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ABSTRACT OF DISSERTATION

IONIZED MAGNETRON SPUTTERING OF Al,0;

This dissertation shows a detailed study of the conditions

necessary <for sputtering alumina using & novel variant

of ionized

magnetron sputtering (IMS) first demonstrated by Yamashita et. ali. The

study presented herein leverages concurrent research at our

laboratory

on high density plasmas, plasma characterization and charged particle

Teams research to demenstrate a new source capable of

nydrated alumina films at high rates.

sputtering

High quality ceramics such as Al-O; find uses 1in a variety of

applications, and in particular, for mass storage applications.

Conseguently, there exists an ever-growing need to provide and improve

the capability of growing thick insulating films. Ideally, the

insulating film should be stoichiometric and able to be grown at rates

nhigh enough to be easily manufacturable. Alumina 1is & particularly

éttractive due to 1its high density, Na barrier properties, and

stability and radiation resistance.

However, high quality films are often difficult to achieve with

conventional RF plasma due to extremely slow deposition

rates and

difficulties associated with system cooling. The preferred method is to

reactively sputter Al from a solid target in an O

ambient.

Nevertheless, this process is inherently unstable and leads to arcing

&and uneven target wear when magnetrons are used.

In this study, we build the sputtering source, evaluate, and

maximize the deposition characteristics of alumina films sputtered from

a solid target in an Ar/0O. ambient. Semi-crystalline (x+8) alumina has

been reported using a similar technique at temperatures as low 370 C.

The difference in the system used herein is that RF power is used for

-
=2
-
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both, the inductive and capacitive components. Additionally, we use a
solid target made cf sintered alumina throughout the experiment.

2 model 1is developed using regression analysis and compared to
results obtained. Because plasma parameters can 1interact with each
other, we explore ICP/CCP power interactions and gas influence on
deposition. The design and analysis 1s done using RS/1, which is the
industry standard for statistical analysis.

ts of this study indicate the ability to grow Al-O; at rates

b

resu
ciose to 200 A/min. The samples analyzed via ESCA show a perfect match

tc the most common hydrated phases of alumina. XRD analysis indicates

(1)

the ilms to be amorphous, but that is not unexpected given the low
temperature at which the films were grown. Film properties are shown to

pe a function of the current density flux set up by the ICP source, and

the ion energy to the target as determined by the CCP source

Patrick F. Gonzalez

Electrical Engineering Department
Colorado State University

Fort Collins, CO 80523

Spring 2000
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CHAPTER 1. INTRODUCTION

1.1 Motivation Behind This Study

The basis for this study is essentially an extrapolation
of the experiment first demonstrated by Yamashita and later refined
by Rossnagel and Hopwood® on what they called Physical Vapor

Deposition (PVD) of metals. Here, the researchers combined for the

(o)

irst time DC magnetron sputtering and inductive coupling in order to
accomplish high rates of ionization and highly directional deposition
of material. The technique was first demonstrated in 1989 to show how
metal ions could be sputtered from a solid target and then ionized as
they transversed a high density plasma region created by in inductive
coil placed inside the chamber. The ionized metal could then be
“accelerated” to the film by either grounding it or through a bias
set up at the substrate. Deposition rates were shown to be equal or
in some case larger than conventional DC magnetron sputtering.3

For this study, we modified Yamashita’s concept and adapt
it to the sputtering of ceramics from a solid target. In order to
accomplish this task, we set a high a high-density plasma by running
a time varying current though several turns of a % Cu coil outside
the chamber. The plasma was localized to a region between the
magnetron cathode and the sample position. An RF source at 13.56 MH:z
was attached to the solid alumina target to set up a conventional
capacitively coupled system to sputter off the material. At high
pressures large fraction of the alumina sputtered from the magnetron
is ionized. In the ICP region, these ions are accelerated across the
sheath of the grounded substrate holder and deposited at a normal
incidence. Because the target is an insulator, there is also a large

component of secondary electrons emitted. These secondary electrons
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serve to enhance the surface mobility of the arriving species,
thereby affecting the properties of the f£ilm. Ionization rates on the
ICP region have been reported to be upwards of 85% in the ICP zone at
pressures around 50mT. The plasma confined between the RF coils has
an increased density due to the elevated electron temperature caused
by the circular motion of the electric field. As the sputtered atoms
pass through the dense plasma they are ionized by either electron
impact ionization or Penning iconization. This high level of
ionization is reputed to change the film properties as well as
enhance the sputtering rates reported in this thesis.

It should be recognized that coatings deposited via
sputtering are always found in the state of compressive stress. This
stress 1s caused by the atomic bombardment of the film by energetic
species in a process called “atom peeing” .’ Moreover, the surface of
the growing coating is also submitted to bombardment by neutral gas
atoms, namely ions that are neutralized at the cathode and back-
scattered with an energy of the same order of magnitude as that of
the accelerated 1ions. These types of bombardment decrease 1in
magnitude with increasing plasma pressure because of the decrease in
mean free path of the sputtered target atoms and back-scattered gas
atoms. The kinetic energy of these particles is also decreased as the
power decreases.

Most applications described in literature wusing an
ICP/CCP approach have been for sputtering of metals. Notably
Schneider, ec.al.® have refined PVD further with the application to
reactive sputtering of Al.0; using pulsed DC power at the cathode.
The idea is that DC sputtering can reportedly achieve sputtering
rates close to that of metals, since the sheath potential is close to
that of the net DC bias. Nevertheless, all the drawbacks inherent to
reactive sputtering such as arcing and target poisoning are still

present. Herein, we describe what we believe is the first application

(28]
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of PVD to the sputtering of a solid alumina target at low
temperatures wusing RF for powering the inductive coil and the
cathode. More ©precisely, this thesis explores the technical
challenges behind the implementation and the solutions to these

issues:

b

How the plasma parameters interact with each other?
ii. How can we independently change plasma density and substrate
pias to affect film characteristics?

How ~an we design a source that can be run for long enough to

)
b
)

produce thick films?
iv. Is the process robust and feasible for manufacturing

implementation?

1.2 Why Inductive Plasmas

A plasma can be defined as a partially ionized gas in
which the charged species have a sufficient concentration such that
they interact significantly through Coulombic interactions. The
charged species within the plasma respond as to oppose any applied
field and to maintain overall neutrality in the plasma. The Coulombic
interactions give the plasma a fluid-like behavior, where the motion
of charged species is coupled to the movement of the neighboring
charged particles. Normally the plasma glows behaves like a fluid and
the glow fills the region in between the electrodes and wets the
surfaces in contact with the glow.

In plasma processes for the fabrication of
microelectronics, DC or radio frequency (RF) glow discharges are used
to etch or, as in this work, sputter material onto wafer surfaces.
These plasmas can produce highly reactive neutrals and ions at low

temperatures by the introduction of energy into the plasma through

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



its free electrons that in turn collide with the neutral gas
molecules.

The type of plasma discharge continuously referred to in
this thesis 1s a non-equilibrium plasma in which the electrons have a
greater average energy than the ions and neutrals due primarily to
differences in mass. A plasma 1is sustained by the introduction of
energy from an electric or magnetic field. The electrons are
accelerated by the field, thus gaining energy that is passed to the
neutrals through collisions. The low rate of energy exchange 11s in
the elastic collisions between the much heavier neutrals and the
electrons result in the significantly higher average energy of the
electrons. The electrons can, therefore, gain sufficient energy to
prcduce (through inelastic collisions with neutral gas molecules)
significant amounts of ions, free radicals, and other excited species
without appreciably heating the gas thermally. Consequently, at room
temperature, we effectively have a state where we have significant
amounts of free radicals and ions at room temperature. Since the gas
phase and surface reactions of free radicals and excited species have
lowered activation energy, the kinetics can be greatly enhanced.

Plasmas are used in all major microelectronics processes:
sputtering, plasma enhanced chemical vapor deposition (PECVD), and
plasma etching. In each, the plasma is used as a source of ions
and/or reactive neutrals, and 1s sustained in a reactor so as to
control the flux of neutrals and ions to a surface through external
means.

ICPs have been used and studied for over 100 years.
However with the recent trend toward high throughput single wafer
renewed interest 1in high-density plasmas has emerged. While most
production systems as of today (1996) are capacitively coupled,
inductive plasmas are becoming increasingly important due to several

advantages over its predecessors. Although the knowledge base for ICP

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



has exploded during the recent years, there are still issues that are
openly debated. One, for example, is about the true nature of the
discharge, since inductive discharges have a capacitive component,
which becomes stronger at low input powers.

In the sputtering system designed for this work, a % Cu
coil is wrapped several times around a gquartz chamber. This creates a
capacitive coupling to the plasma in addition to the inductive
coupling, that 1is in fact, necessary to light the plasma. In some
cases a significant sheath can be created such that it becomes
necessary to minimize this effect to prevent sputtering from the
coil. Indeed this is a topic of continued research, where significant
contributions to the understanding of parasitic capacitive effects
have come out of another group under the supervision of Collins,
et.al.-

Methods most often used to reduce the parasitic
capacitive coupling include inserting a conducting shield (Faraday
shield) around the discharge chamber to short out the axial electric
fields. Such a shield was originally part of the source used in this
report, but later taken out when it was found that the films had very
low impurities, an indication that sputtering from other sources
other than the target was not occurring. Additionally, the plasma was
very difficult to light with the shield in place.

One of the more attractive attributes of ICPs are the
ability to operate at a higher plasma density (10'7-10'% m™®) and low
pressures (1 - 50 mTorr). The ICP is excited and sustained by passing
radio frequency (RF) current through a coil adjacent to the plasma

region. The RF magnetic flux generated by these currents penetrates

oB
into the adjacent discharge region. Using Faraday'’s Law, VxE = ——

o’

one can see that the time varying rf magnetic flux density B induces
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a solenocidal rf electric field E . It is this circular electric field
that accelerates the electrons in the discharge and sustains the
plasma. It is precisely these circular fields which cause circular
currents which minimizes the electron losses to the walis. In
contrast, the E field 1in a <capacitively coupled system |is
perpendicular to the substrate, causing increased electron losses and
& less dense plasma.

Typically, a dielectric window made of glass or ceramic

separates the plasma and coll. The most common materials are quartz

Si0-; and alumina (A1-0;). Although the geometric variations are
endless, figure 1.2.1 shows the two most common source geometries for
ICPs.

As mentioned, ICPs create higher density plasmas, which
in turn imply more collisions between molecules and decreased mean
free path. Higher plasma densities alsoc decrease the sheath thickness
S., since it is roughly proportional to (1/n;)°. It should be obvious,
then, that the ions will impinge on the substrate with less energy
than 1in a purely capacitive system, leading to less film damage and
reducing the chance of film re-sputtering. (The interested reader is
referred to chapter 2 for further details on the Child-Langmuir
equation, from which the relation between s, and n; is derived.) In
turn, low pressure reduces the potential for contamination from gases

onto the wafers and enhances the directionality of the ions.
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Figure 1.2.1 Inductively driven reactors in a)

cylindrical and b) planar geometries from Lieberman®

Figure 1.2.2 demonstrates schematically the system
designed to prove the ICP aided sputtering concept. The original
intent was to develop a very compact source using the planar
configuration. In practice, however, it was gquite complicated to
shield the inductive fields properly as to allow for individual
sdjustment of the power supplies. This is one of the reasons we
zdopted the alternative cylindrical configuration. The plasma 1is
likewise cylindrical in shape. Due to the low-pressure regime in
which this system is run, the plasma diffuses throughout the chamber

so that it nearly homogeneous throughout, even though the conductive
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plasma near the edges tends to shield the bulk plasma from the RF
fields. The skin depth & for a 13.56 MHz inductive plasma is

typically a few centimeters. Therefore, most of the electron heating
takes place in the region close to the window through which the

magnetic field is most intense.

ALO; Target
Match Network # |
Mateh Network # 2
\ Quartz Chamber
13.56 Mhz

Power Swpply —° 13.56 Mis

Power Sesslv *

Figure 1.2.2 Final Configuration of Alumina Sputtering
System.

1.3 Potential Applications

Applications for this technique are varied. Most notably

ceramic coatings grown at low temperatures can be deposited onto

polymers for packaging applications where high gas barrier properties
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are needed. Key elements for such usage is a dense microstructure and

a high rate of deposition. More importantly, the entire process must

(g}

ake place below the melting point for such polymers, which may be
quite low. The reactor tested herein is capable of depositing thick
amorphous alumina films at the low temperatures that may be regquired
for deposition onto polymers or other substrates incapable of
tolerating high temperatures.

Another very important application for this type of
research is for magnetic head applications. The magnetic data storage
industry is undergoing & trend of increasing recording density at a
compound rate of abut 60% year. This requires, among other things,
thinner insulating layers, so called gap layers, between the pole
pieces, and between the shield in the case of a magneto-resistive
(MR} head. Currently, gap-layer deposition 1is achieved though DC

puttering, where issues such as thickness and stoichiometry control

w0

re difficult to achieve.

[\

Simplified sketches of & magnetic recording head are
shown on figure 1.3.1. The view from the top of the writing head
shows a spiral coil wrapped between two layers of magnetic material.
We note that at the lower end there is a gap between these layers,
and their upper end, these layers are joined together. The N-S poles
at the gap end of the writing head concentrate the field to make this
region the “working” end, which is the area where the writing fields
leaks into the space outside the head. When a magnetic storage medium
({ & spinning computer disk, for example) is put in close proximity
with the writing head, the hard magnetic head material on the disk

surface is permanently magnetized (written) with a polarity that

matches the writing field.
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CURRENT CURRENT

TOP POLE
BOTTOM POLE

Figure 1.3.1 A typical magnetic writing head

The “gap” between the top and bottom poles of this

ic head can be several microns thick and is normally filled
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& dielectric such as Al-O:. Because of the thickness required

d uniformity needed, deposition 1s normally done by reactive

o

sputtering. However, issues such as thickness control and oxygen
stoichiometry have been a challenge.® Additionally, fiim quality is
cf foremost importance, given that the recording heads fly very close
to the surface of the magnetized disk. One is faced with the dilemma
of producing film at a rate fast enocugh to make manufacturing viable
while maintaining the proper physical characteristics of the desired
films. The system tested herein attempts to fulfill this need as
well.

Another application of alumina films in the near future
is for replacement of silicon dioxide as gate dielectric. Good
guality alumina films have a dielectric constant of around 12, or 12
times more electrical charge than air and approximately three times
more than SiO-. Armed with three times the electrical charge of

silicon dioxide, alumina films might enable a factor of three

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



reduction 1in the size of <transistors. This is particularly
interesting, since SiO. technology will soon reach its limit. That'’s
because as the thickness of a silicon dioxide dielectric becomes
smaller, a quantum mechanical tunneling effects causes electrons to
leak out and make the transistors less efficient. If thin alumina
films carry three times the charge for the same thickness as silicon
dioxide, it may be possible to make the alumina film three times
thicker than it would be required for silicon dioxide and achieve the

same results.

1.4 Advantages Over Existing Techniques

Because of the insulating properties of dielectrics, a
time varying field is necessary for sputtering from a solid target.
This is traditionally accomplished by coupling RF power to the
target. Normally, a noble gar such as Ar is added to the chamber
whereby the ionized gas mechanically causes the release of material
from the target. The electric field that attracts the ions towards
the target also repels the electrcns from the target into the plasma.
In <this configuration, the ion density and ion energy are thus
efrfecrively coupled. The discharge created by the application of this
time varying field creates both 1ions and electrons. Electrons,
however, are rapidly lost to wall recombination due to their higher
mobility. If reducing losses to the walls could enhance the lifetime
of these electrons, then the plasma intensity may be enhanced. This
has given rise to the so-called magnetron systems.

Here a static magnetic field is superimposed over the
target. The electrons will tend to follow the paths of the magnetic
flux lines, so that one is effectively increasing their path length
as shown on figure 1.4.1. Magnetrons have been shown greatly increase

the deposition rate of [metallic] materials by increasing the
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ionization rate.? The superposition of a magnetic field over can help
o increase the plasma density. However, this 1is not often enough to
significantly raise the sputtering rate in dielectric material such
as Al-0:. Even worse, magnetrons can have undesired secondary effect
of causing uneven erosion of the target material.‘’

Clearly, there should be a better way to increase the
plasma density and hence the sputtering rates of dielectrics so that
one can achieve rates comparable to metals and possibly eliminate
secondary effects of uneven wear of the target. Such a result can be

achieved rather simply by inductively setting the plasma density and

capacitively sputtering macerial. Additionally, the “dynamic”
magnetic field set up by the inductive coil also has the advantageous

effect of preventing lccalized erosion of the target. From the
manufacturing standpoint, we obtain the additional benefit of

lengthening the life of the target and ultimately save on cost.

Magnetic
Magnet Poles Field Lines

Hopping
Electrons

1

Figure 1.4.1 A Typical Planar Magnetron from Chapman.!

12
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In PVD, one sputters atoms into an inductively coupled
plasma (ICP) region, producing high ionization fractions. The atoms
are lonized in the high-density plasma, where they eventually fall
across a thin sheath that appears across the substrate. (Note that
due to the varying degree of mobility between the ions and the
electrons, there will always be a sheath formed as to reduce the loss
of electrons.)

If the chamber is at low enough pressures, then these
ions fall across the sheath in a highly collimated fashion. The
energy of the ions impinging on the surface then can be controlled by
applied bias to the substrate if necessary. By monitoring and
controlling the intensity of the 1ion bombardment, the physical
characteristics of the film can be altered. In this study, we set
the bias on the substrate bias to zero by directly connecting it to
ground. Based on our plasma potential measurements by Langmuir probe
technigue, we find the sheath potential on the order of 40 V to 50 V.
This is sufficient enough to assure directionality without running

the risk of inducing material re-sputtering from the sample.

1.5 Alternative Approaches

For the deposition of thin films, magnetron sputtering is
extensively used because of its high rate, ease of use and quality of
the deposited films. Recently, researchers have taken this original
idea and added the functionality of ICP, demonstrating applications
to the deposition of alumina thin films with good results.’ By
modifying the magnetron from straight DC to pulsed DC power, they
were able to achieve: 1) high deposition rates ( 76 % of metal
deposition rate) 2) polycrystalline material at relatively low
substrate temperatures ( T< ©500) and 3) densities and hardness

comparable to the sapphire standard. Schneider’'s innovative approach

13
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is an encouraging advancement for potential applications that can
take advantage of this technology, namely magnetic read-write
heads’, diffusion barriers for semiconductor applications®®,
corrosion resistant coatings-®, and food packing‘®.

Yamashita was one of the first ones to exploit the
benefits of plasma densification when he immersed a helical coil
inside a chamber with a metal target DC biased at one end."
Rossnagel, et. al. Realized the utility of this approach and sought
tc combine it with DC sputtering of solid metals to create a flux of

icnized species that could fill damascene structures.'® Schneider,
et. al. changed the approach to sputtering by implementing pulsed DC
in an effort to reactively sputter alumina from a solid Al target in

an O- ambient.‘’ In this thesis we refine the approach to sputtering

alumina by implementing two important changes:

i. sputtering from a solid alumina target with Ar instead of

reactively making alumina and,

[N

(o

using RF magnetron sputtering instead of DC.

Judging from the efforts and interest on inductive plasma
processing, there is a continued need for improvements that yield
simple and more robust processes. The study presented herein
attempts to do just that by building on the proven concept of
ICP/CCP combination and simplifying the current sputtering
techniques.

Traditional arguments against sputtering from a solid
alumina target have been the historically low rates and the
manufacturing difficulties arising from having to use large power
densities. Nevertheless, we show that by taking a few precautions,
namely proper c¢ooling and shielding, we can achieve decent

sputtering rates of alumina films with nearly perfect

14
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stoichiometric. Additionally, by utilizing response surface
methods, we gain further insight into the interaction between the

plasma parameters that maximize the growth rate.

15
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CHAPTER 2 BACKGROUND THEORY

A general 1idea of the theory 1is always helpful to
understand the effects that are at work in this thesis. Consequently,
this chapter will describe the development of key equations from some
very basic concepts. We do not show explicitly the derivation, but
rather give references for the reader who 1is 1interested on the
details that are 1left out. The principal aim is to explain the

fects of variations on the plasma that 1lead to the properties

rh

e
sought after for the deposition of thin films.

The important notions for understanding a plasma
discharge are reviewed from basic principles. The development follows

closely to the self-consistent approach developed by Lieberman and

® Because the

Lichtenberg on their book about plasma discharges.-
plasma system is dynamic in nature, we choose to look at the global
picture when necessary, and therefore, apply average values to look
at macroscopic picture. The inter-particle collisions are considered

independently of the larger scale fields to determine an equilibrium

distribution.

2.1 Particle Distributions in a Plasma

The experiments described herein deal with partially
ionized gases that are composed of 1ions, electrons and neutral
species. The electrons undergce collisions with neutrals, producing
excited species, free radicals, ions and additional electrons. The
typical reactions that take place in the plasma as a result of

electron collisions are:

16
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i. Excitation: (rotational, vibrational)

A- + @ -> A-" + e

i. Ionization

peae

A- r e => A" + 2e”
1ii. Dissociation
B+ e -> 2A + e~
iv. Dissociative Attachment

A + e -> A" ->A + A~

Dissociative processes usually have a lower threshold than ionization
processes.

In our experiments, the plasma-state is created by the
introduction of energy through electric fields as in the capacitive
case or magnetic fields, as in the inductive case. The electrons,
which couple the fields to sustain the plasma, lose their energy to
the neutrals though any of the processes mentioned above. The rate of
energy transfer in these elastic collisions 1is low due to the
electron mass being much less than that of the neutrals. Because the
density of the particles 1is low and the fields are strong, the
electrons lose energy too slowly to be in equilibrium with the
neutrals. In the experiments to be described here, typical values for
the glow discharge are as follows: Plasma density of 10° to 10*° per
cm®, ionization 0.1 %, average electron energies of 1 to 10 eV, and
average neutral or ion energy of 3/2 kT or about 1/25 of an eV.

The electron-velocity distribution plays an important
role in determining the properties of the plasma. Once we know it,
the transport properties of the ions can be derived. As suspected,
the electron-velocity distribution is a function of the strength of
the field that sustains the plasma as well as the concentration of

neutral and charged species within the plasma. The electron velocity

distribution function f(r, v) represents the concentration of

17
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electrons at a particular point in space, r, that have a velocity
vector v, so that the concentration of electrons 1is simply the

integral of the distribution function over all space:

n = H fdv 2.1.1

The particle flux is then simply n < u >, where u({r, t) is the mean
velocity. The exact form of the electron-velocity distribution can be
derived from the Boltzman transport eqguation, which is an electron
energy balance over a differential element of real and velocity

space. We present here the general form taken from Lieberman’s book:

if_.f.v.vrfd;.S_E_.V;_f:o—f- - 2.1.2
ot j m ot 'ee=-

The first term represents the change in the number of electrons
within & volume that have a certain velocity. The second term
represents the net number of electrons lost or gained by movement of
electrons in or out of out differential volume. The third term is
indicative ¢f the change in the number of electrons at a given energy
cdue to their acceleration by the electric field. In addition to the
flows in or out of our differential volume, we can have very rapid

appearance or disappearance of electrons due to collisions with other

particles in a time scale shorter than the evolution of f(r, v).
These are represented by the term on the right hand side of cthe
equation. Holt and Haskel present a more rigorous derivation of the
Boltzman egquation 2.1.2, and the interested reader 1is referred to

ic.-
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The function f£f(r, v) can be broken into isotropic and
anisotropic terms. The isotropic term represents all the electrons
that have a random direction and velocity distribution, but do not
follow the electric field. The anisotropic term represents those
electrons that have a favored direction caused by the electric field

or concentration gradient. To solve for the electron distribution

function, one normally assumes that the function f(r, v) can be

. ; o} . 3
represented as a linear sum of the isotropic f and anisotropic
’ < v: -1
terms f', so that f(r,v) = £~ + — £ .
v

Substituting the expanded form of the electron velocity

function back 1into the Boltzman equation and simplifying, one

obtains:
or- v s eEa o(v-£') _ of =0 2.1.4
ot 3 3mv- ov ot oo
and
or + vV _Ff° - eE of _ of . 2.1.5
ot ) m Ov ot 'e°i

We note here an important point. Equation 2.1.4 gives the
time rate of change of the isotropic part of the distribution given
the anisotropic part. We set it equal to zero in the limit that the
anisotropy is small. This equation would be used to find the electron
energy distribution in the absence of spatial gradients or electric
fields. It may be used to find the distributions at a certain
temperature when the electrons and neutrals have reached equilibrium.

However, this is rarely the case in gas discharges.

19
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Equation 2.1.5 is to find the anisotropic portion of the

distribution given the isotropic part. This would be used to find the

electron distribution in an rf field. Many of the plasma
cheracteristics at low ©pressure are derived from here. The
coliisional term on the right side of the equation represents the

Coulombic, elastic and 1inelastic <collisional loss terms. The
Coulcmbic term 1is significant only at very high plasma densities
found on nuclear fusion or perhaps high-density plasmas found on
helicon or eCR systems.

Coulombic interactions become important when the
ionization 1s perhaps on the order of 1%. The elastic collisions
between the electrons and the neutrals lead to general heating but
little exchange of energy due to the differences in the masses. They
account for a significant randomization of the electron velocity
distribution and greatly reduce the anisotropic nature of the
electron velocity distribution. The inelastic collisions account for
very little of the transport properties of the electrons. However,
they do have a major effect on the distribution of velocities of the
electrons and most importantly, on the physical and chemical
properties of the plasma. It 1is the inelastic collisions that are
responsible for the generation of iornized and excited species.

Suppose a sinusoidal electric field 1s 1imposed on a

homogeneous plasma in the form of E(t) = Re E_e’™ . Consequently the

anisotropic term of equation 2.1.5 in the distribution function

becomes:

ek of°
m(v, + iw) Ov

f'

!

N
=
[o)]
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where o is the frequency of the field , v, is the elastic collision

frequency for electrons and i is «—1. Additionally, we point out

at the 1isotropic term may be considered time 1invariant for

1
o8

tt

requencies greater than the relaxation time of the electron energy

v elastic collisions.

o

.

When calculating the collisional kinetics of & plasma

used in microelectronics fabrication, only the isotropic distribution

o . : . . - .
f is considered. Since the elastic collisions of electrons with

neutrals are very frequent, they sufficiently randomize the field-
induced directionality of the electrons, so that the anisotropic term
can be neglected.

If we take the electric field to be low in the plasma,
few electrons will suffer inelastic collisions, since the energy
transition for inelastic excitation processes will exceed the energy
of most electrons. Taking these assumptions, we substitute 2.1.6 into

2.1.4 to obtain after considerable simplification:

or° | e’ E:M i
—|—=— + kT, | + mvE =0 2.1.7
ov | 3m v l
which has a solution:
. Y mvdv
- = C'exp - I 2.1.8

k,T, + e EIM [ 3m’v,

For the case where the elastic collision c¢ross section varies
approximately as the reciprocal of the electron velocity (which is

most of the cases), Vv, is independent of the electron velocity. In
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this case, equation 2.1.8 reduces to the well-known Maxwell-Boltzman

distribution:

£f° = Ce “Fe: 2.1.9
e*E’M EY
with Kk.T., = — —
T em v p

Here we have implicitly stated that the collision frequency v, is
proportional to the density of the gas particles with which the
electrons collide and is proportional to the pressure. The electron
energy 1is therefore a function of the electric field to pressure
. E
ratio —.
p
If the collision cross-section is assumed to be
independent of the electron velocity (acting as hard spheres like He

and H:), the distribution is called Druyvesteyn, and has the form:

( :]—
2
2.1.10

e’E:M / émN°o

We note that the mv-/2 factor now has a square dependence and the E/p
factor still remains. This distribution 1is more applicable ¢to
conditions where the E/p is high and the collision cross-sections are
independent of electron energy.

For the Maxwellian distribution, the high-energy tail
decreases as the exponential to the negative second power of the

electron velocity, while the Druyvesteyn distribution declines as the
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exponential to the negative fourth power. Thus the Druyvesteyn
distribution predicts fewer high-energy electrons that can produce
ions upon collisions. As the ionization increases, as one would
expect with an ICP, the distribution becomes more Maxwellian. This is
a result of the increased electron-electron scattering making the
energy exchange within the electron population rapid, reducing the

importance of the accelerating fields on the electrons.
2.2 Charge Particle Transport

Equation 2.1.1 describes the concentration of electrons
in a finite volume. From here, the conductivity o of the plasma can
be derived from the flux of electrons that occurs when an electric
field is imposed upon the plasma. This is of interest, since we gain
an insight into the transport properties of the electrons within the

plasma. The flux vector I is calculated from the electron

distribution such that [ = n < v >= II vidv.
sx

We recall rthat <the response of the electrons to an
applied electric affects only the anisotropic term of the
distribution. We refer back to eguation 2.1.6, which we obtained by

imposing an electric field to obtain:

J = —el = _ ine EI - —dv = OE 2.2.1
3m Y (v, — iw) ov

using the definition of the conductivity to be J = GE. We assume
that the primary charge carriers of the plasma are the electrons and

that the ions do not appreciable contribute. This assumption is a
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fairly good one, since at 13.56 MHz, the more massive ions gain
little energy before the field reverses.
Simplifying the above equation for the conductivity, one

obtains:

The real component relates the electric field strength to the current
density that is in phase with the electric field. The imaginary
component relates the component of the current density that 1lags
behind the electric field, with a 90-degree phase shift. Under
typical plasma conditions, the imaginary component of the
conductivity 1is small, since the electrons suffer very freguent
collisions with the neutrals with respect to the field frequency, so
that the energy gained by the electrons form the field is rapidly
reandomized into isotropic electron energy. Under very low pressures,
the plasma tends to store energy by accelerating and decelerating
electrons, thus acting similarly to an electrical inductor. In
practicality, since the resistivity is just the inverse of the
conductivity, what we are really saying is that almost all of the rf
voltage 1s dropped across the sheath regions and very little across
the bulk of the plasma.

A net flux of electrons also results from spatial
concentration gradients of electrons within the plasma. The
calculation of the flux need only consider the anisotropic term of

the distribution function that represents the spatial concentration,
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since the isotropic portion cancels itself out. To accomplish this we
sclve equation 2.1.5 considering a steady state condition with a non-

zero density gradient and DC electric field. What one obtains is the

anisotropic term consisting of the product of the mean free path and
the ccncentraticn gradient:

The total flux of electrons is then the result of the
integration of the anisotropic term over all velocity space, which by
definition, must be equal to the product of the diffusivity and the

concentration gradient:

. IV f°dv = -DV.n  2.2.5
3 n ° v :

so that with simple algebra, the diffusivity becomes:

k-] v R
I—— : 2.2.6
V

ol hA

in
3

For a Maxwellian distribution with an elastic collision frequency
that is independent of the electron speed,

this reduces to :
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We zlso point out that the diffusivity D given by 2.2.7 is related to

the mcbility W by the Einstein relation W = Jgi D

kT

At this point it is important to review a few important
concepts. The energy that sustains a glow discharge is transferred
primarily via the free electrons within the plasma. It is then
dissipated by <collisions between the electrons and the other
particles. Ultimately, it 1is converted into heating, excitation and
disscciation of the gas as well as into photon emission from the
plasma. The average power transfer from the electric field to a

sma is much like Ohm’s law, where the real part of cthe

[\1}

pl
conductivity o, is divided by the square of the electric field
averaged over the entire cycle.

The concentration of charged particles 1in a typical
plasma process is not constant, because the charge carriers recombine
at any surface in contact with the plasma. The recombination or
neutralization 1is very rapid and take place with nearly unity
probability for charged particles striking a surface. The
concentration of charged carriers, therefore, must approach zero as
the surface 1s approached. In weakly ionized plasmas, which is the
case throughout this thesis, the Coulombic interactions between the
charges can be ignored and we can write an equation so that the

diffusive and creative elements balance each other. This is generally
reduced to solving the diffusion equation V - I = n,v, which says
that the diffusive element must be equal to the creative element
(ionizing collisions), and I is given by 2.2.5. The diffusion

equation simplifies to:

D,V-n, + n,v, =0 2.3.1
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For any given reactor shape, the concentration of charged species in
a2 plasma can be calculated using the boundary ccnditions that the
concentrations must be zero at a surface. In other words, the charged
species are rapidly neutralized on collision with the surface.

The solution for the above equation is well known.
Considering the one-dimensional case with the chamber length L for

example, equation 2.3.1 takes the form of:

“n
- D, — = n,v. 2.3.2
dx- )

with the boundary condition that n(0) = n(L)=0. The fundamental

solution of the above equation is:

n(x) = n, sin(Bx) 2.3.3

‘ ) v, T 1
with nr. the center density and B = == = |- = —. The
D, L

characteristic diffusion length A is a term that 1s used to compare
the relative rate of diffusion losses among systems with different
geometries.

At this point, let us briefly note that the boundary

conditions that n(0)=n(L)=0 are not self consistent since they lead

to an infinite velocity at the edges, since u(x) = This is due

n(x)
to the fact that near the walls, the plasma guasi-neutrality of n.~n:
does not hold. On the other hand, near the walls the electron density
is much lower than the ion density, since the electrons have a higher
mobility and they are depleted at a higher rate as they hit the wall
surfaces. (This 1is the region we call the sheath, and shall be

explored in greater detail later on.)

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Since the bulk of the plasma is neutral in charge, an
equal number of electrons and positive ions are created in the

plasma. This means that the net surface flux for a steady state

discharge is a container must be neutral or D n, = D,n,. This does

not mean that he concentration of charges species must necessarily be
equal, Jjust the flux coming into the plasma must equal the flux
exiting the plasma.

When the Debye length (the distance at which a plasma can
have a charge imbalance, or the distance at which the plasma appears
to be uniform gas of neutral <charge) is greater than the
characteristic diffusion length A, a space charge E,. can be created.

This imbalance of charge dominates the characteristics of these lone
charges such as their diffusivities. In order to keep neutrality, the
net charge must be zero. Discharges used throughout this thesis
normally meet this criterion, except in the sheath region where the

sma contacts the surface. Under these conditions, the fluxes

[\]]

pl
caused by the diffuse elements must be equal to the field driven

diffusion, so that we have:

w.nE._. -DVn = -D,Vn, — nu,E 2.3.4

52

ST

Solving for the electric field E ., one obtains

D, — D, Vn
B + 1. N

Using the above expression for the electric field and recalling that

I = nu = *unE - DVn, the one obtains after some manipulation the
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result that [ = ——D3Vnwhere D, 1is called the ambipolar diffusion

u.D, + p.D,
“’; + l“l‘e

given by D, =

In weakly ionized plasmas, which is the case throughout
this thesis, the electron mobility is much larger than the 1ion
mobility, therefore the ambipoclar diffusion coefficient can be

ied to

th

simpli

We can safely assume that in weakly ionized plasmas, the ions are in
thermal equilibrium with the neutral gas and their temperature is of
the crder of the room temperature. However the electrons are far from

equilibrium and their temperatures ranges from 1 to 5 eV so that we

T»ﬁ
can simplify the above equation even further so that D, = — D,
T

2.4 Sheath Formation

When the plasma comes in contact with a surface, it 1is
perturbed and forms a sheath that is often very visible due to the
plasma brightness. In an homogeneous plasma, a charged particle moves
relatively freely. However, in the sheath region, the charge carrier
density drops to the point that he assumption of neutrality is no
longer valid and an electric-field forms to prevent the electrons
from leaving.

The Child-Langmuir law describes this space charge
region. The assumptions inherent in this equation is that the sheath
is collisionless and all the ions enter the sheath with a pre-defined

velocity which we call the Bohm velocity
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Bohm proposed that there should Dbe quasi-neutral
transition region rather than an abrupt change from the bulk plasma
To a space charge region. This was based on empirical measurements
that indicated that the net ion current flowing to a ncn-floating
object (e.g. cathode) was considerably greater than it was predicted

by the model which had the sheath and bulk plasma joining at a

discrete plane:

u(Q) = = 2.4.1

This equation indicated the speed that the ion attains upon entering
the sheath. Interestingly enough, the ion speed is dependent on the
electron temperature T,!

When a potential is seen by a plasma, the electrons in
the sheath move to oppose the applied electric field, causing an

imbalance of charged species in the sheath. This imbalance is known

as a space charge p. The electric field can be calculated using
Poisson’s equation:

v
AV _ P _ 2 (0) 2.4.2
dx- €. €,

Using conservation of energy, we likewise obtain:

1/2mv- = eV 2.4.3

where V is the potential. We can substitute the above equation into

2.4.2 to obtain:
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where we have used the fact that the current density J = nqv and the

g=e for this case. To solve this eguation we multiply this equation

on both sides by —— and then perform the integration with respect

to the direction traveled to obtain:
4 [(2eY7T vt
J = —g;| — _— 2.4.5
9 m X

2.5 Conclusion

The treatment of plasmas that has been shown in this
chapter 1is sufficient for the understanding of most phenomena in
semiconductor plasma physics. As we have seen, a plasma can be
thought of having an isotropic and an anisotropic part. We equated
the anisotropic part to an electric field to derive the electron
distributions. We then took the anisotropic term for one of these
distributions and determined the conductivity and diffusivity of the
plasma. We then equated the diffusivity portion with the ionizing
collisions through the diffusion eguation to determine the density
profile and sheath velocity. We then used the sheath velocity and
Poisson’s equation to derive the Child-Langmuir equation. It is this
equation which describes the electrical properties of the plasma.
Because we are combining two sources of RF power to independently
tweak the density and energy of the ions, it 1is important to
understand the parameters that govern the effects seen in this study.

In this thesis we also use an inductive source to set the
plasma density which significantly complicates the plasma dynamics
involved. Recalling that the coil is wrapped around the cylindrical
chamber, there is a small sheath produced in front of the quartz. In

inductive discharges, the sheath is generally in the order of a few
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Debye lengths and the sheath voltage on the order of a couple of
volts.

In order to fully describe the plasma, one must overcome
significant mathematical hurdles, which have no closed form
solutions. In most cases, the solutions can only be found through
numerical methods. Although this is beyond the scope of this thesis,
at least a general overview is presented since it is germane to the
tcpic of discussion.

To begin with, the Child-Langmuir approximation is time-
averaged model bpbased on space charge limited ion current in the DC
sheaths. A more accurate model that takes into consideration the
inductive coupling is a dynamic RF sheath model for an arbitrary
sheath voltage and collisionality of Godyak and Sternberg = -3

We have already explained the basics of an RF sheath
through the development of the Child-Langmuir law. This theory is
used to describe the space charge limited dc ion current to an
electrode (grounded or negatively biased). This approach 1is
applicable when the dc sheath voltage is much larger than the
electron temperature T, that controls the ion velocity at the plasma-
sheath edge. We also assume collisionless ion motion and initial ion
velocity equal to the Bohm velocity already given. In using the
Child-Langmuir theory, we neglect the oscillating motion of the
plasma-sheath interface. However, since ions essentially respond to
the averaged dc component, a reasonable argument can be made for
applying this model

Comparing the results with the more sophisticated GS
(Godyak-Sternberg), one can be expected to obtain a sheath value 11%
larger for a collisionless case (low pressure) and 15% smaller for
the <collision-dominated case. (high pressure). These are not
exceedingly different values, but it is worth mentioning for

completeness. Additionally, the disagreements become more pronounced

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



for small RF sheath voltages due to the existence of a residual dc

v

sheath voltage as —=% — 0. As a matter of fact, for small RF

S

voltages, V.. approaches the floating potential which is typically 12
to 15 V This directly contradicts the wide spread assumption that the

dc sheath voltage is proportional to the RF sheath voltage.-®
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Chapter 3 MODELING AND MEASURING TECHNIQUES

In this chapter we describe the transformer model for

inductive plasma. The model serves as an easy way to relate complex

plasma parameters to & graspable circuit, which explains most
ohenomena that, takes place 1in our reactor during processing.
Additionally, we present a brief background o©on measurement

techniques, which we use to characterize the film properties and the

3.1 Transformer Formalism

Attempts to model the inductive coupling between the coil
and the plasma are numerocus. Some of the first attempts date back to
the 1930’s."® The main idea has been to consider low-pressure
inductive rf discharge as a secondary of an air core transformer.
Such an approach 1is still widely accepted and provides good
information about the discharge behavior.

Inductively coupled REF discharges <can provide high-
density plasma with low ion bombarding energy. In an inductive
discharge, the plasma is created by applying rf power to a copper
coil, resulting in the breakdown of the process gas within or near
the coil by the induced electric field. In this study we used a two-
turn coil which can be represented as the primary windings of an air
core transformer. The plasma can then be considered as the secondary
windings of the transformer. Using this formalism, one can derive
some simple and useful relationships between the impedance
characteristics and the physical properties of the plasma.

If we assume the transformer formalism stated above, then

primary coil has an inductance L. (X, + X,, and a resistance R;. The
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secondary discharge inductance can be considered to have three
components, & geometric inductance, an inertia inductance and a
plasma resistance. The electrical properties of the plasma are
described by the plasma conductivity as previously stated form
equations 2.2.2 and 2.2.3. Considering the case where the collision

frequency 1is much larger than the applied rf frequency, one obtains

from 2.2.3 what we call o.. that signifies the plasma resistance and

e n
is simply G- = . This value is representative of the plasma
mv

Jeed

resistance that appears on the secondary of the transformer model as
R, .

Two inductive elements must be taken into account on the
plasma for the transformer model. But first, we must consider the
premise that the plasma forms current path that surrounds the primary
coil and can be considered as a secondary of an air core transformer.
Since the primary coil 1is surrounded by a conductive fluid (the
plasma) and makes a closed electrical path about the primary coil,
the premise of a secondary winding appears entirely reasonable.”’ The

result 1s that the geometric inductance L. can be deduced from

classical transformer theory. A gcod approximation has been put forth
by Piejak, et.al as L. = L, — — where r- is the radius of the

discharge path, r; the radius of the primary coil and n is the number

of turns.

The inertia inductance element is harder to define and
essentially comes out of the imaginary component of the plasma

conductivity as expressed by 2.2.2. We can consider the imaginary

part of the plasma to be either a conductor with & conductivity ©; or
& dielectric with permitivity €.. If we consider the permitivity

instead, we find that at frequencies where w<®, (the plasma
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frequency), which is true of most discharges, g; < 0. A slab of such
a plasma of width 1 and cross sectional area A then has a capacitance
C = €A/l that is negative, corresponding tc an impedance Z = 1/(juC)
that is inductive. In the transformed model, this element is
represented &s Lp

Piejak, et. al have made a nice model where he has taken
the above plasma considerations and proposed a circuit model which is
shown on figure 3.1.1. We do not show the eguations used to derive

nhe plasma side, although the

o

the elements o©of the transformer on
reacder s encouraged to review Pieijak’s paper fcr the details. The
circuit model is particularly useful, since with the aid of a vector
vocltmeter or a commercially available directional coupler, one can
make the necessary measurements on the primary side of the

cransformer and deduce many properties of the plasma.

+ — AAAA— YA & o —
— +
R
Iq P
V1 vV
2
I X
¢ m ) Lp
- c o~
e N1 e
coil plasma
Figure 3.1.1. Circuit model for an inductive plasma from Piejak,
et.al ¢
The transformer formalism described above shows

intuitively the advantages that inductively coupled sources have in
generating a dense plasma with high ionization levels. As shown

above, inductively coupled rf discharges couple power through an
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oscillating magnetic field. The oscillating magnetic field induces a
current in a conductor such as a plasma that opposes the magnetic
fields by creating an equal current flowing in the opposite
direction. This 1is the classical transformer effect where an
inductive current induces an egqual current in the opposing winding.
Due to the circular induced path, the loss of electrons in minimized

Power transfer tc the electrons happens within the skin
depth. With inductive coupling, the electron heating occurs by the
induced currents near the inductive coils where the sheath is small.
Heating in the sheaths is primarily resistive in nature. Since the
power to the sheat is limited approximately to the DC plasma
potential drop, large amounts of power can be coupled to the plasma
X. That 1is one reason why inductively coupled plasmas can
dramatically increase the plasma density. The high density of the
plasma in turn produces a large flux of ions that we use to bombard
the target by setting up a net bias though capacitive coupling.

ARs previously stated, in an inductively coupled plasma,
the interaction of the electromagnetic wave with the plasma occurs
within a surface interaction layer. This surface interaction layer is
called the skin depth, and it represents the penetration depth of the
electromagnetic wave into the plasma. The skin depth is defined by &
and represents the region in which the electrons are heated either
through collision dissipation or stochastic processes. We note that
in our case, where the pressure is near 10 mTorr, most of the
electron heating occurs stochastically, since the electrons can
transverse the skin depth layer in a time that 1s short compared to
the period of the field."’

The skin depth for a 13.56 Mhz plasma 1is roughly

1/:

proportional to 8p =z | — which for a plasma density on the
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order of lell /cm® is about 1 centimeter. Therefore the electrons are
heated in the region near the window though which the magnetic field
passes. Although the heating is confined to 1 tco 2 cm, the hot
electrons can diffuse to about 5 cm at 5 mTorr, so that they produce
a glow over a much larger volume. At low powers, the coupling is
primarily capacitive and not very efficient. As the power increases,
and the plasma density increases, the inductive coupling dominates

the power transfer to the plasma. There is also an upper limit for

[

operating at very high plasma densities, where the efficiency once
again fells off. The poor transfer efficiency to the plasma at very
low and at very high densities 1is once &again analogous to the well
known property of an ordinary transfcrmer with an open and shorted
secondary winding.

In summary, inductive coupling is very efficient at
allewing power to bDe coupled into a low-pressure gas. At low
pressures, the plasma sheath is relatively collisionless, leading to
& highly directed ion bombardment. For example, in a 5 mTorr, high-
density discharge, 1-5% of the ions suffer collisions within the
sheaths. The 1lons can still have a random energy component greater
than that of the neutrals as the ions suffer collisions in the pre-
sheath region, even when the sheath is collisionless. Nevertheless,
we have shown why an 1inductive plasmas is a robust methed of
prcducing a fairly constant supply of ions which <can then be

accelerated to enhance the sputtering capabilities of a capacitively

coupled system.

3.2 Plasma Characterization Techniques

As early as 1924, the charged species in the plasma could

be characterized following the pioneering work of Langmuir. In his
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work, it was established that the charged species concentrations
could be measured by applying a potential to a wire inserted into a
plasma and measuring the current drawn from the plasma. The system by
which this wire “probed” the plasma became known as a Langmuir probe.

In general, a Langmuir probe can be comprised of any
symmetrical surface in contact with the plasma. The metal surface has
to be connected to a variable voltage source and the area of the
metal surface must be known. There are several geometries that are
used, but typically they are either planar, cylindrical or spherical.

his thesis, we use the results obtained from a cylindrical probe.

1

n

ct

The most obvious reason for wusing this geometry is ease of

construction. A simple wire and & power supply 1is all cthat 1is
basically needed.

To use the probe to characterize the plasma, the voltage
is swept from negative to positive or vice versa. Typically one
sweeps from negative to positive so as to avoid the large currents
that flow when the probe is positively biased. The result is a curve
that represents the I-v characteristic of the plasma. A
representation of a single Langmuir probe I-V characteristic is
displayed in figure 3.2.1.

There are several regions on the curve that are fairly
apparent. Region 1 is called the ion saturation current region as
most of the plasma ions are positive and attracted to the negative
potential. Region 2 1is the transition region, since the ion and
electron currents become balanced and the current is zero. The
potential on the voltage axis corresponding to zero current is called
the floating potential(V¢). Region 3 1is associated with positive
probe bias so that the current is primarily electrons. Region 4 is
due to the effective collection area of the probe that increases with

increasing voltage. The kink in the I-V characteristics separating
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regions 3 and 4 corresponds to the plasma potential, at which the

prcbe starts becoming the “new” cathcde.

4

1 (Amps) "4
Electron Saturation

” {

|

Ve [

i

- ! —
lon Saturation j Vp V (Volts)
Ragies } Ragies 3

Figure 3.2.1 Typical Langmuir probe characteristics obtained with a

cylindrical probe.

The main drawbacks in using & Langmuir probe 1is that one
must know the area of collection fairly well, and that the sheath
remains smaller than the collection area. For the purpose of
calculating V, and V,;, we use a cylindrical probe because the theory
is better developed and a simple metallic wire 1is much more
convenient

Since the probe is metallic, the plasma in contact with
the probe has slightly different <characteristics than the bulk
plasma. This affects the probe collection area. Because the plasma is

altered by the probe, the charged species in the bulk are also
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altered. That is, if the probe is biased negatively, the field lines
will terminate on the on its cylindrical surface area, skewing the
results. To alleviate this problem, the knowledge of the actual probe
collection area is necessary.

First, we define the sheath as the region between the
probe surface and a surface in the plasma where the electric field
induced by the probe is zero. Second, the Debye length Ay is defined
as the distance over which the plasma charges can screen charge
distribution changes. If the sheath is small and all charges entering
the sheath are collected by the probe, then collection area is the
actual area of the probe. The sheath thickness is nearly the Debye

length expressed as:

kT.e
A, = |—— 3.2.4
n,e"
where n. = n. is the plasma density. The Debye length is compared to

the precbe radius r. in order to determine whether the sheath is thick

~—| >> 1 or thin |—} << 1. In the thick sheath limit, the orbital

I: e

motion limited theory applies. It is important to note that in the
thick sheath limit, complications arise since there will be a great
deal of isotropy due to collisions in the sheath. Ions gain an
energy of the order of T./2 in the pre-sheath, which may lead to
significant anisotropy. Although we assume a collisionless sheath,
the pre-sheath is not necessarily so, and the pre-sheath collision
with tend to isotropize the distribution of ion velocities.

In the thin sheath limit, the space charge limited theory
applies. In this case, the potential drop is confined to the space

charge region between the plasma and the probe. The electron velocity
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distribution at the sheath edge is assumed Maxwellian and the ion
temperature T, is small compared to T.,. In contrast with the orbital
motion theory, the space charge limited theory includes the
assumption that all the particiles entering the sheath are collected
by the probe.

The saturation current collected by the cylindrical probe
is found by integrating the flux ¢to the probe tip over the
distribution function at the plasma sheath edge. The interested
reader 1i1s referred to Lieberman, et. al for details regarding the

derivation ¢f the solution that is:

2e | ®, -V )"

m

I = 2enad

where I represents either the electron or ion saturation current. We
note that I is independent of both the electron or ion temperatures.
Hence & plot of I° versus -V should be linear, with n,- determined by
the by the slope of the line.

Langmuir probes can also be used to determine the
electron energy distribution (EEDF)’* This can be determined by
double differentiation of the I-V characteristics. This technique is
known as the Druyvestian method.’’ Following the description by Chen,

the resulting expressicn for a cylindrical probe is:

4v d°I
g(E) = — —=
A dV-
where g(E) is the distribution function and 72 represents the

second differentiation of the probe’s I-V characteristics. The result
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is typically assumed to be Maxwellian, through Druyvesteyn
distributions often appear under special circumstances as in the case
for H.- or He- discharges.

Finally we point out that Langmuir probe measurements
work best in DC plasmas, since any sinusoidal signal would alter the
sheath characteristics. Techniques have been developed where an
external circuit forces the probe to follow the variations of the
plasma potential and increases the accuracy of the measurements. The

increase in accuracy between the two methods is small and for all

practical purposes insignificant to the study presented herein.
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CHAPTER 4 LITERATURE REVIEW

We have so far explained ocur motivation for pursuing this
experiment, the basics of the plasma discharge from some elementary
concepts and made the comparison of a plasma discharge to a simple
electrical circuit. We have also explained some of the techniques,
such as Langmuir probes, used to interpret the results obtained. With
this understanding firmly behind, we now present a literature search
on the topic. We will explain why this study is important and review

previous works on which the present study is based.

4.1 Why RF

The magnetic data storage industry is undergoing a trend
where the recording density is increasing at & compound rate of
roughly 60 % a vyear.®- This requires, among other things, thinner
insulating layvers, so called gap layers, between the pole pieces, and
petween the shields in the case of a magneto-resistive (MR) head.

The detector in an MR head is a Ni-Fe film on the order

[ )

c a few hundred Angstroms, and 1is surrounded by other hard
insulating materials such as aluminum oxide. In fact, a typical head
is composed of 90% to 95% aluminum oxide, where it 1s used as an

electrically insulating and protective material. The base coat is

typically on the order of 5Sum to 10um, whereas the topcoat 1is

typically on the order of 40um to 60um. Although the trend today is
for thinner base and topcoats, aluminum oxide still makes up most of
the thin film head.

The manufacturing of the head is typically done by RF
sputtering of aluminum oxide from a solid target. This is an old

technique that works well but is fairly slow, requiring up to 20 hrs
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to deposit the topcoat. Moreover, to achieve these rates large power
densities are required as well as complicated schemes to cool the
chamber and target. Large power densities translate to large
substrate biases, which can create particle problems as well. The
target material i1s hot pressed aluminum oxide, which upon sputtering
at large DC biases can create particles that get trapped in the film.
And, unless oxygen 1is added to the sputtering atmosphere, the
deposited film will be oxygen deficient with a resulting property
degradation.

This leads to reactive sputtering, which seems like a
simple enough process that can lead tc very high sputtering rates
approaching that of solid metal targets. All one has to do is to
sputter a pure aluminum target in an argon atmosphere, while at the
same time, oxygen is added to the sputtering. Two issues arise with
this approach. First, the formaticn of a highly insulating coating on
the target leads to charge build-up and arcing. Second, a large
depression on the oxidation rate due to target oxidation. As oxygen
is added, an oxide film will form on the substrate as well as on the
carger, and this 1s where potential problems may arise.

Recall that reactive sputtering is a DC process. Large
powers are deposited into a solid metal target. In the case of Al
immersed in an O- ambient, an oxide will almost immediately form cn
the bare target. What happens, then, is that the DC power begins to
store charge on the dielectric formed on the metal target. If the
potential stored on the dielectric drops below the discharge
sustaining value, then the plasma is extinguished. One can temporary
alleviate this problem by increasing the DC potential, but this often
leads to arcing. In summary, when oxide covers all of the target
surface, the target is said to be “poisoned,” and the deposition rate
from the poisoned target is much slower, since the deposition rate of

Al-O; vs Al is 5 to 10 times slower. The fact that such a great
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ence exists on the sputtering rate between Al and AlO, is best
explained by a study partially sponsored by Advanced Energy to
explcre the advantages of pulsed power deposition of oxides. Figure
4.1.1 shows the dramatic change that occurs as the target changes

from fully conducting to insulating.
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Figure 4.1.1 The deposition rate of RlO, as a function of

the reactive gas partial pressure - after Sproul, et.al.”™

When the deposition rate drops, consumption of the
reactive gas is reduced, because there is less metal to react with
the reactive gas, and the partial pressure of the reactive gas in the
chamber 1increases. The amount of the increase can be quite
significant. Initially, when the flow of the reactive gas is low, all
the reactive gas is consumed by the reaction with the metal or is

pumpec away. However, when the target becomes poisoned, the
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sputtering drops rapidly. Due to the lower sputtering rate, less

reactive gas 1s consumed, and its partial pressure increase to a much

higher level. A typical hysteresis loop for the reactive sputtering

]

of metal in an Ar/0: atmosphere is shown on figure 4.1.2 below.
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Figure 4.1.2 Typical hysteresis loop in reactive sputtering of

Alumina.

The highest sputtering rates for deposition of alumina is
obteined by applying a DC potential to the cathode. AC can also be

usecd, but the

[\

verage potential 1is roughly half that of DC. That
being the case, most people choose DC to reactively sputter from &
sclid Al target in an O- ambient. The issue that often happens 1is
that c¢f arcing when the potential on the poisoned layer on the target
surface 1s sufficiently high.

ARrcing is highly undesirable as it can lead to particle
ejection, which degrades the quality of the deposited film and can
also damage the power supply. As already mentioned, AC power
overcomes the charging and arcing problems, but RF power is not as
efficient as the DC power. For an equivalent amcunt of power, the
deposition rate from DC is approximately twice that from RF power.

The main and simplest reason is that for DC power, the ions see the
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full potential across the sheath while AC, there is an averaging
inherent, since the potential swings between a maximum and a minimum
coint.

To alleviate these issues pulsed DC power has started to
be used. In the past few years, it has been shown that pulsed DC
power can overcome the arcing problem that were associated with
reactive DC sputtering on non-conducting materials. Pulsed DC power
supplies a negative pulse to sputter the target surface, but then it
switches back to a positive pulse for & short time to attract
electrons back to the target to discharge it. The switching back and
forth between the negative and the positive polarities allows the DC
power to be used very successfully for the reactive sputtering of
non-conducting materials such as aluminum oxide and titanium oxide.
Sproul has shown successfully that aluminum oxide coatings can be
sputtered using this scheme.?* All coatings were deposited on a
fioating substrate and all compositions of AlO, where 0 < x <1.5 were
deposited. Clear film was obtained on an oxygen partial pressure of
0.08 mTorr. The film was amorphous with the clear film hardness of
oniy 830 kfg/mm- Additionally, the authors took exceptional steps to
prevent arcing by using an automatic feedback control of reactive gas

artial pressure.

0

Nevertheless, this pulsed power scheme is rather
complicated and it still suffers from all the drawbacks associated
with DC sputtering when the target is poisoned. Ideally, one would
like to have the situation where the deposition rate of the oxide

rallels that of the DC of solid metals but without all the

[}

e

complications and dangers of target poisoning.
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4.2 Properties of Alumina

The current interest in the deposition of alumina stems
frcm the fact that this material is guite thermally stable. Alumina
is very dense and exhibits mechanical stability even at temperatures
up to 1000 C°. It is also quite a hard material and most resistant to
chemical attacks. Due to its density and inertness, alumina makes an
ideal material for applications to the semiconductor industry as a
passivation layer, especially 1in those areas where radiation
resistance is a must. Unfortunately, it is also very difficult to
deposit. Reactive DC magnetron sputtering is the preferred thin film
deposition technique for most applications. It lends itself to large-
scale production of thin films of metals, oxides, nitrides, etc. Many
applications rely on well-defined film properties that are critically
dependent on stoichiometry. Al:O; films are of particular interest
since they are generally hard and stable if they are stoichiometric.
However, during reactive sputter deposition of highly insulating
oxides, <this 1is difficult to accomplish. It is also difficult to

aintain a high deposition rate in an arc-free environment when thick

3

rt

ilms are desired.

Most successful attempts at depositing alumina films are
usually done using large amount of power at elevated temperatures.
Consequently, this greatly limits its usage as & passivation layer
for semiconductor applications, since temperature levels greatly
exceed the melting point of Al. Commercial usage for alumina are not
just limited to semiconductors. Coatings for demanding cutting
applications like high-speed milling and turning of cast iron and low
carbon steels and well as coatings for magnetic head applications are
alsc in high demand. Other uses cited in literature are for corrosion

£

resistant coatings’®, optical applications’® and food packaging®’. 1In
g P
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any of these applications, it 1is necessary to have a robust source
capable of delivering high deposition rate.

Many polymers are highly desirable materials, having
properties that include high strength with low weight and often with
hign visual transparency. The deposition of thin films on polymers is
difficult, given the 1inability of polymers to tolerate high
temperatures. Herein, we show that by using ionized magnetron
sputtering, it 1s possible to deposit ceramic materials at low
temperatures with the advantage of having high deposition rate as
well as good control on thickness and film composition. The
characteristics of the coatings generated by this method are
influenced by the Ar/0; ratio as well as the plasma characteristics
during deposition.

Ceramic coatings deposited on polymers are suitable in
packaging applications where high gas barrier properties are needed.
The requirements for the coatings in such application are adhesion
and dense microstructure.

Alumina is a polymorphous material. The stable form of
AL-0: is a-alumina, a very hard and refractory material. In its
mineral form, 1t 1is known as corundum and as a gemstone it 1is
sapphire. The blue color sometimes associated with the latter arises

from a charge transfer transition from Fe™™ to Ti'* ion impurities.
The structure of a-alumina consists of a hexagonal hard packed of 0"
ions with the metal ions occupying two~thirds of the octahedral holes

in an ordered array. Ruby is a-alumina in which a few percent of the

A1°" is replaced by Cr’ .

Other alumina phases frequently cited in the literature
and observed in PVD coating are y, which has a cubic primitive cell,
8 which is tetragonal, and Owhich is monoclinic. In addition Liu and

Skogsmo have suggested and orthorhombic structure for x alumina which
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is the only other relevant and stable phase of alumina cther than
a.’® All metastable phases transform irreversibly to a alumina at
sufficiently high temperatures.’’ Because the transformation between
phases causes changes in the volume of the unit cell, such changes
result 1in catastrophic failure of the film, which 1is highly
undesirable.

State-of-the-art industrial CVD processes for growing
a-alumina requires a substrate temperature of about 1000 c®. ¢ At
these hign temperatures, the choice of materials is limited to
substrates that can withstand the heat. No deposition technology
exists at this point capable of delivering stable crystalline
material for substrate temperatures less than 760 C° *'. At these
rather high temperatures, the choice of materials for substrates is
rather 1limited due to the high temperature requirements. Typical
cutting tools and bearing steels would change their metallurgical
properties due to carbide growth and phase transformation at T >
500. %"

If a technology could be developed such that it would
allow for the depositicn of crystalline alumina at lower temperature
it would be a tremendous advantage. This would allow for the
replacement of cemented carbide with steels or even plastic as
appropriate substrates that could be coated with alumina. In this
study, we present promising results which indicate that with some
further refinements, ionized magnetron sputtering could overcome come
some or all of these issues. We were not able to achieve any type of
crystallinity on any of the samples. However, we found & strong
electron beam component that may deliver the energy necessary that
would allow for deposition of polycrystalline material. Main stream
deposition techniques such as CVD and sol gel technology, substrate

temperatures between 1000 C and 1300 C are required to supply the
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growing films with sufficient thermal energy to achieve close to

thermodynamic equilibrium conditions.?*:

4.3 Survey of Previous Studies

Considerable work has been done wusing RF and DC
sputtering as a tool for reproducible control of film properties.*
The limitation for these methods has always been the relatively low
deposition rates obtainable that are normally 2 to 3 percent of the
metal deposition rate for the same target. Sputtering with magnetic
enhancement, however, affords the possibility of overcoming ¢this
limitation as shown by Grantham, et. al.** Nowicki showed a
significant increase in sputtering rates from a solid target using an
RE magnetron system 1in pure Argon using a commercial sputtering
system. Rates in the order of 350 A/min at 7.5 mTorr were achieved
using the rather high power density of 7 W/cm”. Again the films were
amorphcus explaining why the films were rather soft.

Nowicki’s study at the time it was published was
important for two reasons. First, it was a systematic study on the
properties of sputtered alumina with magnetic enhancement via
magnetron. Second, it showed an increase 1in sputtering rate that
could be traced to the magnetic entrapment of electrons at the

target. The study also showed that addition of oxygen to the

Q

sputtering ambient helped in increasing the hardness of the film.
High defect densities were found on the films grown indicating that
perhaps a substrate bias could help to anneal these defects.

A year later, Gardner, et.al took a second look at rf
sputtering of alumina from a solid target with the aim of looking
specifically at the chemical and thermal-mechanical stability of such
films. Additionally an RF bias was added to measure its effect on the

growth kinetics. Sputtering was accomplished in pure Ar from a 99.9%
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Al-0; target made by hot pressing of powder. Findings indicate that

sputtered alumina in pure Ar is oxygen deficient and contains argon

(&1}

rom the sputtering process. While RF bias may help in annealing
damage, samples grown with -160 V and -120 V showed a 10% and 8%

wel

0

nt loss respectively when heated tc temperature between 780 C°
and 1000 C-. The likely cause was subsequent release of trapped Ar
these elevated temperatures that leads to degradation of the film's

mechanical characteristics.

PRESSURE
(miorrs

Figure 4.2.2
Thornton’s structure-zone model for sputtered films. T is the

substrate temperature and T. is the coating-material melting poinct.

In 1995, Cueff, er.al. did & study on the properties of
RF magnetron sputtered aiumina on polyethylene terephthalate (PET)

with the intention of gquantifying the film characteristics for

<

1
{21

[24]

different RF powers and pressures.’® PET was selected as a substrate
since it is widely used on packaging applications. Ceramic coatings
such as alumina deposited on PET provide the polymer with the dense
microstructure necessary for high gas-barrier properties. Once again,
a commercially available reactor was used and alumina was sputtered

from a solid target in an Ar/0O. ambient.
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Predictably, the films were amorphous in the RF power
range used (0.1 to 5.1 W/cm) . Pressure had a significant effect on
the density of the film. The lower the pressure, the higher the
energy of the atoms sputtered from the target, which in <turn
inhibicted the columnar structure of the film. The evolution of the
structure of the alumina coatings was found to follow Thornton’s
structure model shown on figure 4.2.2.% Power played a similar role,

ding to denser films as the higher power cdensities were used.

[

e

W)

(@)

nfortunately the higher powers also lead to higher film stresses and
eventually peeling. Of interest is that the researchers also reported
an increase in the trapped Ar in the film as the power was increased,
which was not seen is our experiment.

Two years later, Schneider successfully integrated DC
magnetron sputtering with ICP confinement as tested on Rossangel and
Hopwood’s earlier work.'® Previous studies had shown the importance
cf ion bombardment on the film density and ICP provided the necessary
degree of plasma ionization to increase film hardness and possibly
crystallinity. Alumina coatings containing the k-phase were deposited
at temperatures as low as 370 C. This was accomplished by setting the
substrate temperature between 370 C and 430 C and reactively
sputtering in an argon/oxygen ambient. The total chamber pressure was
28 mTorr. The partial pressure of oxygen on the chamber was 0.4
mTorr, which corresponded to a flow of 2 sccm. Changing the power to
the ICP while maintaining all the other variables unchanged varied
the total current to the substrate.

Schneider etr.al. has shown experimental evidence whereas
higher ion currents lead to phase transformations at lower substrate
temperatures. Through X-ray diffraction, they were able to correlate
empirically the ion current density to the target with the

crystalline phase appearance. From this evidence one can extrapolate
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that charged particle bombardment imparts energy that enhance crystal

growth in a similar fashion that substrate heating does. Voevodin.

®
ct

. al. arrived at the similar conclusion while studying the
formation of crystalline TiC and TiCN at substrate temperatures of
100 C by laser ablation.® The film phase was found to be a function
of both the ion flux and the ion energy. The composition of the films
was found to be close to stoichiometric.

Our system was built with the aim of integrating all the
xncowledge mentioned above time intc & robust source capable of
cdelivering high deposition races with the minimal hardware
complexity. We built our IMS sputtering apparatus because of the
general consensus that it creates a rather large and controllable
source of energetic particle bombardment, and this 1is necessary to
improve film characteristics. In principle, energetic particle fluxes
can be used to form crystalline alumina at non-equilibrium
conditions. However this is not a well-researched area, and there is
a strong need for a systematic study as presented here.

We now know the theory and motivation behind this study.
We have explained the research previously done and analyzed why our
approach is different and has value. We now proceed to explain the

experiments in detail and analyze the results obtained.
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CHAPTER 5 FIRST CONFIGURATION

In this chapter we present the proof of concept and the

sputtering results in pure Ar. We show the deposition characteristics

(1}

of alumine films sputtered from a solid target of sintered Al-O We
evaluate the primary plasma factors and their interactions on the
sputtering rate. We then present an analysis of variance from which
we construct & model of the growth conditions.

Much of the theory and experimental history mentioned on
chapter 4 is used as background to develop a source that produces
thick, stoichiometric films. To accomplish this we use a combination
CCPF and ICP technique similar to Schneider’s with the notable
difference that we use rf for both the inductive and capacitive
components to overcome the problems associated with reactive
sputtering. The advantages of energetic particle bombardment on film
properties have been empirically shown to stimulate crystal growth so
that the ability to independently vary the capacitive and inductive
power is essential. By setting the CCP power we set the energy of the
impinging ions and by varying the ICP power, we change the substrate
ion current which Schneider showed to directly affect film
properties. Through careful experimentation and proper system cooling
we show on this first set of experiments alumina sputtering rates

around 200 A/min at only 3 W/cm . We compare these results with those

cited in the literature and find that they compare favorably.

5.1 Technical Approach

The chamber design used in this experiment allows for the

bility to independently set the plasma density and the sputtering

W)

potential. When we set the target power at a certain level, we have a

large fraction of alumina sputtered from the magnetron. As this flux
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of material passes through the inductive zone, a large fraction of
the material can be ionized. By grounding or even negatively biasing
the substrate, these ions arrive at the surface at & nearly normal
incidence. Reports on similar set-up as curs have reported ionization
rates as high at 80% of the sputtered material at a chamber pressure
of 25 to 35 mTorr. Probe measurements done on our system corroborate
this conclusicn.

In our experimental sputtering system, we have the
ablility toc have the substrate either flcating, grounded or with a
bias. Our experiments were conducted with the substrate grounded. The
energy of the 1ilons impinging the surface is nearly equal to the
plasma potential minus the substrate potential. The substrate was
grounded which sets the substrate potential to zero. Consequently,
the energy obtained by the ionized species across the sheath 1is
roughly that of the plasma potential minus the grounded substrate.
Neutral species generated in the target sputtering process also
transfer a significant amount of energy to the growing film. It 1is
known that the kinetic energy spectrum of the sputtered neutrals has
a strong peak at energies of a few eV and a long tail up to energies
on several tens to hundred eV.*® Studies conducted on oxide
sputtering found neutrals with energies up to the full target
potential.*" *° Supposedly, these species are generated as negative
ions, are accelerated in the cathode potential and undergo a charge
exchange collision en route to the substrate. The average energy of
the neutral flux is a function of the amount of scattering in the gas
phase and is well known to have a strong influence on the film
microstructure, and hence, its properties.”® The chamber pressure
affects the energy of the molecules though collisions. Therefore
chamber pressure is one of the factors that was initially varied and

then set to the optimal level for the rest of the experiments.
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The substrate temperature also has a major influence on
the properties and growth structure of alumina. However, the
substrate temperature has to be quite high before its effects become
apparent. Consequently no attempt was made to control the temperature
while the ion flux to the substrate was varied by inductive means.
The starting deposition temperature for all samples was 25 C°. It was

found through a thermocouple that the substrate temperature rose from

3]

S C° to about 80 C° indicating & strong current flcw to the
substrate. The samples were run for 20 mins. each to obtain a film
thickness great enough to measure on the alpha step. When the reactor
was run for 20 minutes the temperature never increased beyond 80 C.

The majority of this study involved the construction and
debugging of the source as well as overcoming issues such as sub-
optimal cooling and leaky magnetic fields. The coil 1itself was
initially wrapped around the quartz cylinder without cooling, but
later it became necessary to run water though the coil to keep the
temperature below the failure point of the o-rings. Two turns around
the chamber were sufficient to maintain plasma on the order of 10+
ions/cm’. Since we were sputtering a dielectric, we could put the
coil outside the chamber. However this caused a lot of problems as
the RF though the coil produced enough high intensity magnetic fields
to interfere with all the electronic equipment being used. For this
reason, the entire source had to be RF shielded by building an
isolation box that sat on top of the lower deposition chamber.

A variety of ports were built on this isolation box to
accommodate cooling for the solid alumina target which sat 10 mm from
the coil. A flange with a groove was designed to accept the target
and silicon o-rings. During the initial phases of the experiment, it
was found that a small fraction of sputtering material was coming off
this flange, so the entire assembly had to be anodized. Eventually

water cooling to this flange also became necessary as the o-rings
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regularly leaked and deformed due to the intense temperature created
during the deposition cycles.

Upon obtaining a stable system, we set a baseline by
performing a full factorial screening experiment to identify
important plasma parameters for sputtering. A center point of 200W
ICP/CCP and 20 mTorr pressure was chosen. The extreme points for RF
power were OW and 400W respectively. We then modeled the results to
explore individual parameters as well as their interactions with each
other. The design and analysis was done on RS/1, which the industry
standard ZIor statistical analysis. Through regression analysis, we
modeled the growth rate using the parameters, which were deemed most
significant.

We used a 40-1 stainless steel chamber pumped by a 50 1l/s
Balzers turbo-molecular pump backed by a Leybold WAU250 roots blower
and D60AC rotary vane pump. The roughing pump package was initially
turned on for several minutes until the pressure reached 100 mTorr as
measured by the capacitance manometer. Only then was the turbo-
molecular pump turned on and the final pressure monitored by an ion
gauge. The base pressure of the system was 1 x10 *° Torr after 5
minutes without bake-out. Argon of 99.9% purity is introduced through
a 100 sccm mass flow controller. Oxygen of 99.9% purity tees off from
the main argon line and the flow is controlled by a 10-sccm mass flow
controller. During depcsition, a 2 Torr capacitance manometer
monitors the pressure. The vacuum system did not have a load-lcck, so
one of the side ports was used to load the samples. A butterfly valve
isolated the turbo-molecular pump, so we could keep the pumps running
at all times, even when the samples were loaded into the system. The
system did not have pressure control, so the pressure during film
growth was set by the rate of gas flow into the chamber

The target material 1is composed of 99.9 % pure Al:-O;

powder prepared by hot pressing from Coors electronics. Hot pressing
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is accomplished by heating the pure alumina in a graphite mold at a
temperature of 1650 C to 1800 C and at least 500 psi. The resulting
material is fairly pure and micro crystalline in nature. The formed
product has & density of at least 3.94 g/ml and a compressive
strength above 450,000 psi. The target material was a disk of 85-mm
cdiameter. The targets were bponded with epoxy to & water-cooled
magnetron with a Cu backing plate. The exact intensity of the
magnetic fields produced by the magnetron was not measured, although
one could visually see a well-defined toroidal glow region in the
resultant plasma. This water-cooled electrode drives the target. A
water cooled anodized ring is used to hold the target and electrode
and serves as a flange to keep the system leak tight. The substrate
holder is grounded, though it can easily be converted if a DC bias is
required to control the film stress properties.

We use two 1.5 kW Advanced Energy switching power
supplies for the inductive coil and target. The inductive coupled rf
plasma is set up by a single turn, water-cooled Cu coil of %
diameter. The coil 1is located outside a quartz cylinder, which

extends 8 cm above the chamber. The power to the magnetron was
through a n-type matching network made up of variable capacitors and
inductors. The inductors were also water cooled, though probably
unnecessarily so. Temperature on the match network varied less than 2
C during deposition, indicating negligible losses. An Advanced Energy
impedance probe was inserted between the matching network and the
magnetron. This device serves a similar purpose as a Bird wattmeter,
allowing one to measure target potential, current, and plasma
impedance without looking into a 50Q load. Another similar match

network was used between the power supply and the inductive coil to

match the plasma impedance to the required 50Q. A Bird wattmeter was
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placed between the match network and the power supply to assure of
continuous maximum power transfer

The films were grown initially on 7059 Corning quartz and
then grown on microscope quartz slides. A 30-second dip on methanol
was usec as a pre-clean treatment to make sure that the surface was
properly de-greased before the start of the experiment. Compressed
air was used to dry the slides before introducing the samples into
the chamber for processing. Since we samples were flat slides and the
refractive index an unknown variable, ellipsometry was not used to
measure the thickness of the samples during the experiment. Instead,
we used a Tencor alpha step to measure the film thickness. This
required that a mask be put the samples tc allow for a blank region
on which the stylus could glide and measure the step on the growing
film. The samples were initially masked with aluminum foil and later
changed to polyamide strips. The polyamide allowed for a sharper
transition between the growing film and the mask layer. The aluminum
foil had the undesired effect of zallowing film growth under the mask.

The alpha step used was manually leveled before each
measurement. The leveling procedure required that there was not a
significant deviation from ideal in either the x or y direction. When
the full scale was set at a 1000 A, a deviation of 10% was considered
a top limit before a new calibration was deemed necessary. Most of
the measurements taken indicate a growth of about 250 A/min. Over a
10 minute growth time, this implies a film thickness of 2,500 A. An

upper limit of 10% signified a possible deviation of 250 A of total

thickness either way.
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5.2 Analysis of results

The deposition rates for the sputtered Al-O: at various
power densities was determined by masking the glass slides and
measuring the “step” formed between the mask and the unmasked regions
with an alpha-step. The effective deposition rate was ten calculated
from the times that the substrates was exposed to the plasma. The
siides were put as close to the center of the deposition zone as
gcssikble, but radial variaticn did exist. Consequently the values

iven are somewhat less than the actual deposition rates since the

«Q

eripherael deposition zones are included as well.

Mol

Table 5.2.1 gives the actual values obtained for the

(2}

irst configuration of the sputtering system. We note that the
reactor geometry in this case had the match network over the cathode.
This made the loading of samples time consuming. Moreover such
arrangement severely limited the maximum throughput and made
repeatable correct placement of the substrate difficult.

All the data shown below are 100% Ar ambient. Since we
did not have pressure control on this case, the flow of Ar was

adjusted to maintain the chamber pressure indicated in the table.

62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 5.2.1. Results of a Response Surface Experiment

with power and pressure as variables and film thickness as a

response.
ICP_Power (W) CCP_Power (W) Pressure (mT) Dep Rate (A/min)

300 0 20 10

0 200 10 32.3

0 300 30 S0.5
400 400 10 85.6
200 300 20 87.4

0 400 10 88.5
200 230 30 89.7

0 300 20 90

0 200 30 91l.6
400 300 20 107
400 200 30 109
300 300 30 114

0 300 10 115
300 200 20 123
300 300 20 123
400 0 30 138
200 200 10 141
200 400 10 150
400 200 10 151
300 300 20 159
300 300 20 171
200 400 30 179
400 400 30 179
300 400 20 i8s8
300 300 20 238
400 400 10 248
300 300 10 325

We note that the power densities used are relatively
small. For one thing the diameter of the target used is 8.5 cm. This
gives and area of 56.75 cm*. At the highest input powers used, namely
400 W, the power density 1is Jjust 7.05 W/cm-. We also note the
pressure used in our experiment, which varied between 10mTorr and
30mTorr. This is not exceptionally low, especially when we consider

that most sputtering systems work at a much lower chamber pressure to
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maximize the mean free path of the molecules. Pressures of 107® Torr
are normally used in reactive sputtering systems.

Since the inductive coil was an integral part of the
source, we note that an inductive discharge is analogous to the

transformer formalism presented on chapter 4. Consequently there is a

M
[ 1)

preferred region of operation in which an inductive discharge will
optimally work. The poor power transfer efficiency at very low and
very high densities is analogous to the well-known property of an
ordinary transformer with an open and shorted secondary winding. In
both cases, no power 1is dissipated in the load (the plasma), but in
both cases, there is power dissipated in the primary winding (the
coil} cdue to its inherent resistance. This is one reason why we set
the low limit on the pressure of 10 mTorr. Had we gone lower than
that, the plasma density would likely not have been high enough to
sustain the discharge. Additionally, we note that at very low
pressures, inductive discharges become increasingly difficult to
start. The theoretical explanation is somewhat difficult, but we can
get some feeling of why this happens empirically.

When RF 1is applied to the coil, the electric field
accelerates the electrons in the gas, so they follow the changing
electric field fairly well. The result is that electrons move back
and forth sinusoidally. Ideally one wants high gas density to have an
appropriate number of ionizing collisions to sustain the plasma.
Intuition would say that the higher the pressure, the more chances
there are of encountering ionizing collisions. In low-pressure
discharges, the probability of having ionizing collisions is lower.
Nevertheless, stochastic mechanisms take over, whereby the electrons
actually gain energy through collisions on the sheath with the
oscillating field. Sometimes this effect is called electron “surf
riding” on the incoming potential wave. Now on inductive discharges,

the electric field along the coil is distributed along its length, so
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that at very low pressures, there is not enough potential across the
sheath for the electrons to surf-ride on them so that the plasma
becomes increasingly difficult to light at low pressures. The 10
mTorr lower limit was based on experimental observations of when the
plasma needed an external stimulus to light.

Let us compare our results with some results from the
literature. A similar experiment was done by Nowicki of Hewlett-
Packard®?, the details of which have already been discussed in
chapter 4. He used & planar magnetron with 10x25 cm targets of solid
alumina. Target to substrate distance was 6.9 cm. Details of

Norwicki’s experiment i1s summarized on table 5.2.2.

Table 5.2.2 Properties of Planar Magnetron-sputtered Al:0; films.

From Nowicki.*®

Sample Code Sputtering Press Power Density Film Thickness Dep Rate ( A/min)
(Pa) (W/cm2) (um)
ER 1 0.173 7 0.2826 350
ER 2 0.4 7 0.3714 350
ER 3 1.06 7 0.2481 350
ER 5 0.1333 4 0.2269 200
ER 6 0.173 3 0.3869 150
ER 7 0.133 7 1.65 350
ER 14 a 0.173 7 5.0 175
ER 20 a 0.173 4 0.27 150
ER 33 0.133 7 6.5 350
ER 35 b 0.16 5 0.56 250
ER 53 ¢ 0.133 7 0.138 190
ER 58 ¢ 0.133 7 5.0 175
a Sputtered in 50% N. : Ar
b Sputtered in 1% O.: Ar
c Sputtered in 50 % O-: Ar

We note that the highest deposition rates obtained are
that of 350 A/min in pure Ar. The power density used in this case was
7.6 W/cm, which is very close to the highest power densities used in

this first experiment. Nowicki experimented at different pressures as
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noted on the table below. Pressure is significant when the power was
held at 7.0 W/cm” (sample codes ER1 to ER 3). We note that the mean
free path of a gas 1s proportional to the reciprocal of the gas
density times the <collision cross section. At 1 mTorr and room
temperature, the mfp A in Ar is about 8 cm and most other gases
within a factor of three of this. At the equivalent of 1Pa the MFP
drops below the 6.9 cm. It is likely that the molecules will scatter
on 1its way to the substrate and re-deposit elsewhere. Target to
substrate distance in the above experiment was 6.9 cm, so it feasible
that the higher pressure effects would be represented cn the lower
deposition rate.

The data from table 5.2.1 is representative of a response
surface model intended to explore which factors contribute to
maximizing the sputtering rate. If the experiment is designed to be
performed most efficiently, and 1f the factors interact with each
other, then a statistical approach to planning the experiment must be
employed. By using & statistical design of experiments, we use a
process of planning the experiment so that the appropriate data can
be analyzed by statistical methods, resulting in valid and objective
conclusions. The statistical approach to experimental design 1is
necessary to draw meaningful conclusions when the factors interact
with each other as is the case here.

The first step in such a set of data is to look at the
ANOVA table 5.2.3. Note that in this case we are taking into account
three variables and let the film thickness be the response to the
changing variables. Additionally, we also look &at the interaction
between these variables which is important and often overlooked. We
would like to be 95% confident that the variable in question 1is a
major contributor to the change in the response variable. Any factor

or interactions less than or equal to 0.05 is significant.
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Table 5.2.3 Anova table from first set of data, 100% Ar.

Effect Test

Source Nparm DF Sum of Squares £ Ratio Prob>F
ICP_Power (W) 1 1 1079.7555 1.0129 0.3292
CCp_Power (W) 1 1 S5151.7661 4.8329 0.0430
Pressure (mT) 1L 1 1785.6256 1.6751 0.2139
ICP_Power (W)*CCP_Power (W) 1 1 331.7881 0.3113 0.5846
ICP_Power (W) *Pressure (mT)} 1 1 675.8760 0.6340 0.4375
CCP_Power (W) Pressure (mT) 1 1 2090.8378 1.9614 0.1805

We note that CCP power is the most important variable,
and in fact sets the sputtering rate for the system. We know this by
examining the value of the F-statistic as expressed in the ANOVA
table. At the 95% confidence level, any F-statistic less than 0.05 is
considered significant, and CCP power comes in at 0.0430. The
pressure and ICP power come next in importance. The low ICP effect on
the total deposition rate is somewhat surprising. We were expecting
it to play a more important role given the fact that it sets the
overall ionization level. The pressure is effect 1is somewhat more
important than the ICP to the overall response and that is expected
as well. After all, one would expect that lowering the pressure would
increase the mean free path of the sputtered species. We note that
the distance between the target and substrate was about 3 cm in this
case. We noted some deposition of alumina on the walls of the
container and expected a greater centribution from lowering the
chamber pressure that was apparent on the data.

Let us look at what we have Jjust explained in & more
intuitive way. Figure 5.2.1 shows the film thickness as function of
CCP power. The line through the middle is a regression estimate from
the data points obtained. The parabolas indicate the confidence

factor of the predictor. When one goes outside the set limits, it
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becomes more difficult to predict the results and this is evident by
widening zones. Still it is easy to see how the growth rate increases

as the power CCP increases.
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$151.7661 4.8229 I 0.0430C

Figure 5.2.1 Deposition Rate vs CCP Power, 100% Ar ambient

For comparison let us examine the pressure effects which
Nowicki found to influence film growth. Figure 5.2.2 presents the
results from our set of experiments that show some dependence as
well. Immediately obvious is the fact that the best-fit regression
line for the response variable is much less steep. When we vary the
pressure, the response variable does not move significantly in either
direction. A general ctrend is difficult to predict given the small
variation in deposition as the pressure was lowered. In general lower
pressure leads to higher deposition rates due to increased MFP, and
this can be seen on the linear plots of the data 5.3.1 and 5.3.2. It

is likely <that the pressure changes were too small to show

=

significance.

68

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



250

200 =

100 —

Dep Rate (A/min)

| 1 L
10 15 20 25 30

Pressure (mT) Leverage

Effect Test
Ratio DF Prob>F
.6751 1 0.2139

)

Sum of Squares
1785.€256

.2.2. Deposition Rate vs Chamber Pressure, 100% Ar ambient

'l,
o
[te]
(@
5}
1)
wmn

We also show for completeness the effect of ICP power on

the deposition on figure 5.2.3. The trend here 1is for increased

depositicn rate as the ICP power in increased. As mentioned above,
the ICP power sets the icnization rate, so that one would expect the

deposition rate to go up as the ICP power is increased.
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Figure 5.2.3 Deposition Rate vs ICP power, 100% Ar ambient

We now examine the results of the regression analysis and
cut together a model that helps explain the effects of the primary
factors on the response. The results of the sum of sgquares from the

ANOVA are shown on table

Table 5.2.4 Summary of Parameter Estimates and Model Fit

Parameter Estimates

Term Estimate Std Error t RatioProb>|t|
Intercept -55.78%84 65.69057 -0.80 0.4351
ICP_Power (W) 0.2278125 0.226355 1.01 0.3292
CCP_Power (W) 0.4527257 0.205936 2.20 0.0430
Pressure (mT) 3.6101276 2.789345 1.29 0.2139
ICP_Powe*CCP_Powe 0.000331%9 0.000595 0.56 0.5846
ICP_Powe*Pressure -0.004334 0.005443 -0.80 0.4375
CCP_Powe*Pressure -0.012358 0.008824 -1.40 0.1805
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Response: Dep Rate (A/min)
Summary of Fit

RSquare 0.73358
RSquare Adj 0.633673
Root Mean Square Error 32.€64938
Mean of Response 122.9565
Observations (or Sum Wgts) 23

In general, the model is & linear combination of the
factors on the model multiplied by the estimators of that factor. For

the &above experiment, the model 1is expressed in the form of
y = a + Bx + ..., where B is one of the factors and x is the

estimate of that factor. The factors are presented on column 1 and
the estimator values are presented on column 2 of table 5.2.4. The R-
Sguare value for the model is 0.73358 and it gives the proportion of
the total variation of the dependent variable that 1is accounted for
py the linear relationship with the independent variable. It can be
also understood to represent the proportion of the variability in the
data explained by the analysis of variance model. Thus for our
experiment, the factors pressure, IC and CCP power explain about
73.36 percent of the variability of the growth rate. Since the R™

value i1s the ratio of the model variability divided by the total

variability, we must have 0 < R- £ 1, with the larger values being

more desirable.
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Figure 5.2.4 Contour of alumina dep rate.

Finally, fiqure 5.2.4 puts all the individual predictors and analysis

done in a surface plot that predicts the film growth characteristics
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at any level. This 2d projection of a 3d plot cleanly summarizes all

the statistical analysis done in the above section.

5.3 An Alternative Approach

The parameters investigated are interrelated to each
other in such a manner that a design of experiment (DOE) is the most
correct method of drawing conclusions. However, a plot of the data in
a linear fashion helps to further explain trends. For example, the
chamber pressure directly affects the level of ionization. At low
pressures the density is lower and the ionization decreased. One
would expect the deposition be driven mostly from neutrals sputtered
from the target. As the pressure is increased, the mean free path is
reduced and a sputtered atom has a greater chance for re-deposition
or scattering.®®

The data from table 5.2.1 is re-plotted on figures 5.3.1
and 5.3.2 to gain more insight on the deposition parameters under
study. The dependence on ICP power is evident as demonstrated by the
ENOVA analysis shown on section 5.2. At constant magnetron power
(constant alumina flux) and &a constant pressure, the relative
ionization climbs as & function of the RF power to the cocil. The
power to the CCP is clearly significant as predicted by our model. We
did not see a leveling off of the sputtering rate as the CCP power
was ilncreased.

At high magnetron powers, a saturation and decline of the
deposition rate has been observed by others.® This is reportedly
seen at high atom fluxes through the ICP region. Such an effect was
observed by Rossnagel, et.al during Cu deposition using a similar
set-up as ours and can be explained as in the following manner.
Magnetron can result is a very significant particle flux into the

inductive region. For example, Rossnagel points out that the
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sputtering yield for Ar on Cu is about 2.5 at 500 V. A 2 kW magnetron
discharge at 500 V (4 A) yields a Cu atom flux of 6x10'%/s, which is
equivalent to 140 sccm. Each of these atoms has the capability to
absorb (and emit) several tens eV from the electron population
through excitation and ionization. The effect of the metal flux is to
depress the electron temperature even though the density may
increase. Most inert gas processing-scale plasmas have a fairly low
degree cf ionization of the background gas, typically on the order of
& percent or less. The plasmas are approximately Maxwellian, with an
electron temperature in the eV range, and the rate of ionization by
the tail of the distribution sustains the losses from the edges of
the plasma. For an Ar plasma, the ionization potential is 15.76 eV.
Atoms from the alumina material have an ionization potential that 1is
likely much lower. When an alumina molecule passes through the dense
Ar plasma, 1its probability of ionization is much greater than a
comparable Ar. atoms. The effect, then, of significant fluxes of
alumina is to depress the electron temperature even though the

density may actually increase.
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5.4 Conclusions

In this chapter we have presented the results obtained
from a screening experiment designed to test the concept of a new
sputtering source that combines magnetron sputtering with inductive
ccupling. The data presented herein was also presented as a poster on
the 49" meeting of GEC conference in Chicago, IL. in 1997. Feedback
from reviewers on the poster revealed insights on how the process
could be improved

In summary, we have shown our system to be capable of
independent control of plasma density and ion energy. We have shown
the ability to obtain high sputtering rates comparable toc previous
studies. We have shown that sputtering rates increase as the CCP is
increased and that ICP power increases the sputtering rate by
increasing the plasma density. Finally, we have shown pressure to
have a limited effect on the sputtering rate by modulating the MFP of
the species.

Experimental ideas obtained at the GEC conference along
with changes on the chamber designed to enable it to be run longer
times were incorporated on a second set of experiments. The
experiments with the improved source are shown on chapter 6. In
addition, we show data on the composition of the films, the effects
of O- on growth dynamics and crystallinity of the films grown at low

temperatures.
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CHAPTER 6 SECOND CONFIGURATION

On chapter 5, we demonstrated the results obtained from

the prototype reactor. The first set of experiments presented on the

'0

revious chapter constitutes a proof of concept that can be used as a

t
1]

latform on which to build upon. The principle for inductive

‘0

magnetron sputtering of oxides from this new system was shown. We now
implement changes that make the process more robust. These
improvements allow for longer depositicn times designed to look at
the film dep. rates and characteristics

On the configuration previously used, the match network
was connected to the alumina target directly from above. Such
configuration allowed for the cathode to be as close as possible to
the substrate. The closer the target is to the substrate, the higher
the sputtering rate that can be expected. Hence the 1initial
configuration, where the ICP and CCP sources were near each other,
was very tight. This forced the substrate holder to be too close to
the inductive region. Little 1is known on the interaction between
inductive and capacitive plasmas near the substrate. Consequently, it
was decided to move the substrate away from this region.
Additionally, the inductive region of the plasma was very close to
the vacuum seals. The dense plasma made cooling of the o-rings
difficult and ultimately became the limiting factor as to how long

the plasma could be run.

6.1 Changes implemented

During the 1initial design of the source, it became

necessary to shield the coils from the rest of the system. The
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magnetic fields were interacting with proper control of the magnetron
and other electronic systems. The issue was greatly reduced when a
shielding cage was installed arcund the source. The c¢ylindrical
geometry replaced the original “stove top” geometry increasing the
size of the scurce but reducing the cross talk.

The match network to the CCP consisted cf variable air
capacitors that placed a limit on the power that could be delivered
tc the magnetron. Experimental results from chapter 5 showed the

importance of the CCP power to the sputtering rate. Vacuum capacitors

can handle higher voltages on the IC? and CCP match networks thereby
allowing higher RF input power. The ICP network was, therefore,
upgraded. The @t network for the CCP was considerably more difficult
to replace given that variable inductors are necessary to match the
plasma impedance to 50 Q. The CCP match network remained with air
capacitors. This means that there 1s considerable risk of arcing
across the fins of the air capacitor when the input power goes above
€00 watts.

Other changes implemented are listed below. The ability

to operate the system for periods longer than 10 min. was a majcr

(al

nroughput limiter. This was due to the lifetime of the o-ring that
was extremely short and qguickly degraded with temperature. The
magnetron flange was left floating to prevent unwanted sputtering
from here. The first few films had & silvery complexity. Initial
samples analyzed with EDX indicated an aluminum rich film, verifying

our suspicion. Changes implemented are listed below:

i. The target was permanently fixed to the magnetron.
ii. Cooling was implemented around the flange to keep the o-rings

from early failure
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iii. The quartz cylinder was cut down to 4”. The substrate holder was
brought down to facilitate the introduction of the samples into
the chamber. Consequently The distance between the target and
the substrate actually increased.

iv. The ICP coils were permanently attached to the guartz cylinder
to fix their gosition.

v. Water cooling to the ICP coils itself was implemented. This was
the one significant change that allowed us to run the reactor
longer than before.

vi. An automatic controller for the CCP match network was installed.
This allowed for the proper adjustment of the ICP source without
having to worry if the CCP match drifted during deposition.

vii. O-. delivery capability was added.

viii. Substrate bias capability was added.

ix. A —thermocouple was added to keep track of the substrate
temperature before and after the deposition

x. The pump package was changed to conform to the usage of O:

xi. The flange holding the quartz cylinder to the magnetron was
anodized.

xii. An isolation valve was installed to allow the pumps
(specifically the turbo-mclecular) to keep on running when the

chamber was brought to atmospheric conditions.

6.2 Analysis of results

The methodology and details of the experiment have
already been explained in detail in section 5.1. Changes implemented
to the source are mentioned on section 6.1. This allowed for a more

robust process capable of longer operation.
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The lack of a load-lock made the repeatable positioning

h

o the samples difficult. Additionally the pumps had to be
continually turned on and off during sample loading. To address these
issues an isolation valve to the turbo-molecular pump was installed
and & butterfly valve to the mechanical pump was added. & vent vale
was also added to help bring the system up to atmospheric pressure

The placement of the substrate holder below the coils
increased the distance between the target and the substrate holder
was ilncreased from 3 cm to 12 cm, a four-fold increase. This was the
minimum distance that would allow us to consistently load the masked
slides on the same position without having to disassemble parts of
the reactor. Increasing the substrate to target distance leads to
lowered sputtering rates. Nevertheless, the change resulted only on a
marginal decrease on the sputtering rate as evidenced on the
experimental data.

Based on previous studies on reactive sputtering, we
decided to experiment with different oxygen partial pressures to see
how the sputtering rates would be affected. In reactive sputtering,
it 1s necessary to maintain a level oxygen to react with the metal
and to maintain stoichiometry. The pressure was known to have a small
effect on the range of study, so we set it at 15 mTorr for all the
runs. The length of &a deposition run was set at 20 mins. Upon
introduction of the sample into the chamber, the gases were turned on
and allowed to stabilize for S min. The power for the magnetron was
rurned on first and slowly ramped to set point as well. The inductive
cower was then slowly turned to the set point and the match network
adjusted for maximum power transfer. The deposition time started when
the power to the CCP was applied.

The results from a set of runs at 15-mTorr chamber
pressure in 100% Ar ambient are shown on table 6.2.1. The sputtering

rate is very small when the CCP is set to zero but still present.
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With only the ICP power, a sheath still exists, though the potential
gcross it 1is very small. That is why one still sees some level of
deposition with zero input power to the cathode.

In general the trend is for increased deposition as the
CCP power 1s increased in accordance to previous observations. The
ICP power plays & small role on sputtering rate at a low power and
increases 1in importance at high CCP powers when the ambient is pure
Ar. At high ICP power, the 1ionization 1s high, and high cathode
potentials are very effective in pulling these 1ions towards the
target for material removal

The sputtering rates are highest when the ambient is 100%
Ar. A noticeable downwards trend is apparent from figures 6.2.2 and
6.2.3 as the 0O: is increased, falling to nearly half the peak value
when the O: partial pressure reaches 4%. This is likely a result of

adding negative ion species caused by the dissociative attachment of

oxygen via € + O. — O + O. With the presence of negative ions in
the plasma we create a situation where the negative ions are trapped
within the discharge by the positive potential of the plasma with
respect to the all the wall surfaces. The negative ions are lost only
by recombination with positive ions in the volume. This situation
causes that the positive ion losses to the walls to be much lower in
an electronegative plasma. Lieberman offers a detailed analysis of
electronegative plasmas, but in short, the electron temperature T, is
not longer just a function of n.d,::, but now depends separately on ng
and the geometry, as well as the discharge power P,,,. One result is
that the negative ions suppress the Bohm velocity at the sheath edge,
thereby reducing is their energy.

The primary factor which gives a feeling of the
electronegative interaction is a or the ratio of negative ions to

the total electron density. Since our system 1is working a low
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pressure and the oxygen flow is relatively low, we could argue that
the negative ion density is small and concentrated within the plasma
volume. We can then assume that the plasma edges behave essentially
electro-positively so that the effects are minimized. Nevertheless,
the reality 1s that the CCP and ICP combination complicates the
matter since the ICP could lead to significant levels of negative
oxygen ions causing the plasma to behave erratically. This was the
case as the oxygen content was increased. The plasma became
increasingly difficult to match for maximum power transfer. At the
highest oxygen flow, we could not completely match the plasma
impedance leading to decreased power delivery on both, the CCP and,
therefore, lower deposition rates.

Schneider and Sproul have observed similar results.
Admittedly, these results arise from reactive sputtering, where
precise control of oxygen 1s a necessity. Our system is completely
different. Nevertheless, they do observe a hysteresis curve on the
oxygen dependence so that an O. pressure increase of 5% (from 2% to
7%) decreased the deposition rate from 76% to 38% of the metal
deposition rate.*® In our case, there may also be a peak O; content
petween zero and two percent that was missed in the experimental
design. Nevertheless, the results presented herein agree with those
observed elsewhere.

Figure 6.2.1 show the sputtering rate &as a function of
target power for different ionization levels. The trends show how
denser plasmas contribute to increased Al-O; deposition rates. The
correlation is excellent as indicated by the R™ regression statistic.
When O- i1s added to the gas mixture, the CCP trend remains, but the

ICF ccntributions declines due to the plasma instabilities already

mentioned.
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Tabie 6.2.1. Sputtering rate (A/Min) in 100% Ar ambient, chamber

pressure at 15 mTorr

ccp icp=0 icp=100 icp=200 icp=300
0 o I i0 15
400 30 46.25 50 75
500 45 60 81.2% 70
600 50 1260 190

Sputtering rate as a functiion of target potential.

100 % Ar ambient
200 %
£ 128 y = 0.2301x + 1.2048 ¢ icp=0
s R? = 0.6772 (300) B  icp=100
> 140 y = 0.1304x + 7.9762 .- icp=200
g :gg R? = 0.9326 (200) L~ » X  icp=300
@ oo | ¥=0-1538x-1.4006 .= - &1 ==Linear (icp=0)
E R*=0.7805(100) _ . <~ X %" — = Linear (icp=100)
g 60 e e~ . P
3 40 - / = = = Linear (icp=200)
@ o y = 0.0838x = = Linear (icp=300
28 X g 2= R? = 0.9855 (0) p=300)
0 100 200 300 400 500 600

CCP Power (W)

Figure 6.2.1. Alumina Sputtering Rate (A/min) in 100% Ar. Chamber

pressure 15 mTorr
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Table 6.2.2. Sputtering rate (A/Min) in 98% Ar ambient and 2% O,

chamber pressure at 15 mTorr

ccp icp=C icp=100 icp=200 icp=300
0 0 10 10 15
400 50 48.75 51 42.5
500 71.25 47.5
600 110 95 87.5 77.5

Sputtering rate as a functiion of target potential.
98% Ar, 2% 02

120
— 100 .
5 y = 0.1337x + 6.0994 e icp=0
g gg | R =0.9463 (100 Z w icp=100
E y=0.121x + 10 ‘ icp=200
& g |R*-0.9738 (200) ] . «  icp=300
g x — - =Linear (icp=100)
% 40 y =0.0038x + 10| = - - -Linear (icp=300)
% 20 R? = 0.8656 (300) Linear (icp=200)

100 200 300 400 500 600
CCP Power (W)

Figure 6.2.2. Alumina Sputtering Rate (A/min) in 98% Ar and 2% O,

chamber pressure 15 mTorr
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Table 6.2.2. Sputtering rate (A/Min) in 96% Ar ambient and 4% O,

chamber pressure at 15 mTorr

ccp icp=0 icp=100 icp=200 icp=300

0 10 10 12.5 i5
400 490 35 25 40
500 55 46.25 47.5 42.5
600 65 63 78.75

Sputtering rate as a functiion of target potential.
96% Ar, 4% 02
100
a0
3 )
E 80 y = 0.0904x + 8.6145 X e icp=0
< 70 R? = 0.9822 (300) \ s icp=100
% 60 icp=200
x S50 )
o x icp=300
e 40
= 30 — Linear (icp=0)
£ 20 - « = -Linear (icp=300)
& y = 0.0887x + 10.798
10 R? = 0.79 (0}
0
0 100 200 300 400 500 600
CCP Power

Figure 6.2.3. Alumina Sputtering Rate (A/min) in 98% Ar and 2% O,

chamber pressure 15 mTorr
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6.3 Composition Analysis of the alumina films

Several samples were submitted for analysis to the
reliapbility laboratory at Hewlett-Packard to judge the quality of the
films and to verify that indeed the thin film grown was Al:0;. Four
of these films were run at extreme points and are represented on
table €.3.1. The rest of the samples were run at typical set points
and are detailed on table 6.3.2

For the chemical and stoichiometric analysis ESCA was
chosen because it can produce gquantitative results with the use of
standards. ESCA (electron spectroscopy for chemical analysis) 1is
synonymous with XPS (x-ray photoelectron spectroscopy.) It is a non-
destructive technique that involves x-rays striking a sample and

* Others have used

emitting electrons via the photoelectric effect.®
RBS to analyze the film's stoichiometry since it can also prcvide
some level of information on crystal quality. Nevertheless, XPS is
well suited for the type of chemical information sought on this
experiment,

ESCA is a surface sensitive technique. The fundamental
parameter describing the surface sensitivity is the mean escape depth
(MED), ranging between lnm and 4 nm for most experimental situations:
~63% of the information comes from within 1x MED of the surface, ~95%
of the information comes from 3x MED of the surface.®¢

HP’s Quantum 2000 ESCA system has a circular x-ray spot
with a tunable full width at half maximum between 7 and 140
microns.® It uses a secondary x-ray image (SXI, analog to a SEM
image) to locate the features on the samples.

The photo-emitted electrons carry information about the

composition, chemistry and work function of the sample’s surface. The
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sensitivity has a practical limit of about 0.1%. Oxides, nitrides
silicides, halides, and others easily distinguished from the metals.
The table below lists the compositions of the films after
sputtering for about 40 A. All the films had some residual C, but it
was so small as to be negligible. All the films had some Ar that
could have been either in the film or embedded in the film during
sputtering. There is no way of distinguishing the source of Ar, but
it was most likely embedded in the film during its growth. The sample
used as the Al-O; standard was not particularly pure. It had some

residual S5i0; at very low levels.

Table 6.3.1 Percent composition obtained from ESCA on

four films and a Al-O; standard

Element Filml Film3 Filmé Filmlé Al-0,
0 67.5 69.0 65.0 66.0 68.4
Al 32.5 31.0 35.0 34.0 31.7

1. Filml - ICP=300, CCP=0, P=20mT, 100% Ar
I Film3 - ICP=0, CCP=300, P=30mT, 100% Ar
fIL Filmé - ICP=0, CCP=400, P=10mT, 100% Ar
IV. Filmlé - ICP=400, CCP=0, P=30mT, 100% Ar

In addition several other samples taken at different
combinations of pressure and ICP/CCP to investigate the effects of
combining both sources of power. For the samples indicated below, the

ambient was 100% Ar. The samples are coded as thus:

I. Sample #9 - ICP=200 W, CCP=200 W, 30mTorr

II. Sample #17 - ICP=200 W, CCP=200 W, 20mTorr

III. Sample #13 - ICP=400 W, CCP=400 W, 30mTorr

IV. Sample #11 - ICP=400 W, CCP=300 W, 1lOmTorr
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V. Sample #15 - ICP=300 W, CCP=300 W, 20mTorr
vVI. Sample #5 - ICP=300 W, CCP=300 W, 20mTorr

Table 6.3.2. ESCA composition in at. % after sputtering for 8§ nm.

19732, #5 . . . .
19732, #17 2.5 1.2 62.6 33.7 0.0

19732, #13 0.4 0.0 65.7 33.9 0.0
19732, #11 0.8 0.0 66.0 33.2 0.0

19732, #15 0.0 0.0 66.6 33.4 0.0
awverage
deviation

erfecr alumina film would have an oxygen to aluminum

s
'0

ratio of 6C/40. Clearly this is not what is shown on table 6.3.2. We
ccint out that the alumina standard of table 6.3.1 does not approach
—he ideal ratio either. The reason is that alumina is naturally bound
o water. This is the case for all of the major phases of alumina
known such as: gibsite (a - Al:0:~3H:0), bayerite (B - Al:0;~3H:0),
boehmite (& - Al-O;~H-O) and diaspore (f - Al-0;~H.O). Gibbsite is the
predominant American bauxite and bayerite is artificially produced by
slow carbonation by sodium aluminate. Boehmite 1s the naturally
occurring European bauxite and diaspore is naturally occurring in
Russian deposits and areas of Missouri and Pennsylvania.

In our results, we see an oxygen to aluminum ratio closer
to 66/33. Assuming an atomic weight for oxygen of 16 amu and
aluminum of 27 amu, the stoichiometry of the material is quite close
to Al-0:~4H-.O, indicating a 31% Al and 64% O,. Ideal boehmite would
have 3H.0 molecules indicating 35% Al and 62% O.. Therefore the

samples obtained are slightly more hydrated than ideal. We note that
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XPS is unable to pick up H or He. Consequently, these elements, 1if
present, would not appear cn the element tables 6.3.1 or 6.3.2.

The formation of coatings with entrapped gas atoms is a
commen occurrence in sputtered coatings deposited at low pressures.®
"3 %% *° For example, when argon ions are incident on the target, there
is & significant probability that they will be neutralized and
reflected. When depositing at low pressures, the reflected and
neutralized ions will reach the substrate with high kinetic energy
owing to the high mean free path.®® Consequently, the reflected argon

atoms can be entrapped in the growing film. Nevertheless, there is no

sigrn of Ar entrapment in any of the films examined by XPS. Possibly,

o1

he atoms lose the majority of the energy &s they cross the dense

Dlasma region between the coils.

ESCA results

12
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8
3
Z 6 —fim1
§ 4 — Al203 standard
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o
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Binding Energy (eV)

Figure 6.3.1 Film 1 compared to Al-O; solid standard. Dep parameters

are ICP=300, CCP=0, P=20mT, 100% Ar ambient.
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ESCA Results
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Figure €.3.2 Film 3 vs Al-O; solid standard. Dep parameters are

ICP=0, CCP=300, P=30mT, 100% Ar ambient.

ESCA Results
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Figure 6.3.3 Film 6 vs Al-O; solid standard. Dep parameters are

Icp=0, CCP=400, P=10mT, 100% Ar ambient.
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ESCA Results
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Figure 6.3.4 Film 16 vs Al:O; solid standard. Dep parameters are

ICP=400, CCP=0, P=30mT, 100% Ar ambient.

The above figures show plots of the binding energy vs
intensity for the samples indicated by table 6.3.1. Each one c¢f the
samples 1s then compared with the known alumina standard. In every
case, the XPS analysis showed no significant difference 1in the
bpinding energies of the thin films produced and the bulk alumina
standard (see figures 6.3.1, 6.3.2, 6.3.3 and 6.3.4). Furthermore, no
indication of free metals could be observed. Free metals will affect
both the optical and mechanical properties in an undesirable way. The
chemical analysis proved to be close to stoichiometric, and within
the error of the measurement. No difference in composition could be
detected for the different conditions at which the samples were

grown.
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6.4 Microstructure Analysis of the alumina films

The data shown in this chapter and in the previous one
indicates that this novel is source capable of sputtering at high
rates and producing alumina very close to ideal. We now take a closer
look at the microstructure of these films. For that we use x-ray
diffraction (XRD), since it is the most widely used technigue for
general crystalline material characterization.

XRD is a powerful technique used to uniquely identify the
crystalline phases present in the materials and to measure the
structural properties (strain state, grain size, epitaxy, phase
composition, preferred orientation, and defect structure) of these
phases. Owing to the huge data bank available covering practically
every phase of every known materizl, it 1is routinely possible to
identify the phases in polycrystalline bulk material and to determine
thelr relative amounts from diffraction peak 1intensities. Phase
identification for polycrystalline <thin films 1is possible down to
thickness of 100 A.

In X-ray diffraction (XRD) a collimated beam of X-rays,
with wavelength A ~ 0.5 te 2 A, in incident on the specimen and
diffracted by the crystalline phases in the specimen according to
Bragg's law (A = 2dsin®, where d 1s the spacing between the atomic
planes in the crystalline phase). The intensity of the diffracted X-
rays is measured as a function of the diffraction angle 28 and the
specimen’s orientation. This diffraction pattern is used to identify
the specimen’s crystalline phases and to measure 1its structural
properties.

The crystalline analysis was carried out using a Siemens
XRD machine using a thin film diffractometer with a Cu Ka radiation

in the Bragg-~Bentano geometry. The x-ray generator settings were 40
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kV and 30 mA. The step size was 0.05° and the scans were acquired
from 20° to 60° 26.

The major difference between 1ionized and conventional
magnetron sputtering 1is that the ion flux to the substrate consists
of Al, Ar and O species as opposed to mainly Ar in conventional
magnetron sputtering (L1f Ar 1is wused as the sputtering gas).
Qualitative evidence for the increasing degree of iocnization with
increasing power supplied to the RF coil has been shown by Schneider
and independently confirmed elsewhere.® *“* Consequently, the ion
density at the substrate increases as the RF coil power in increased.
In theory this should increase the surface mobility at the film
thereby facilitating crystalline growth. Nevertheless, all the

samples tested are amorphous. This is not unexpected, given that

below 300 C substrate temperature, alumina coatings are reported to

e

be X-ray amorphous.®®
The results given here are representative of different
growth conditions. For reference, we point out that there are many

different phases of alumina of which corundum is the crystalline form
found in nature. The stable form of AL-O; 1s a-alumina, also know as
sapphire. It may also appear as K in orthorhombic configuration or 6
as monoclinic. The latter two configurations are less densely packed
and therefore are easier to obtain. k alumina 1is particularly

interesting given that it has been deposited at temperatures as low

as 280 C and reportedly has very similar plastic and elastic behavior
as the more stable a polymorph.’> XRD data for xalumina is widely

available from the JCPDS data and all the other possible crystal

configurations as well. A typical diffraction pattern is shown on the

table 6.4.1. It is for O alumina, which is quite similar to K.

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 6.4.1 Aluminum Oxide, Monoclinic Standard (0), A=1.54056"2

dspace 20 Intensity h k 1
5.7 15.53347 2 2 e 0
5.45 16.25072 10 0 0 1
4.54 19.53722 18 -2 o] 1
2.837 31.50938 80 -4 0 1
2.73 32.77847 65 0 0] 2
2.566 34.93861 14 -1 1 1

2.444 36.74337 60 1 1 1

2.315 38.8707 45 4 0 1

2.257 39.91143 35 2 0 2

2.019 44.85642 45 -1 1 2

1.9544 46.42424 3 -6 0] 1

1.9094 47.58495 30 6 0 0

1.7998 50.68039 i4 5 1 0

1.7765 51.39317 8 -6 0 2

1.7376 52.63086 4 -4 0 3

1.6807 54.55763 2 6 0 1

1.6216 56.72191 6 2 0 3

1.5715 58.70333 2 -1 1 3

1.5426 59.91424 25 -3 1 3
1.512 61.25542 6 -6 0 3

1.4883 62.33884 25 1 1 3

1.4526 64.05017 25 0 2 0

1.4264 65.37148 10 7 1 0

1.3883 67.400%4 100 4 0 3

The results of the phase analysis for a sample of all the

ilms grown are shown on figures 6.4.1 to 6.4.5. The films do not

()}

show any significant peaks indicating that there is no crystalline
structure to the films. For comparison, we did XRD on a flat piece of
Corning quartz glass as shown on figure 6.4.6. Clearly, there is no
difference bpetween the plain slide and the ones containing the
sputtered films. Crystalline samples from other studies indicate

strong peaks on k(022), 68(203), 6(601) and x(030), none of which appear in

any of the samples with any intensity.

94

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



XRD Resulits
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Figure 6.4.1 Counts vs 20 for sample 35.
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Figure 6.4.2 Counts vs 20 for sample 41.
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XRD Results
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Figure 6.4.3 Counts vs 20 for sample 44.
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Figure 6.4.4 Counts vs 20 for sample 47.
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XRD Results
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Figure 6.4.5 Counts vs 20 for sample 589.
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Figure 6.4.6 Counts vs 20 for a plain quartz slide.
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A substrate heater was not used. Rather, we chose to let
the current to the sample determine the growth temperature. Although
this factor was uncontrolled, the temperature never went above 80 C
after 20 mins deposition. At 80 C, the temperature 1is nearly 300 C
below the lowest temperature ever recorded for crystalline growth. It
was hoped that the bombardment of charged species could have bpeen

enough to impart the necessary energy to show the potential for some

[

crysta growth. This is clearly not the case. Nevertheless, we
pelieve that with sufficient ion flux and proper heating to the
substrate, it would be possible to repeat the results at the low
temperatures reported by Schneider, et.al.

The mechanism attributed to crystal growth at this
temperature is referred to as plasma activation. Due to the
complicated experimental setup, which is similar to the one used
herein, it was not possible to determine the exact mechanism
responsible for crystal formation. Laser ablation has been used to
activate an argon plasma in an attempt to gquantify this effect.
Hirschauer deposited <crystalline a-Al-O0; and other materials
difficult to deposit at substrate temperatures of 850 C by this
technique. ® Unfortunately, no systematic studies have been performed

including some of the basic deposition parameters sSuch as temperature

and lon energy.

6.4 Conclusion

In this chapter, we have shown how to deposit alumina-
like films with RF power using a solid target at rates that approach
those of DC reactive magnetron. We have implemented changes that
allow for longer processing times and increase repeatability and

throughput. We show deposition rates approaching 200 A/min, which are
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similar to those reported using a solid target. The compositions of
the films grown were calculated to contain an Al/0O. ratio close to
ideal. The extra oxygen found in ESCA is believed to be chemically
bound water molecules.

Comparing our results with the most recent reports we
find rates as high as 76% of the solid metal or approximately 540
A/min (9 A/sec) rate using pulsed DC by Schneider er.al. Such result
compares favorably to the datae presented herein. We point out to the
reader that such results obtained through reactive sputtering reguire
compiicated closed loop control of oxygen. Moreover, reactive DC
sputtering of non-conductive oxides 1s an inherently unstable process
that requires taking extraordinary precautions to prevent arcing. Our
system is significantly easier to operate and is not limited toc the
above problems.

X-ray diffraction of as deposited films showed that they
are all amorphous. This was not unexpected, since we did not use
either a substrate heater or bias. We note that not all the films
reported by Schneider are X-ray crystalline. If fact, most of them
are not. This is an indication that achieving any measure of crystal
order 1s very difficulc.

Some hardness measurements were made on the thicker,
clearer amorphous films and obtained hardness of the order of 5 GPa,
which 1s significantly lower than the value of 20 GPa for the
corundum standard. Hardness is defined as the average pressure under

the indenter, calculated as a force divided by the projected area of

contact between the indenter and the material. For the Vicker’s

diamond indenter, the projected area of contact 1is given by

A = 26.461‘2; where h, is the indentation depth into the glass

. . F

siides. The hardness is then calculated from the expression H = ;;
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where F is the applied force. A force of 15mN is selected to prevent
the glass substrate contribution in plastic deformation, in
accordance with the empirical rules which state that the indentation
depth must not exceed one-seventh or one-tenth of the coating
thickness. ' Reports in literature for amorphous alumina prepared by
ion bombardment is 10 GPa’ -, e-beam evaporation 8.4 GPa'® and R.F.
magnetron sputtering 9.5 Gpa. It is not obvious how to interpret

the different hardness values. It may be explained by one or another

cf the follcwing factors: microstructural changes, stress evolution,
snergetic neutral atom bombardment. In fact all these phenomena are
closely linked, but their interdependence and respective roles in

increase in hardness are difficult to identify. The 1increase 1in
hardness of the coating with power has been reported £for sputtered
TiN.® It was explained by the increase in substrate bias and
energetic atom bombardment as the power rises.

Film adhesion was generally good as measured
qualitatively by the “sticky” tape method. The adhesion strength
depends on both the bonding strength between the coating and the
substrate, and the microstructure in the interface region. ® The type
of bonding may be covalent, Van Der Waals, electrostatic or a
combination of these. It is likely that higher deposition energy of
sputtered atoms as the plasma pressure decreases may 1induce more
covalent interactions and improve adhesion. Bodino has shown that
aluminag coatings deposited on PET by rf magnetron sputtering lead to
an interface with covalent interaction through Al-O-C bonds.®® All

this indicates that we have qualitatively good film adhesion that can

be improved upon at lower pressures.
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Chapter 7 Suggestions for Further Study

The goal of this work was to build a novel source for RF
sputtering from a solid target, and this goal was successfully
achieved. The film rates were high, and the stoichiometry of the
fiims was very nearly that of the 1ideal Al-O; ratio. Now it is
necessary to learn to deposit Al-O; films with better hardness and
cystallinity, which should be achieved with the use of bias and
substrate heating.

There is sufficient circumstantial evidence that
indicates that energetic particle bombardment helps drive crystalline
growth at low temperature. Result of this so-called “plasma
activation” has been shown by Schneider and by laser ablation by
Hirschauer to obtain crystalline formation at low temperature. Of
particular interest would be to explore the effects of the electron
beam component on the «crystalline growth dynamics. Given that
ceramics have a large secondary electron emission coefficient, 1it
should be possible to create an in-situ beam for this purpose. The
author believes that this could be accomplished by studying the
effects of He partial pressures on the gas mixture.

Because the field of electron beam is fairly mature, the
above suggestion should be a straightforward implementation at low
chamber pressures. Collins, et.al. has already shown the versatility
cf electron beams for annealing ion-implanted wafers without the re-

distribution of <the original dopant profile.®" Other potential

applications shown by Collins et.al of these electron beams to

an

semiconductor applications include thick resist exposure.’~ Using a
similar setup as the one described herein for sputtering, Shaw and
Collins have shown the ability to generate electron beams generated

by ion-induced secondary electron emission.®’ The researchers found

that the CCP set the ion impingement energy as well as the electron
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beam acceleration. The ICP sets the current flux tc the substrate
much like Rossnagel had described earlier. A detailed study of the
plasma interactions and effects of the electron beam intensity on the
film properties would add much needed insight into the crystal growth
mechanics.

The suggestion described on the previous paragraph would
necessitate the addition of substrzte bias to modulate the electron
peam. The author would suggest the use of pulsed power to maintain
the power dissipation to the substrate at & minimum while maintaining
precise bias control. This would allow for exact heat control to the
substrate through & heater, which may be needed to reduce the

nydration of the alumina films.
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APPENDIX

Cn chapter 6 we described changes to the chamber and ran

[\

set of deposition experiments based on the regression results
obtained from the first configuration. The raw data for chapter 6 1is

presented belcw on table Al.

Table Al Details of the runs for the seccond set of experiments

Run pressure (mT) ccp (W) icp (W) Ar 02 Notes
33 10 400 0 100% 0% OK
34 10 500 0 100% 0% OK
35 10 600 0 100% 0% OK
36 10 0 100 100% 0% OK
37 10 0] 200 100% 0% OK
38 10 0] 300 100% 0% OK
39 10 400 100 100% 0% OK
40 10 500 100 100% 0% OK
41 10 600 100 100% 0% oK
42 10 400 200 100% 0% residual N2
43 10 500 200 100% 0% residual N2
44 10 600 200 100% 0% OK
45 10 400 300 100% 0% oK
46 10 500 300 100% 0% OK
47 10 600 300 100% 0% OK
48 10 400 0 98% 2% over by 30 sec.
49 10 500 0 98% 2% 5% reflected power. Fixed match on ICP
50 10 600 0 98% 2% OK
51 10 400 100 98% 2% OK
52 10 500 100 98% 2% OK
53 10 600 100 98% 2% OK
54 10 400 200 98% 2% OK
55 10 500 200 98% 2% oK
56 10 600 200 98% 2% OK
57 10 400 300 98% 2% OK
58 10 500 300 98% 2% OK
59 10 600 300 98% 2% OK
60 10 400 0 96% 4% OK
61 10 500 0 96% 4% OK
62 10 600 (o] 9%6% 4% OK
63 10 400 100 96% 4% OK
64 10 500 100 96% 4% oK
65 10 600 100 9%6% 4% OK
66 10 400 200 96% 4% oK
67 10 500 200 96% 4% OK
68 10 600 200 96% 4% OK
69 10 400 300 9%6% 4% OK
70 10 500 300 96% 4% OK
71 10 600 300 96% 4% OK
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We also explained the theory for Langmuir probes in
section 3.2 and briefly went over the details for making one of these
probes. We used a planar probe with automated data acquisition with

Labview to obtain a better understanding of the plasma

&

0O
jo
\})
2
[\l
0

teristics before running any experiments. The data obtained

from those observations is indicated below on table A2

Table £2. Langmuir probe measurement obtained on 100% Ar plasma.

¢ 11ICP 2 Ccp 3 PRESS 4 ARGON S wW 6 VW 7 DENSITY B8 TE

1 300 15 10 38.15 19.06  3.87e+10 3.67
2 400 500 15 20 37.54 19.42  4.32e+10 3.48
3 200 100 18 15 .1 20.16  1.61e+10 3.38
4 200 500 2 10 45.16 23,12 2.58e+10 4,24
5 300 500 18 20 38.45 20,66  4.01e+10 3.42
6 200 500 20 20 42.%0 23,18 2,87e+10 3,72
7 400 S00 20 10 33.40 20,40 4,01e+10 3.64
8 200 100 15 10 39.60 2,10  1.45e+10 3.40
] 400 100 18 20 33.68 16,81  4.77e+10 3.28
10 300 100 15 20 34.10 16.40 2.976+10 3.40
1 400 100 15 15 30.80 15,10 3.87e+10 3.10
12 200 500 15 10 4.4 2,43 2.580+10 3.84
13 200 300 20 10 39.45 21.34  2.17e+10 3.48
14 400 100 20 10 4.9 17.53 3.84e+10 3.3%
15 300 100 20 15 35.61 17.89  2.98e+10 3.4
16 400 500 20 15 41.92 2.0 5e+10 4,02
17 300 300 18 10 38.30 20.93  2.84e+10 3.34
18 400 300 20 20 35.26 17,50 S.44e+10 3.41
18 200 300 15 20 39.65 2,23 2.16e+10 3.3
20 200 100 20 20 35.66 17.78  2.11e+10 3.4
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