with aspect
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Figure 5.14: An example of typical trench filling by a DC magnetron discharge.
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Figure 5.15: An example of trench filling performed by high power pulsed sput-
tering [18]. lonization fraction of sputtered particle flux was ~ 70 percents.

ratio 1 which we had at our disposal. The depositionsin trench and via structures
were performed in few experimental conditions. At almost all tested experimental
conditions, the trench and via structure was well filled by a compact deposit. Any
detailed or systematic study of the role of experimental conditions on the depo-
sition quality, trench filling etc. has not been done. From the results, where the
trench and via structure was well filled, we choose simply one to demonstrate the
industrial potential of our system.

In the Figures 5.16-5.20, there are shown the results of a copper deposition
in the trench and via structure. The experimental conditions were following - ar-
gon pressure 1.3 Pa, argon gas flow 7.7 sccm, repetition frequency 100 Hz, pulse
duration 20 s, voltage applied in pulse regime 1 kV, magnetron saturated current
40 A, magnetron current density 10 A/cm?2, deposition time 45 minuts, negative
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Figure 5.16: Compact copper deposition in trench structure performed by our
preionized high power pulsed magnetron discharge at following experimental con-
ditions. argon pressure 1.3 Pa, argon gas flow 7.7 sccm, repetition frequency
100 Hz, pulse duration 20 s, voltage applied in pulse regime 1 kV, magnetron sat-
urated current 40 A, magnetron current density 10 A/cm?, deposition time 45 min-
uts, negative substrate holder bias 40 V, target to substrate holder distance 6 cm.

substrate holder bias 40 V, target to substrate holder distance 6 cm. The substrate
was not treated neither before nor after deposition. After the deposition, the sub-
strate was cut and pictures were obtained using scanning el ectron microscope FEI
FEG XL30S.

Inthe Figures5.16-5.17, thereis shown acompact copper depositionin trench
and via structure. Next Figure 5.18 demonstrates a good process reproductibility
on six trenches compactly filled by the copper deposit. Figure 5.19 zooms in the
trench structure and showsin detail the copper deposit inside. Thelast Figure 5.20
shows a detailed view on the top deposit outside from atrench structure.

The trench images show the volume of the cut deposit. Via images enable us
to see the surface of the deposit, which was in contact with a wafer, because it
was impossible to cut the 2 x 2 x 2 um deposit in the via. Always, the cut took
place at the interface between the deposit and the wafer surface or somewhere in
the volume of the wafer.
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Figure 5.17: Compact copper deposition in viastructure. Experimental conditions
were same as in Figure 5.16.
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Figure 5.18: An example of six trenches compactly filled by copper deposit. One
can observed a same deposit in all the trenches proving a good reproductibility of
the deposition. Experimental conditions were same asin Figure 5.16.
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Figure 5.19: A detailed view on the compact deposit in the trench structure. Ex-
perimental conditions were same asin Figure 5.16.
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Figure 5.20: A detailed view on the top deposit outside from the trench structure.
A non compact and porous deposit surface is observed. Experimental conditions
were same as in Figure 5.16.
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It isknown [2], that without surface diffusion (migration) of deposited atoms,
the predicted profiles are porous and non conformal. Increasing the surface dif-
fusion improves the conformity. The bottom deposit becomes dense and fine-
grained. The sidewall deposit tends to be more columnar and under dense. Usu-
aly, there is a very noticeable seam between these two deposits, which limits the
rearrangement of the atoms on the surface by diffusion.

In our case, the compact deposit has been found at the bottom of the trench
and it seems, that even the sidewall part of the trench is dense too. It can be
seen from the trench cut in Figure 5.16 or in detail in Figure 5.19. The surface
of the deposit in the via structure, which was in the contact with the wafer seems
to be compact too, as can be seen in Figure 5.17. The Figure 5.20 shows porous
and non conformal surface of the top deposit outside from the trench. This photo
was taken, when the wafer was cut in a parallel way with the trench structure.
However, volume of the top deposit is compact too, as can be seen in Figure 5.16.

The compact deposition inside the trench structure and even very remarkable
at the sidewall and at the volume of the top deposit proves that the surface diffu-
sion of deposited atoms was high. This surface diffusion isin our case probably
due to very strong heating of growing film during the deposition process. The
wafer removed from the deposition reactor immediately after the deposition was
such hot that we were not able to touch it.

As was mentioned previously, the ionization fraction of the sputtered parti-
cle flux on the wafer is a critical factor in the trench filling. Formation of voids
occurs when ionization fraction of metallic vapour flux istoo low or aspect ratio
of trench is too large. We succeeded to fill the trenches with aspect ratio 1. It
has been determined [42], that the ionization fraction of the sputtered particle flux
to successfully fill the trench of aspect ratio 1 has to be greater than ~ 0.7. We
can conclude, that in our case, higher ionization fraction of sputtered particle flux
than that ~ 0.7 was achieved. As an example, to fill the trenches and vias with
aspect ratio 3, ionization fraction higher than ~ 0.85 is needed. We did few test
depositions in order to fill deeper trenches and vias (with aspect ratio 4) but we
did not succeed to fill them completely. Only ~ 20 percents filling was achieved
before the top opening was totally blocked by deposited material. Since it has
been only atest deposition, better results can be obtained after the optimization of
the deposition process.

Without important re-sputtering, the overhang deposits grow faster than the
bottom of the trench due to the larger solid angle and eventually seals the trench.
It results into a void formation. When re-sputtering is allowed, the overhang de-
posit is progressively eroded to keep the opening clear. In IPVD reactors (with
additional plasma between the target and the substrate), the species which do most
of the re-sputtering are argon ions originated from the secondary plasma. In atyp-
ical IPVD reactor, Ar ions flux on the wafer may outnumber the copper ions flux
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almost 10 times.

The deposition shown here was performed mainly in the self-sputtering regime
and without presence of a secondary plasma. The process did not benefit from
the re-sputtering by Ar ions such as in IPVD reactors with an additional plasma
present. It means that with the same ionization fraction of the sputtered particle
flux on the substrate, the trench structure of very high aspect ratio could be better
filled by IPVD process with additional plasma than with high power pulsed mag-
netron sputtering. However, the thin films deposited by such an IPVD process
could be contaminated by Ar ions, which bombard the growing film and penetrate
inside. In our case, only very low Ar contamination in deposited layer can be
expected. It should improve the electrical properties of the layer with respect to
them deposited in IPVD reactors with additional plasma.

5.6 Conclusion

The very high magnetron current density operation met in our case can partially
de-confine the magnetized plasma, enhance the plasma expansion providing high
current densities onto the substrate.

It has been found, that even with very short pulses (~ 2 us) we detect an impor-
tant substrate holder current densitiesin the order of few tens of mA/cm?. Increas-
ing the magnetron pulse duration, the substrate holder current increases too. For
magnetron pulse duration of 8 s, substrate holder current reaches ~ 1 A, which
corresponds to the substrate holder current density ~ 100 mA/cm2. For 20 ps
pulse, even higher maximum substrate holder current of about 6 A was reached,
corresponding to extremely high substrate holder current density ~ 600 mA/cm?2,

Systematically prolonging of the magnetron pulse duration and recording the
time evolutions of the substrate holder currents, the influence of the pulse duration
on the ion saturated substrate holder current was studied. It has been found that
for pulse duration lower than ~ 4 ps, the integral of the substrate holder current
increases less than linearly with the integral of the magnetron current. For pulse
duration larger than ~ 4 s, it changes its behaviour and the dependence becomes
linear. This linear dependence is explained by a simple model assuming a dy-
namic equilibrium between the copper ion fluxes leaving the magnetized region
and the ionized fraction of the sputtered particle flux. Thismodel isvalid only in
a stable self-sputtering regime. It allows us to place the transition time toward the
stable self-sputtering regime to 4 ps. It is about the same transition time, as was
estimated in previous chapter by optical emission spectroscopy and magnetron
current measurement. A crude estimation gives a lower limit of the ionization
fraction of the sputtered particle flux ~ 0.5.

lon saturated current measured on the substrate is in the range of hundreds of
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mA/cm? for atypical pulsed operation of our magnetron. Important ion current to
the substrate requires the space charge compensation of the ions by the electrons
in the area between the target and the substrate. We propose that during the high
power pulsed operation, there are some regions of magnetized plasma, where the
plasma density reaches value high enough that the plasma can not by anymore
confined and may expand with the velocity driven by theionized part of sputtered
particles. It well correspond to velocity ~ 6 km/s determined experimentally.

In the high power pulsed operation, we fully filled the 2 um trenches and vias
with the aspect ratio of 1 by a compact copper deposit. The first results make this
sputtering process promising for industrial thin film deposition.



Chapter 6

Simultaneous Measurement of N
and O Atom Density by Means of
NO Titration

6.1 Introduction

One can observe growing interest in non-equilibriumkinetics of low pressure plas-
mas in nitrogen, oxygen and their mixtures. It is caused by the needs of various
branches of science, e.g. physics of the upper atmosphere or plasma physics and
technology (cleaning of pollutants, plasma processing, plasma sterilization).

In many studies various authors[43, 44, 45, 46, 47] observed that even asmall
admixture of oxygen into nitrogen (or inversely, nitrogen into oxygen) changes
substantially the dissociation degree of the main gas. In order to achieve better
understanding of this phenomenon it is necessary to know the absolute densities
of both N and O.

There are also many other types of experiment, where the absolute concen-
tration of atomic nitrogen and/or oxygen in a plasma afterglow is needed. As
the atoms are radical species, their detection may be difficult. There are only
few methods giving reliable absolute data, as for example two photon absorption
laser induced fluorescence (TALIF) [48], nitrogen oxide titration [49, 50] or elec-
tron paramagnetic resonance (EPR) [51, 52]. Due to its ssimplicity, NO titration
is most widely used. However, in most published works the experimental data
are evaluated using the theory for an ideal case. In some circumstances, this can
introduce substantia errors.

Recently amethod using NO titration for simultaneous measurement of N and
O concentrations was published [53] and then used [54, 55]. It iscarried out inthe
region where [NO]>[N]. It is well suited for higher oxygen atom concentration
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Reaction type Value Ref.

N+O, — products |1 =9.0x10"1 cm3s1 [61]
N+N+(N2) — products |, =4.4x 1033 cmbs—1 [62]
N+NO, — products I3=39x10"Pcm3s! [61]
N+NO — products k;=1.6x10"%cm’s 1 [63]
N+O+(Np,Op) — products kp=9.1x10"=cms? [64]

Table 6.1: Reaction channels of N atom destruction in the late afterglow of
N2 — O, discharge. For three body reactions we assumed the nitrogen pressure
400 Pa, which gives|2[N3] = 4.4 x 10~ 16cm3s~1 and ko[N2] =9.1x 10~ 6cm3s 1,

but it is quite insensitive for lower O densities.

Unfortunately, exactly thislow [O] region is very interesting for studying the
increase of dissociation rate of nitrogen when very small molecular oxygen ad-
mixture (under 1%) is added [56, 57].

Especidly for thisrange a NO titration variant was developed. It is based on
fitting of datain [NO]<[N] region by theoretical curve and gives absolute values
of [N] and [O] at the same time rather easily.

As we wanted to test its correctness, the results from NO titration were con-
fronted with other methods, such as electron paramagnetic resonance (EPR) or
optical emission spectroscopy.

6.2 Titration by NO in pure nitrogen afterglow

Into the flow of partialy dissociated nitrogen gas a small quantity of nitrogen
oxide (NO) is added. It induces many new chemical reactions leading to creation
of oxygen containing radicals and molecules. These reactive specieswill mutually
react, which influences the N and O atom density evolution in the afterglow.
Recently, an article describing the No> — O, discharge and its afterglow was
published [58]. There are described processes of N and O atom production and
destruction in the active discharge, formation of so called pink or short lived af-
terglow [59, 60] and the processes in the late Lewis-Rayleigh afterglow. It was
shown, that the O atom density decreases in the afterglow very slowly. It con-
cludes, that the volume processes in the plasma afterglow does not lead to a sig-
nificant decrease of the O atom density. It describes many channels of N atom
destruction in the late afterglow. Because the NO titration is usually performed in
the late afterglow, only that destruction processes of N atoms caused by ground
state species are relevant. They are shown in Table 6.1 together with corespond-
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Reaction Value Ref.

6.1 ki=16x10%cm3s1 [63]
6.2  ko=91x10"3cmbs 1 [64]
6.3 ks= 6.4x10 Y cm3s~1 [65]

Table 6.2: Values of rate constants of reactions 6.1 — 6.3 which were used in our
calculations. For reaction (2) we assumed the nitrogen pressure 400 Pa, which
gives ko[N2]=9.1 x 10~ cm3s—1,

ing reaction coefficients [61, 62, 63, 64] computed for room temperature and gas
pressure of 400 Pa. Since dissociation degrees of oxygen molecules are very high
(tens of percents), the reaction with O will be more significant than the slower
reaction with O, which was neglected for further consideration. NO, molecules
are usually ~ 108 of total gas density, which makes this channel of N atom de-
struction negligible too. Volume three body recombination was neglected too.
This reaction has about two times lower reaction coefficient than reaction with O
atoms and moreover, during the course of NO titration, N atoms are converted to
O atoms. The main mechanisms of N atom destruction during a course of NO
titration will be its mutual reaction with O atoms and NO molecules, introduced
intentionally into N afterglow.

Among the possible chemical reactions these are the most important in NO
titration:

N+NO — Nz40O (6.1)
N+O(+Ny) — NOMW(+Ny) (6.2)
NO+O — NO% (6.3)

The reaction 6.1 is very fast and converts all available N atoms and NO
molecules to O atoms. If there was more N atoms than NO molecules, reaction
6.2 follows and produces NO molecules. A part of them is excited. It then radi-
ates in UV region as NO B system (B2M—X21, A~320 nm). On the other hand,
if [NO]>[N] then reaction 6.3 produces NO; which radiates as green-yellow con-
tinuum (A2B1—X2A1) around 570 nm.

This can be used to measure by NO titration the absolute concentration of
N atoms. It is sufficient to slowly increase the flow of NO and record optical
emission spectra of NO* beta system and NO3, green-yellow continuum. In the
moment (so called dark point) when the NO* bands decreased to zero and NO;
continuum is just to appear, the densities of introduced NO and initial N are the
same. AsNO flow is easily measurable by flow controller, this method was used
by many authors.
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Figure 6.1: The example of four main systems detectable by optical emission
spectroscopy in the N, — O, discharge afterglow.

Moreover the systems relevant in NO titration, other optical emission spectra
may be recorded. Until the dark point is reached, the 11-7 transition of nitrogen
first positive system is observed, as result of nitrogen atom three body volume
recombination. Theintensity of thistransition is proportional for agiven pressure
to the sguare of nitrogen atom density and may be used to monitor the relative
nitrogen atom density evolution.

In the UV-VIS range of spectra, there are not only NO B-system bands, but
also very intense NO y-system bands. They result in the N, — O, afterglow from
reaction of NO molecule with nitrogen metastable molecules [66]. Because this
systemisnot relevant in NO titration, it is necessary to make sure that really NO [3
system intensity is measured during the course of NO titration. Both systems are
observed as double-headed. Fortunately NO 3 system degrades to red but NO y
system to shorter wavelengths [67], which makes them easy distinguishable. The
example of these bandsis shownin Figure 6.1.

To find the dark point with good accuracy in aclassical way, one needsto carry
out many measurements. However it is possible to achieve the same accuracy with
less experimental pointsif the shape of a solution of 6.1 — 6.3 is considered. The
intensity Ino of NO B system radiation is proportional to the population of NO
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Figure 6.2: Production of excited moleculesin the course of NO titration in nitro-
gen afterglow at pressure 400 Pa. Three curves correspond to different concentra-
tion of N atoms: 8, 10 and 12 x10™* cm3.

B state, which is in the afterglow populated by reaction 6.2 and depopulated by
spontaneous emission to lower energy levels.

dNO(B)]

g~ ‘elNIO][N2] — EAB,- [NO(B)] (6.4)

In the steady state, population of the NO moleculesin B state is proportional
to actual values of [N] and [O]. Consequently the intensity of NO 3 system is
proportional to actual values of [N] and [O] too.

_ ke[NJ[O][N2]
2 jABj

As the result of reaction 6.1 each NO molecule produces one O atom and

consumes one N atom. The dependence Ino = f([NOJo) isthen

Ino 0 [N][O] = ([N]o — [NOJ0)[NOJo = [NJo[NOJo — (INOlo)*  (6.6)

where subscript O denotes the initial densities (without the influence of products
of reactions 6.1 — 6.2). This is egquation of parabola with one root at zero and

Ino U [NO(B)] O NJ[O] (6.5)
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Figure 6.3: Distortion of ideal case due to insufficient reaction time. The intersec-
tion of NO* and NO} curves is moving away from the correct value of 1 x 10%°
cm~2 for too short reaction times.

second root at dark point. Nice use of this fact is that by fitting of experimental
data by parabola we can determine the position of dark point precisely even from
sparse data.

In spite of the ease of use of NO titration method certain problems may arise.
The ‘ideal’ behaviour (see figure 6.2) is observed only for limited range of re-
action times. However, in many published works the authors recorded emission
spectra from the region too close to NO inlet. In that case the main reaction 6.1
is not finished and observed results are distorted (see figure 6.3). The experimen-
tal evidence of this effect is shown in figure 6.10. It is clear that there is even
no dark point any more. As a quick cure some authors [24] suggest to take the
intersection of both lines as a dark point. Unfortunately thisis not valid, because
(i) the scaling of curves will influence the position of dark point and (ii) even for
the same scale of both curves the position of intersection depends on the reaction
time. In some cases the error of such quick estimation may be relatively impor-
tant asis demonstrated in figure 6.3. Therefore it is necessary to either correct for
insufficient reaction time or even better to avoid short reaction times altogether.
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6.3 NO titration in N », — O, mixtures

When the afterglow of nitrogen — oxygen dischargesis studied, the set of reactions
6.1 — 6.3 remains the same but initial conditions are different. The solution for
sufficient reaction times (reaction 6.1 finished) has the form

Ino O ([NJo— [NOJo) ([0Jo+ [NOJo) = —(INOJo)2+ ([INJo— [OJo) INOJo -+ [No[Olo

(6.7)
In comparison with the case of pure nitrogen a new factor appears — the initial
concentration of O atoms. When concentration of O atom equals zero we get
easily the Equation 6.6, which is valid in the case of pure nitrogen. Equation 6.7
isagain an equation of parabola

Ino(X) = ax® +bx+c (6.8)

where the coefficients a, b and c follow b/a=[O]o-[N]o and c/a=-[N]o[O]o.
So by fitting the experimental dependence Ino = f([NOJ) by parabolawe ob-
tain the results

No = —b—+v/b?—4ac 6.9
2a
—b++vb? —4ac
[Olo=— - (6.10)

It isshown in figure 6.4 that one of the roots is moving with initial O concen-
tration to the value -[ O] ¢ but the second one remains fixed at [N]o asit wasin the
case of NO titration in the pure nitrogen afterglow. Therefore the dark point does
not shift and evenin presence of O atomsthe standard method of [N] measurement
by NO titration works.

Measured data exhibiting these parabolic dependencies are shown in figure
6.11 in the experimental part of this chapter.

In the figure 6.5 there is shown the time evolution of important species densi-
ties during the course of NO titration. At thetimet=0, the amount 2.5 x 104 cm—3
of NO molecules was ideally mixed with concentration 1 x 101® cm=2 of N and
1 x 10% cm~3 of O atoms. We can see that for t < 104 s the [N] and [NO]
decrease due to reaction 6.1. At timeteq, in thiscase around 1 x 10~% s, an equi-
librium between the NO loss due to reaction (1) and the production due to reaction
(2) is established. For times higher than 1 x 10~ sresulting [NO] valueis

k2[N2][N][O]
k1 [N] + ks3[O]

where [O] istotal density of O atoms, which includes not only theinitial O atoms
but also those ones, produced by the reaction 6.1. Because k3[O] < k;[N], the

[NO| = (6.11)



122 CHAPTER 6. NAND ODENSITY ESTIMATION BY NO TITRATION

NO'

101 =810 cm®

[0] ,=410"cm®

0] =2-10"cm®
01,

[0],=0cm®

14 * .
| _‘%

0 T T T T T T T T T Y T T T T 1

0,0 0,2 0,4 0,6 0,8 1,0 1,2 14

* * . 14 .
NO, NO, production rate [ 10™ particles/s ]
N
|

NO concentration [ 10 cm™]

Figure 6.4: Production of excited molecules in the course of NO titration in ni-
trogen + oxygen afterglow for various oxygen atom concentration. The nitrogen
atom concentration is fixed at 1 x 101® cm~2 and the pressureis 400 Pa. It is seen
that for rising oxygen content the dark point does not move but the shape of NO*
curve changes.

previous equation reduces to
k2[N2]
Ky
Although the NO and O equilibrium is established, there is always continuous
N atom loss due to reactions 6.1 and 6.2, which removes O and N and produces

NO, whichisin turn removed by another N and produces O and N». Time depen-
dence of N atom density is given by

[N] = ([NJo — [NOJo) exp(—2k2[N2]([OJo+ [NOJo) (t — teg)) (6.13)

[NO] = (O] (6.12)

which is exponential decay. In the case of NO titration into pure nitrogen a pro-
longation of reaction time reduces the error of measurement (when only 6.1 —6.3
are considered, of course).

However, in the case of No—O» mixture, the long reaction time is not opti-
mal because it negatively affects the error of O concentration estimation. Dark
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Figure 6.5 Time development of important species in the course of NO titration
in nitrogen + oxygen afterglow. Curves were calculated for 400 Pa, [N]p=1 X
10'® cm—3, [0]o=1 x 10¥ cm~3 and [NO]=0,1.0,2.5 and 7.5 x 104 cm~3.

point position does not move with reaction time, as it is governed by fast reac-
tion 6.1 and therefore N atom concentration iswell determined for higher reaction
times, too. However, NO* intensity is proportional to the concentration of oxygen
atoms (which does not change with time) and to concentration of nitrogen atoms
(which exponentially decreases) and thus longer reaction times deform the shape
of parabola. Thisresultsin larger error in fitting procedure needed for calculation
of [O]. In figure 6.6 it is shown how the relative error of [N] and [O] estima
tion depends on reaction time. The graph was calculated for pressure 400 Pa,
[N]o=1 x 10™® cm~3, [0] =5 x 10 cm3, density of N and O atoms was cal cu-
lated from parabola fit of NO* curve and compared with initial values introduced
into simulation.

From the analysis described here it might seem that we are able to calculate a
correction to the measured value. However, the situation is more complicated due
to the fact that the mixing of reactantsis not immediate [68]. In fact, for short dis-
tances between NO inlet and photodetector it is nearly impossibleto determinethe
value of the reaction time and as a consequence to calculate the correction factor.
So the only solutionisto increase the reaction time to a value when error of N and
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Figure 6.6: Relative error of [N] and [O] estimation as a function of the re-
action time. Curves were calculated for 400 Pa, [N]o=1 x 10 cm~2 and
[O]o=5 x 10 cm~3.

O atom estimation is sufficiently low. For longer reaction times, [N] estimation is
rather precise, with relative error under 1% which is much lower than error of [O]
estimation. Increasing reaction time resultsin increase of relative error of O atom
estimation, so it is necessary to choose the position of photodetector carefully.

In figure 6.7, there is shown how the error of [O] estimation depends on the
density of [O] atoms for two reaction times. The loss of [N] with increasing
[Q] is due to the production of NO which in turn quickly reacts with another N,
producing N». In figure 6.7 it is clearly seen that for ten times higher O atom
density the relative error of [O] determination increases only twice.

Therefore on the basis of the presented analysis we conclude that the choice
of correct reaction timeis more important than the influence of O atom density on
measurement errors.
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Figure 6.7 Relative error of [O] estimation for two reaction times. We used
400 Paand [N]o=1 x 10'®> cm~2 for calculation.

6.4 Experimental set-up

Schematic drawing of the apparatusisshown in figure 6.8. A microwavedischarge
is produced in a quartz discharge tube with inner diameter of 13 mm by means of
surfatron cavity, powered by 30 W magnetron working at 2.45 GHz. Our experi-
mentsis carried out in aflowing regime, afterglow is observed downstreamin1m
long quartz tube with inner diameter of 8 mm. Small amount of oxygen admixture
is added to amain nitrogen gas before its going through the discharge. The gases
are led from gas bottles through the mass flow controllers to a cold trap, which
removes traces of unwanted impurities, like awater or hydrocarbons. The purities
of N2 and O, were better than 99.995% according to manufacturer’s certificates.
Flow rate of O, admixture was varied between 0 and 2.5 sccm, nitrogen flow rate
being kept constant at 100 sccm. The pressure in the discharge was 480 Pa.

At the end of the afterglow tube the titration probe is mounted. Nitrogen
oxide is introduced into the flowing gas containing N and O atoms. At certain
distance (40 cm) the observing window is placed and through it the intensities
of NO*(B system, B2M-X2), NOj(yellow-green continuum, A2B;—X2A;) and
N3(1% positive system, B3Iy — A33) are recorded. The tube is bended so the
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Figure 6.8: Experimental set-up. Plasmais produced by means of surfatron cavity,
powered by 30 W, 2.45 GHz magnetron. Working gas is nitrogen with small
oxygen admixture. NO is introduced into the flowing gas containing N and O
atoms. Afterglow tube passthrough the EPR resonator. OES s performed through
guartz window.

radiation of the earlier stages does not enter into the collecting optical fibre.

For optical emission spectroscopy (OES) we used Jobin-Yvon TRIAX 320
monochromator equipped with 1200 groovessmm grating and CCD camera.
Meanwhile, the afterglow tube passes also through the measuring resonator of
€l ectron paramagnetic resonance spectrometer JEOL JES-3B operating in X-band
to measure the concentration of atomic oxygen. This method is based on reso-
nance absorption of microwave energy by the transitions between Zeeman split
levels. In the case of oxygen, the ground levels 3P ; have non-zero magnetic mo-
mentum and so they split in magnetic field. After a calibration of the EPR device
by molecular oxygen [51], which is paramagnetic too, the absolute concentration
of oxygen atoms was obtained. The advantage of such calibration is well defined
fill factor, which is not easy to achieve with traditional DPPH (diphenylpicrylhy-
drazyl) standard. The use of EPR spectroscopy to determine the absol ute concen-
trations of wide range of radical speciesisdescribed in[69].

6.5 Experimental results and discussion

Here we apply the method described in the theoretical part of this chapter to mea-
sure N and O density in the plasma afterglow.
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Figure 6.9: An example of measured NO* and NO3 emission during a course of
NO titration (left figure). On the right figure, measured data were regressed by
theoretical parabolic and linear dependency.

First we want to show that using the fitting of experimental data by theoretical
parabola for NO* and line for NO3, we can determine the position of dark point
more precisely than by the classical method even from sparse data. It is shownin
Figure 6.9, in the left figure, there are plotted the measured intensities of NO* and
NO; as afunction of the amount of NO added into the post-discharge. From the
NO*, we can conclude, that the dark point is somewhere between the last positive
value and the first zero value of NO*. Similarly, from NO3, we can conclude that
the dark point is somewhere between the last zero value and thefirst positive value
of NO5. It defines the interval, |abelled by the vertical lines, where the dark point
can be. On theright figure, the same data are plotted together with the theoretical
fits. One can easily observed, that the interval labelled by the vertical lines is
reduced. With more sparse data, this method will be even more accurate and less
time consuming than the classical one.

We wish to emphasize the often neglected fact, that in order to get N atom
concentration correctly, reaction between N and NO must be completed. In the
figure 6.10 there are plotted typical examples of NO* and NO intensities in the
course of titration for two distances between NO inlet and optical fibre. Inthe case
of shorter distance (1 cm) the reaction of N and NO in spite of being rather fast
isnot finished yet (also due to slow mixing of reactants [68]) and there is no well
defined dark point any more. These curves are in good accordance to numerical
calculations shown in figures 6.2 and 6.3.

The best way how to get correct N atom density in pure nitrogen afterglow
is to avoid short reaction times altogether, i.e. to increase the distance between
NO inlet and the point of optical measurement until well defined dark point is
observed (the case for 40 cm distance in figure 6.10 iswell beyond such distance).
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Figure 6.10: An example of recorded intensitiesof NO* and NO3 emission during
the course of titration for two distances (1 cm - red line and 40 cm - black line)
between NO inlet and the optical fibre. The reaction time for shorter distance is
clearly insufficient.

Recently a paper [55] describes the use of a method, which besides [N] per-
mits to measure also [O] by means of comparing the slope of NO3 intensity after
the dark point with and without oxygen admixture. That method iswell suited for
higher oxygen admixtures (in the order of several percents). However, for the very
interesting region of low oxygen admixtures, where steep rise of nitrogen disso-
ciation is observed, this method is not sensitive enough. Therefore we devel oped
a method for simultaneous [N] and [O] measurement using NO titration suitable
for low O densities, as was described in theoretical part. Another advantage of
our method in comparison with [55] is that no calibration measurement with pure
nitrogen is needed.

From the analysis shown before it follows that the density of nitrogen atoms
can be obtained classically from the dark point asin the case of pure nitrogen post
discharge. But quicker and more precise way is to fit the dependence of NO* on
[NO] by parabola, and from three fitting parameters cal culate both [N] and [O].

In figure 6.11 there are plotted NO [3 system intensities during the course of
titration for different amounts of oxygen admixture in nitrogen. One can see that
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Figure 6.11: Intensities of NO*([3 system, transition 0-8, A~320 nm) for varying
NO flow. Five curves correspond to 0.4, 0.6, 0.8, 1.5 and 2.5 sccm of oxygen
admixture into 100 sccm of nitrogen.

for zero NO flow, NO* is zero only for pure nitrogen, as the presence of oxygen
leads to production of NO*. For different oxygen admixtures the position of dark
point moves which indicates changing of [N]. Together with experimental points
the fitted parabolas are shown, too. From the fitting parameters then [N] and [O]
were calculated using relations (6.9) and (6.10).

In figure 6.12 there are shown the results of NO titration in the form of the
dissociation degree n=5[X]/[X2] of nitrogen and oxygen as a function of oxygen
admixture. Notable is rather high oxygen dissociation degree (nearly 20%).

We compared the results of NO titration with two other methods, which were
carried out simultaneously with the main measurements. The absolute density of
oxygen atoms was measured by electron paramagnetic resonance. The density
of N atoms was determined from OES. It is known that some vibration bands
of nitrogen first positive system (e.g. N2B3Mg v=11 -N,A3%} v=7) are caused
by recombination of atomic nitrogen and thus their intensities are proportional to
[N] squared. This method gives only relative values but it is sufficient for our
purposes.

From the figure 6.13 it is seen that all three methods are in very good accor-
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Figure 6.12: Dissociation degree of nitrogen and oxygen as a function of oxygen
admixture.

dance. Absolute values of [O] given by EPR and by NO titration as well as abso-
lute values of [N] from titration and scaled [N] from the square root of nitrogen
1% positive system intensity coincide very well.

The variation of the concentration of nitrogen atoms versus the O, percentage
was previously measured by e.g. [56] and the same behaviour as published in this
paper (i.e. steep increase of N dissociation followed by slow decreasefor increas-
ing O, admixture) was observed. Often, the increase of N atom concentration for
small O, percentage is explained by change of the reduced electric field E/N [56],
by various homogeneous reactions [56] or by decrease of the wall recombination
coefficient [70]. Depending on a purity [71] of the nitrogen gas, the [N] can be
increased even by the factor 50 [57]. The decrease of [N] for larger O, percent-
age can be attributed to the homogeneous destruction processes. In the paper [72]
the dissociation degree in the afterglow was increased even by adding the admix-
ture directly to the pure nitrogen afterglow. However, all the above mentioned
hypotheses are based on a presence of the admixture in the active discharge. It
follows that these theories can not be complete.
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Figure 6.13: Concentrations of N and O atoms in the afterglow as the function of
oxygen admixture in 100 sccm of nitrogen. The values obtained from intensities
of nitrogen 1%+ system are relative and so they were scaled.

6.6 Conclusion

A method to obtain simultaneous N and O atom concentrationsin N, and No— O,
post dischargesby NO titration from NO 3 system UV radiation was described and
influence of reaction time on the accuracy of such measurement was discussed.

Presented method is based on a fitting of the measured data points by a the-
oretical parabolic curve (equation 6.7) and it is suitable for estimation of low O
atom densities. It was shown, that for short reaction times (for our typical values
of [N], [O] and [N7] it is bellow 10~* s) there are the problems with estimation of
dark point. Increasing the reaction time improves the accuracy of N atom density
estimation in pure nitrogen afterglow. In the case of N> — O, post discharge, there
isarange of times, 104 — 102 s (again, numerical values depend on given exper-
imental conditions), where accuracy on N and O atom concentration is sufficient.
For higher reaction times, mutual reactions between N, O and NO species affect
the shape of NO* parabola and the error of estimation becomes too high for prac-
tical purposes. To obtain accurate values, it is necessary to choose the position of
photodetector carefully.
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The correctness of the measurement procedure can be verified in the pure ni-
trogen even without any calculation. The reaction time is sufficient if (i) dark
point exists, i.e. both NO* and NO intensities are zero and/or (ii) NO* curve is
parabola and/or (iii) after the dark point NO3 increases linearly. In other cases
more careful approach is necessary and reaction time should be increased. We
successfully deployed the method of simultaneous [N] and [O] measurement in
the plasma afterglow based on atitration by nitrogen oxide. It consists of fitting
the NO* intensities for increasing NO flow by a theoretical curve. We found that
the calculated values and trends are in very good agreement with the results of
other methods like EPR or OES. The measured steep increase of nitrogen dissoci-
ation, when small oxygen admixtureisadded, was observed also by other authors.
Up to now, the full explanation of thisphenomenonisnot available. Thereforethis
relatively cheap and simple absolute method, which is sensitive enough even for
low oxygen atom densities, can help to understanding of complex processes in-
volved.



Chapter 7

Summary

The main subject of thisthesisis the study of two IPVD techniques - microwave
assisted PVD and high power pulsed PVD operating with a preionization.

The microwave assisted PVD reactor consists of a titanium magnetron cath-
ode excited by a direct current and two microwave coaxial antennas located per-
pendicularly to the magnetron substrate holder axis. While a sputtered particle
difusses toward the substrate, it can be ionized anywhere between the magnetron
cathode and the substrate. In this case, it is suitable to perform the spatially re-
solved plasmadiagnostics. The main diagnostics method was modified absorption
spectroscopy which permited to obtain simultaneously the spatial evolution of ti-
tanium atom temperature and the spatial evolutionsof titanium ground state atom,
metastable atom and ion densities. An increase of ionization degree by factor 4
near the substrate and an increase of ion flux to the substrate by factor 30 was
observed, when microwaves were turned on. The total flux of sputtered parti-
cles was independent on applied microwave power. Titanium temperature was
found a key parameter to explain the titanium densities evolution. The titanium
ground state atom density decreases in microwave area mainly due to gas heating.
Titanium metastable atom and ion densities are almost independent on applied
microwave power, probably due to creation processes (electron impact and Pen-
ning ionization) which balance losses induced by gas heating. The increase of
ionization degree near the substrate is due to a decrease in titanium ground state
atom density keeping the titanium ion density almost unchanged. Furthermore,
the knowledge of the temperature variation allowed us to understand the evolution
of argon emission intensity. This effect can be explained by the cooling of the gas
on the substrate holder, which increases the local argon density. Both, argon and
titanium ground state densities are governed by the heating and by the cooling of
the buffer gas. For small magnetron cathodes, inductively coupled RF plasmain-
creases ionization degree of sputtered particles more than the microwave plasma.
The advantage of using the microwave coaxial antennas as a plasma source is
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that it allowsto support long industrial magnetron cathodes by the additional and
homogeneous plasma, which isimpossible to deal with usually used RF coil.

We advanced currently used high power pulsed magnetron sputtering tech-
nique by using a low current DC preionization to significantly reduce the break-
down delay and to accelerate the discharge dynamics. This preionization main-
tains stable low magnetron current before each high power pulse. It provides very
good process stability and reproductibility. The preionization current comes from
a stable, low density plasma near the magnetron cathode. It ensures a plasma
sheath already establish before each high power pulse. When high voltage is ap-
plied, high power pulsed operation isreached only infew ps. It allowsto adapt the
pulse duration in order to avoid an arc formation even at extremely high cathode
load. The average power set by repetition frequency is kept in a value compati-
ble with classical DC magnetron device. The high cathode load in pulse regime
was accompanied by the presence of spectral lines of two times ionized copper
atomsindicating very high ionization degree of sputtered particles. Time resolved
studies show very fast transition to stable self-sputtering regime which can be at-
tended within few ps. This transition starts with fast cooling of electrons by a
huge amount of sputtered atoms, which negatively affect Ar ionization in favour
of copper ionization. Moreover, gas rarefaction accelerates this transition too. It
was shown, that an arc free self sputtering at extremely high cathode load is possi-
bleto maintain. The high current density operation met in our case could partially
de-confine the magnetized plasma, enhances plasmaexpansion providing highion
current density onto the substrate. Thefirst results of trench filling using described
preionized process make it promising for industrial thin film deposition.

We have improved currently used NO titration method in order to obtain si-
multaneous N and O atom density in N2 — O2 post discharges from NO f3 radi-
ation. This method is based on a fitting of measured data points by a parabolic
curve. From fitted parameters of the parabola, the N and O density can by esti-
mated without any calibration. To obtain accurate values, it is necessary to choose
the position of a photo detector carefully. Thereisawide range of reaction times,
where this method gives accurate values, as was shown by comparing it with EPR
and optical emission spectroscopy results.
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