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Abstract

The energy flux at the substrate during physical vapour deposition has been shown to
influence the microstructure of the growing thin films. For many applications in
microelectronics and nanotechnology, even slight changes in the amount of the deposited
energy can affect the nanostructure and the suitability of the film. To meet the challenges
of fabricating films with the desired properties, a more complete knowledge of the energy

flux towards the substrate is required.

In this thesis, both the experimental and theoretical determination of the energy flux in a
direct current (dc) magnetron sputtering system is explored. Experimental energy flux
was determined by measuring the transient response of a micro-machined polysilicon
sensor. The steady state energy flux at the substrate was measured to vary from 9.6 to 46
mW/cm?, and 14 to 114 mW/cm?® at a substrate-target distance of 10.8 cm depending on
the magnetron power (75 — 300 W) and gas pressure for aluminum (Al) and copper (Cu)
respectively. The energy deposition efficiency depends on pressure, distance and the type

of material.
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Models have been developed for the deposition rate of sputtered flux, and the energy
deposited onto an un-biased substrate. The models compare well with the experimentally
determined values for aluminum (Al) and copper (Cu). The energy per deposited atom is
determined, and it trends towards being independent of power and pressure, especially at
high magnetron powers. At low powers, the energy per deposited atom increases with
pressure due to lower deposition rates. The energy per atom also increases with spatial
distance. However, for those regions not too far from the target, the energy per atom is
independent of the spatial distance. For the magnetron system used, plasma effects are
shown to be important in determining the total energy flux to the substrate. Contributions

of the electrons and thermal radiation from the target region are included in the model.

Numerical simulation of gas heating is also carried out. Thermal conduction of heat from
the heating sources has been identified as the major issue with gas heating. The type of
sputtering gas, target material, substrate plane location and pressure determines the extent
of gas heating. Sputtered particles have been shown to be the main source of energy for
heating the gas. Contributions from electrons, ions and reflected neutrals are only

significant at high pressures.
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Chapter 1

Introduction

Thin films are a key enabling part of most micro- and nanotechnologies. These films
consist of micro- to nanometer thick layers of functional material coated onto a “base”
material usually referred to as the substrate. The films may be electrically conducting or
insulating, magnetic, hard, optically or chemically active, depending on the applications.
They are usually formed from the condensation or reaction of free atoms or molecules
[1]. The source of these free particles may be gases or solids from which they are
released through an energetic process. A variety of different techniques are available,

depending on the materials and required properties [2].

The applications of thin films are numerous. Some of these include conductors, insulators
and diffusion barriers for microelectronics, antimicrobial or biocompatible coatings for
biomedicine, catalytic or barrier coatings for high and low index chemical industry, hard
coatings for tools or mechanical application, optical coating, magnetic coatings for data

storage and recovery, and decorative coatings for toys, automobiles and other

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



Chapter 1 Introduction 2

manufactured products [2-4]. Some of these applications lend towards miniaturization
and integration, and/or reduction in the overall weight. In fact, thin film technology is a
critical part of the multi-hundred billion dollars integrated circuit industry, magnetic
storage industry, optics industry, etc. In all these cases, the addition of a small amount of

film material dramatically changes the functionality of the substrate.

A particularly important consumer of thin films is the microelectronics industry.
Microelectronics has become a leading technological force in the present world economy
as a result of the invention of transistor in 1947 [3] and the fabrication of more and more
components on a single chip (integrated circuit). Scales of Integration has progressed
from the small scale (SSI) in 1958 through medium, large to now very large and ultra
large scales [5,6] as a result of the demand for faster and more powerful integrated
circuits. With the advancement in VLSI technology, chips now contain tens of millions of
transistors [7]. The increasing number of transistors per chip leads to increasing
complexity and requires decreasing feature size. These transistors would be useless if
they are not interconnected to form functional circuits. These interconnects are formed
from very thin layers of conductive metal which are deposited onto the silicon transistors
in layers separated by insulation in a process referred to as metallization as hypothetically
depicted in Fig. 1.1. The feature size of each interconnect must also be reduced along

with the transistor size which poses additional challenges as the properties of the
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Chapter 1 Introduction 3

deposited films are affected. These reductions could only be achieved through a sustained
improvement in manufacturing technology, especially with the present/future sub-100 nm

technologies.

passivation second metal
first metal

in.tcr-lcg'cl

diclectric contact via

gate ya o -
diffusion
barrier

' comacr Sourcefdrmain o gagonge

Fig. 1.1 Cross-section of a hypothetical IC structure with a two level metallization
scheme, identifying the complexity of the structure and the various thin films. Intel
Pentium 4 uses 65nm process, which incorporates 7 layers of metal [8]. Figure courtesy
of SK. Dew.
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Chapter 1 Introduction 4

Usually, the condensation of free atoms to form a thin film is followed by a more or less
layered growth of the deposit. Depending on the deposition technique, the deposited
material may not grow in a uniform manner, and may become faceted or develop
columns, voids, grains and other inhomogeneities [2]. This implies that the internal
structure of the thin films, “microstructure” is complex in nature. These microstructures
determine the properties of the thin films [9] and are difficult to engineer. Researches
conducted over the past years [10-29] have shown that microstructure and properties of
the deposited film are influenced by the process parameters and conditions, as well as
system geometry. The changes in the microstructure of the films as a result of the
variation in the process parameters are largely attributed to the changes in the energy flux
at the substrate [12], since the mobility of the impinging atom (adatom) and its ability to
arrange in a low-energy state depends to a great extent on the deposition energy. Since
the properties of the film clearly affect the film’s suitability for a given purpose, it is
important to study the energy flux to a depositing film and the role of the process

parameters. In some cases, the transient behaviour may be of particular importance.

The purpose of this study is to measure the energy flux at the substrate, and relate the
energy flux to the depositing conditions for a particular coating technique. In this chapter,
thin films (applications and deposition techniques), sputtering as a deposition technique,

and the role of process conditions on film microstructure are discussed. In Chapter Two,
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Chapter 1 Introduction 5

the theory of energy sources in a sputtering deposition process is discussed. Chapter
Three discusses the methods of thermal energy measurements, and outlines the
calibration and characterization of the calorimeter used in this study. The experimental
results are presented in Chapter Four. A theoretical model is developed in Chapter Five to
explain the sources of the thermal flux to the substrate, and compared to the experimental
results. Numerical simulation of gas heating is presented in Chapter Six.

Recommendations and final conclusions are presented in Chapter Seven.

1.1  Thin Film Deposition Techniques

As mentioned earlier, thin films can be deposited using a variety of techniques and
processes. Some of these processes are physical vapour deposition (PVD), chemical
vapour deposition (CVD), and electro-chemical deposition (ECD). CVD processes
consist of high pressure CVD, low pressure (LPCVD), plasma enhanced (PECVD) and
metal organic (MOCVD). The major advantages of CVD processes are the frequent near-
conformality of the deposited thin films and the consequent ability to fill vias having
small diameters and high aspect ratios [30,31]. A via as shown in Fig 1.1, is a hole etched
through insulation material between metal layers, so as to create a conducting path when
filled with conductive material. ECD processes have also been shown as a good

interconnect fill technology for ULSI metallization [32-37]. These processes consist of
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Chapter 1 Introduction 6

electroless deposition and electro-plating. A major challenge for both CVD and ECD,
however, is finding appropriate reaction chemistries and conditions. PVD processes
consist of evaporation, ion plating and sputtering [38]. Unlike CVD, PVD is a highly
non-equilibrium process, such that the coatings may be deposited onto virtually any
substrate. With the versatility of PVD technology, a wide variety of inorganic materials —
metals, alloys, compounds and mixtures thereof can be deposited on a variety of

substrates.

The choice of the deposition technique depends on the material and the type of
application. For integrated circuit (IC) metallization, there has been no material or
process with all the ideal characteristics. Sputtered aluminum has historically been used
over the years as the contact metal on devices as well as the higher-level interconnection
[3,39] with CVD SiO; insulation. With the evolution of ULSI, where several multilevel
interconnections are required, emphasis is now directed towards ECD copper, Cu (lower
resistivity) and CVD or spin-on low dielectric materials [40—46]. For instance Intel
Pentium 4, a 65 nm technology process, uses 7 layers of Cu [8], and virtex™™ II Pro
FPGA uses 9 layers of copper [47]. Nonetheless, PVD Al will continue to be used for
some IC interconnections/wirings (especially for the low-cost, high-volume DRAM
market) for years to come [48], and PVD Cu seed layers, adhesion layers and diffusion

barriers are still required even for CVD and ECD processes.
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Chapter 1 Introduction 7

The most widely used PVD technique for microelectronics is sputtering in a plasma
environment [2,17,49-56]. PVD technology first came into existence when Faraday in
1857 exploded metal wires in a vacuum [38]. This then found numerous applications in
thin film deposition [51]. To form any deposit, three steps must be considered, namely,
(2) vaporization of the material to be deposited, (b) transport of the vapours between the
source and the substrate, and (c) condensation of the vapours followed by nucleation and
growth of the film. In PVD, the steps can be independently influenced to obtain the

desired film properties [38].

1.2 Sputtering Process

Sputtering is a means of causing the ejection of atoms from a surface by bombarding it
with energetic ions [57]. It involves momentum exchange between the incident ions and
the particles of the target material. The sputtered material is ejected primarily in atomic
form. The substrate for the sputtered material to be deposited on is placed some distance
from the target. Sputter deposition is a vacuum coating process. However, the source of
the bombarding ion is plasma of an inert gas, such as argon, which is introduced into the
evacuated chamber at a certain low pressure (between 1 and 100 mTorr) depending on

the type of sputtering process. A glow discharge (electric discharge) helps in ionizing the
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Chapter 1 Introduction 8

working gas to produce the plasma. To accelerate the positive gas ions towards the target,

it is maintained at a negative potential (~-500 V).

Sputtered films are said to have properties which are often superior to those produced by
evaporation sources because of the higher kinetic energy with which the sputtered
particles are ejected from the target. This high energy has a favourable influence on film
adhesion and growth [58,59]. The average initial energy of sputtered atoms is in the range
of 10 — 40 eV, whereas evaporated atoms typically have energies of 0.2 to 0.3 eV [60].
Other advantages of sputtering over evaporation include better trench filling capabilities,
and process modification (such as ionized or reactive deposition). Apart from the energy
of the sputtered atoms, the plasma is a potential source of energy to the growing film. For
instance, the ultraviolet radiation from argon plasma has energy of about 12 eV, and the
visible radiation has energy of about 2 eV. Generally, the sputtering process is considered
a relatively high-energy process compared with many coating technologies. The major

disadvantage of sputtering is that of the equipment cost.

In sputtering processes, ionized gas particles (usually from inert gases such as argon) are
accelerated by an intense electric field in the cathode fall region (between positive space
charge and target surface) of the glow discharge [38,55,61] towards the target (cathode).

As illustrated in the sketch of Fig 1.2, these energetic ions knock off the surface atoms of
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Chapter 1 Introduction 9

the target. Some of the gas ions are reflected as neutrals. Secondary electrons are also
ejected, and help in maintaining the discharge. They are accelerated away from the target
by the high field and undergo ionizing collisions in the plasma. In a magnetron discharge,
these electrons are deflected by imposed magnetic fields and partially confined near the

cathode surface thereby improving the ionization efficiency.

(1) Ar” Ar (1)

GINe
"

Al target

@)%Al Ar (4)

Fig. 1.2 Sketch of a sputtering process. On ions bombardment (1), target particles (2) and
electrons (€") (3) are ejected. Some neutralized ions may be reflected (4).

Between the target and the substrate are the plasma, gas atoms, emitted (sputtered) atoms
from the target, and the reflected neutral gas atoms [62,63]. Thus, as the sputtered atoms
travel towards the substrate, they collide with other particles and are scattered [64-67].
Some are ionized by electron collisions, while most remain as neutrals [62). The ratio of
the ionized sputtered atoms to the neutral atoms depends on the plasma density, the
distance between the target and the substrate, the magnetron power, and the electron
temperature [68-74]. The common sputtering processes available can be divided into

three regimes. These are: (a) low pressure, typically below 0.1 mTorr — characteristic of

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



Chapter 1 Introduction 10

most ion-beam and enhanced magnetron sputtering processes or electron cyclotron
resonance (ECR) plasmas [75,76], (b) intermediate pressure, typically in the range of 0.5
to 30 mTorr ~ characteristic of most magnetron and some radio-frequency (rf) diode
sputtering processes [1,76], and high pressure, typically above 50 mTorr — characteristic
of most rf — diode and all d.c. — diode sputtering systems [1,40,75-78]. In the diode
sputtering system, there is no magnetic field arrangement as is obtained with magnetron
system. In the rf sputtering system, rf voltages are capacitively coupled across a non-

conducting targets, so as to remove charge accumulations on the target surface.

The Magnetron sputtering process is the most widely used sputtering process in industrial
settings [55,70]. This is especially true in microelectronics, such as for IC metallization,
magnetic and magneto-optical coatings used in hard drives and other magnetic storage
media, optical coatings, biomedical coatings, automotive manufacture and advanced food

packaging. The basic magnetron sputtering process is shown in Fig. 1.3.
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Fig. 1.3 Basic magnetron sputtering system. A potential applied to the target creates a
glow discharge plasma. Ions from the plasma are accelerated into the target and cause
target material to be ejected into the vacuum chamber filled with low-pressure argon gas.
Magnets confine the plasma near the target for greater efficiency.

1.2.1 Description of the Physical Process

Sputtering is usually done in a plasma environment. Plasma is a collection of charged and

neutral particles resulting from the partial ionization of atoms or molecules of a gas
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generally by an external electric field [79]. The essential mechanisms in plasmas are
excitation, relaxation, ionization and recombination, and may be characterized in terms of

macroscopic variables such as pressure, density and temperature.

The target (source of the thin film material) is usually biased negatively to accelerate the
argon ions from the plasma towards it. The incident ion knocks atoms out of their
equilibrium sites in the target, launching them ballistically through the material to
undergo further collisions, which eventually may cause the ejection of atoms from the
surface of the target. Thus, the bombardment of the ions on the target induces a collision
cascade within the target material [80]. The number of atoms participating in a collision
cascade is dependent primarily on the available energy [81]. The average number of
ejected atoms per bombarding ion is referred to as the sputtering yield, ¥; [82]. If the
density of recoils is sufficiently low, such that most collisions involve one moving and
one stationary particle, then the collision cascade is linear. Sigmund’s schematic
depiction of the linear collision cascade is shown in Fig. 1.4. The yield depends on the
energy of the bombarding ion, masses and types of incident and target atom species, and
the binding energy of the target material [83-85]. For ion energies between 200 and 600

eV, the yield increases linearly with the ion energy [83].
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Figl.5 Depth of penetration of ions in matter as a result of collision cascades.
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From the collision cascade model, it is evident that the ejection of a sputtered particle
from a target requires a sequence of collisions. Thus, though sputtering is a surface event,

the energy of the incident ion is partitioned over a region of the target material that may
extend 50 to 60 A or more below the target surface [61]. Fig. 1.5, which was generated

using the SRIM 2000.39 program [86], shows the longitudinal extent to which normally
incident ions may reach as a result of this collision cascade The source of the bands
shown that figure is not known, and may probably be due to assumptions made in the
calculations involved, which of course is outside the scope of the present study. However,

sputtering momentum exchange occurs primarily within a region extending only about 10

-15 A below the surface [87].

As the incident ion hits the target, a fraction of the kinetic energy of the incident particle
is transferred to the target atoms. During the collision cascade, the recoils have a
distribution of kinetic energies, with average energy falling continually with the number
of collisions. The range of recoils is relatively small compared with the range of the
initial projectile. Only those recoils, which are near the surface (within the escape depth),
will be able to escape. To escape, the recoils must have sufficient energy to overcome the
potential barrier, usually referred to as the binding energy or heat of sublimation, Uj,. The

direction of travel of the recoils would also determine the fraction of those with sufficient
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energy, which are also close enough to the surface to finally escape from the surface of
the target. This fraction is a function of depth at which the recoils are created. The ejected
particles have kinetic energies, which are only a small fraction of the incident ion energy.
The energy and the angle relative to the normal of the incident ions determine the energy

and angular distributions of the ejected particles [61,88].

Sputtered atoms are emitted from the surface in a mostly random manner. The angular
distribution is generally described by a cosine function, normalized to the emission at the
surface normal. However, depending on the choice of incident particle, energy, sample
species and orientation, departures from this cosine distribution are routinely observed
[88-90]. It is has also been shown that the form of the erosion profile affects the angular
distribution of the sputtered atoms [91,92]. The erosion profile depends on the

arrangement of the magnets of the magnetron.

If the mass of the incident ion is less than that of the target material, it is possible that the
ion will be reflected backward (after neutralization) in a single collision, and the energy
of the reflected neutral may be a significant fraction of its initial energy. When the target
mass is less than that of the incident ion, the ion can be reflected backward only as a
result of more than one collision and this reflection therefore is less likely to occur. The

ions are neutralized just before hitting the target. These reflected neutrals still retain
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significant energy, and can have long path lengths (in tens of centimetres) between
collisions with the sputter gas atoms. Hence, they suffer fewer collisions and lose that
energy more slowly than do the depositing atoms. If they hit the substrate, they may

deposit a significant energy onto it.

As stated earlier, the ejected particles collide with other particles (especially gas atoms)
on their way towards the substrate and lose part of their initial energy. Depending on the
number of collisions, the energy of some of the sputtered atoms is reduced to the thermal
energy of the gas before they are deposited onto the substrate. Those atoms whose
energies are reduced to the thermal energies are said to be thermalized. According to
Westwood [93], sputtered atoms can be considered thermalized after six to ten collisions
with the background gas, but this depends strongly on the relative masses of the gas and
the sputtered atoms. Fast atoms make fewer collisions than the thermalized ones, since

their path lengths are longer [94].

Thermalization by gas scattering is an important process in sputter deposition to control
the energy deposition by the sputtered atoms themselves [65]. An accurate knowledge of
the energy spectrum of the atoms ejected from the surface of the target, the decrease of
collision cross-section with increasing energy, the scattering of atoms on collision, and

the range of path lengths between collisions are essential in calculating thermalization
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events [28]. Usually, the flux of atoms emitted from the cathode is assumed [16,53—
56,62,95-97] to obey the theoretical expression for the ejection energy and angular
distributions derived by Thompson [98]. However, at low ion energies, it has been shown
that the energy and angular distributions of sputtered atoms deviate from the Thompson’s
model [61,88], which assumes a well-developed collision cascade. But at ion energies of

above 400 eV, the distributions approximate the Thompson’s model [61].

The number of gas phase collisions the ejected particles experience depends on their
energy. Collision cross-section has been shown to decrease considerably as energy is
increased from 10 to 100 eV [94]. The description of collisions between atoms requires
the knowledge of the interaction potential between these atoms, as this determines the
cross-section scattering angles, and the energy lost in a collision. A number of different
interaction potentials between atoms are available in the literature [99-104]. The
screened Coulomb potentials, based on the Thomas-Fermi model of an atom, present a
realistic view of atomic interactions [61,100,105]. The range of path lengths between
collisions are assumed [106] to follow a Poisson distribution and take account of the fact
that more energetic atoms travel further and transfer disproportionately more energy to

the substrate [55,61,107].
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The energy lost in all the collisions is transferred to the background gas. This causes
heating and rarefaction of the gas, thereby changing its scattering properties in a non-

linear and non-uniform manner.

1.3  Effect of Energy on Thin Film Microstructure

Energy exchange within the sputtering system is determined by two sets of parameters,
external and internal. The external parameters are the controllable experimental factors
such as power, voltage, current, dc or rf excitation, the geometry and the
composition/pressure of the background gas. The internal parameters are factors such as
the degree of ionization, potential drop in the plasma sheath, masses of the component
particles and the free paths of the various different particles. These internal parameters
influence the flux of particles as well as the energy flux towards the substrate. The film
microstructural evolution is primarily determined by these internal parameters [108]. The

two sets of parameters are coupled in a complicated manner.

Energy is deposited onto the substrate from various sources. Some of these sources

include: (a) the kinetic energy and the energy of condensation of the sputtered particles,

(b) the energy of the reflected neutrals, (c) the plasma irradiation, (d) the energy from
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charged particles (such as electrons) at the substrate region, (e) thermal radiation from

heated objects in the system.

This deposited energy heats up the substrate, and causes its temperature to rise. This
affects the surface mobility of the deposited atoms, and hence the properties of the
resulting thin film. Film growth can be divided into: (2) nucleation, (b) growth of the
nuclei and (c) formation of more or less connected networks with potentially some
interfacial voids [109]. When adatoms impinge on a surface, they may have a degree of
mobility on the surface before they nucleate and condense [110-112]. During film
growth, adsorbed atoms (adatoms) redistribute by sﬁrface diffusion with respect to
already existing film nuclei on the substrate. Short diffusion lengths lead to larger
numbers of disordered and separated nuclei. Longer lengths result in more continuous
films with larger polycrystallites. The diffusion length, L, is a strong function of the

substrate temperature, and is given by the Arrhenius relation as:

L=+Dt (1.1)

D=D, exp(— E%T) (1.2)

Where D is temperature dependent diffusion coefficient, ¢ is the mean time for surface

diffusion and E; is the activation energy for surface diffusion.
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From the above, it is evident that the properties of thin films may generally be
temperature related. Energetic bombardment of the film by the deposited species, which
causes the substrate temperature to rise, have been shown to alter the film properties such
as stress, grain size, etc [12,14,15,17,19,113]. The density and energy of the plasma at the
substrate region have been shown to also affect the properties of the deposited film
[16,114,115]. Gas pressure, as a process parameter, affects the kinetic energy of the
deposited species as well as the characteristics of the plasma, hence it may be said to

have an important indirect effect on the microstructural evolution of the film.

Sputter deposited films may have tensile or compressive stress [14,19]. For a magnetron
sputter deposited film, there often exists a transition pressure below which the coatings
are in compression and exhibit high optical reflectances and low resistivities, while above
the transition pressure the coatings are in tension and show decreased reflectances and
increased resistivities. Muller, [17], in determining the evolving structure and stress of a
sputter deposited film as a function of the kinetic energy of adatoms and fast neutrals
arriving at the substrate showed that the initial increase in tensile stress may be linked to
a microstructural change from micro-columnar growth to a more densely packed atomic
network with closed micropores. The subsequent decrease in stress is attributed to a less
defect-rich, better-ordered adsorbate structure formed at higher kinetic energies of the

arriving species. Stress varies in a similar fashion as a function of the incident kinetic
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energy for both sputtered atoms and fast neutrals. Thus, certain energy is needed to
increase atomic mobility at the surface, but too high an energy can cause a drastic
increase in the defect formation [116]. Experiments have been conducted to illustrate
how energetic ion-surface collisions can influence submonolayer island densities during

growth of a Pt(111) surface by sputter deposition [23,117].

Movchan and Demchishin [118], classified evaporated films into three zones according to
the ratio of the substrate temperature during deposition to the melting point of the film,
T/T, for various materials as shown in Fig. 1.6. Zone 1 structure at 77, <0.3 is
characterized by low adatom mobility, rapid vapour quenching rates [119], and consists
of columns with domed tops separated by voided boundaries. Zone 2 structure,
corresponding to 0.3<7/7,<0.5, consists of densely packed columnar grains with smooth
matte surface. Zone 3 structure, with 7/7,,>0.5, occurs at high temperature where bulk
diffusion process are active and consists of equiaxed grains with a bright surface. This
zone model was later confirmed experimentally [12,119-122] and by simulations
[123,124]. Thornton extended this to sputtering in the presence of energetic
bombardment (for example, by reflected neutrals) by adding an additional axis to account
for the effect of sputtering gas [12,120]. He showed that there exists a transition zone at

T/T,, in the range 0.1 — 0.4, which consists of a dense array of fibrous grains separated by
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more nearly conventional grain boundaries. Such coatings are found to yield high lateral

strengths [14,15].

Thornton’s zone model is shown in Fig. 1.7. An increase in pressure increases the
tendency of zone 1 structure to persist to higher values of the 7/7,,. At higher 7/T,, the
intergrain voids begin to fill in and the structure passes into transition zone (zone T), with
relatively smooth “fine-domed” surface. The film features of zone 2 exhibit faceted
surfaces and are independent of pressure. At the very high end of 7/7,, (zone 3), the
faceted grains gradually changed to equiaxed structure, though a few faceted surfaces still
remain. Generally, transition points were noted to vary because surface mobilities, heats

of condensation and vapour pressures do not vary linearly with melting point [12].

Given the role of energy on the evolution of microstructure of the growing film, it is
therefore of interest to study the various sources of energy in a typical deposition system
such as magnetron sputtering, and the effect of the process parameters on these energy
sources and on the total deposited energy at the substrate. The next Chapter will explore
the theoretical understanding of the various energy sources, and how some of them scale

with the process parameters such as pressure and distance.
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Fig. 1.7 Thomton’s zone models showing the dependence of coating structure on
substrate temperature and gas pressure [125]. Figure courtesy of R.N. Tait.
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Chapter 2

Theory of Energy Flux in a Sputter Deposition System

2.1 Introduction

Sputtered particles interact with the gas and plasma species through collisions. During
this process, energy and momentum of the particles and those of the plasma species are
exchanged. This energy transfer is complex. Understanding this is complicated, since it is
not possible to increase or decrease the flux of only one kind of species by experimental
means, and it is difficult to separate the influences of the different species on the substrate
heating. As stated earlier, the energy exchange mechanism within a sputtering system is
determined by two sets of parameters: external and internal. The external parameters can
be controlled or adjusted. The internal parameters cannot be directly set. Since the
interaction between the sets of the parameters determines the total energy flux to the
substrate, its determination can be used as a tool to infer the inter-relationship between
the parameters. Such determination may be done by understanding the sources of the
energy flux within a sputtering system, how the energy is transported to the substrate, and

the scaling of the energy with process parameters.

24
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ubstrate

Fig. 2.1 Schematic representation of the sources of energy flux in a sputter deposition
system. E is the energy flux, and the subscripts i, a, 1, c, p, €, iz, tr and tc represent
incident ion, sputtered particle, reflected neutral, condensation, plasma radiation,
electron, positively ionized gas atom, thermal radiation, and thermal conduction through
the substrate holder and probably to the gas.

2.2 Sources of Energy

Several sources contribute to the energy and momentum deposited into the gas and onto
the substrate. The most essential are the sputtered atoms, energetic ions, reflected
neutrals, electron bombardment, and emission (plasma irradiation) in the discharge space.

These are schematically represented in Fig. 2.1. In certain cases, the hot cathode and the
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shield around the target (cathode), if not properly cooled enough, may contribute a

significant amount of energy deposited within the chamber [126-128].

Thornton [129], considered four basic energy sources to the growing film, namely; (a)
heat of condensation; (b) kinetic energy of the sputtered atom; (c) plasma radiation; (d)
ion neutralization and reflection at the cathode. However, charged particles are also
considered to contribute to the total energy at the substrate region, depending on the
substrate bias potential [127,128,130,131], and the strength of the magnetic field of the

magnetron.

2.2.1 Sputtered Particles

The contributions of the sputtered particles are mainly from the heat of condensation
(energy given off by the particles during deposition onto the substrate) and the kinetic
energy. The kinetic energy of the particles is determined by the average energy of the
particles ejected at the target and their transport to the substrate. This energy is derived
from the fraction of energy transferred from the incident ion on the target. This will be
discussed further in section 2.3. In transport towards the substrate, the sputtered particles
usually suffer some collisions with the gas and lose some of the kinetic energy. Since at

typical deposition pressures, the mean free paths of theses particles are comparable to the
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target-substrate dimensions, small changes in conditions can have a large impact on

transported kinetic energy.

2.2.2 Reflected Neutrals

The reflected neutrals are the neutralized gas ions, which are reflected after a small
number of collisions in the target. The ions bombard the target surface with certain
velocities. If the mass of the incident ion is less than that of the target material, it is likely
that the ion will be reflected backward in a single collision, and the energy of the
reflected ion may be a significant fraction of its initial energy. When the target mass is
less than that of the incident ion, the ion can be reflected backward only as a result of
more than one collision. The ions are neutralized just before hitting the target and are
reflected as neutrals. These reflected neutrals still possess significant energy, and can
have long path lengths (in tens of centimetres). They suffer fewer collisions and lose that
energy more slowly than do the depositing atoms. If they hit the substrate, they may

deposit significant energy onto it.
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2.2.3 Plasma Radiation

This is the energy emitted within the plasma as a result of the excitation and ionization
events. These events are said to be caused by electrons with energies above the inelastic
collision cross section threshold [129]. The average energy spent by an electron in
making an ion is about 26.4 eV for argon [132]. The difference between this energy and
the ionization energy of the gas (15.8 eV for argon) is radiated from the plasma. The
amount of energy lost from the plasma by radiation depends on the population of the
excited levels. Ionizing low-pressure argon plasma has been reported to have over-
populated excited levels [ref: 133 and references therein]. The contribution of this energy

to the total energy flux is determined by the sputtering yield and gas pressure.

2.2.4 Charged Particles

As stated earlier, charged particles have been shown to also contribute significantly to the
total energy at the substrate region, depending on the substrate bias potential. At
potentials higher than the floating potential, positive ions have been shown to contribute
an insignificant amount of energy to the growing film [130,131]. When the substrate is at
the plasma potential, electrons have been shown to contribute about 29% of the total

energy per deposited particle, at 5 mTorr in one direct current (dc) magnetron sputtering
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system [127]. It has also been shown that, for another dc magnetron sputtering system at
gas pressure of about 10 mTorr, with an escape probability of high energetic electrons of
the order of 1% from the confinement of the magnetic field, about 50% of the total
energy is transported by electrons to the coating [131]. However, the energy due to the
electrons depends on the strength of the magnetic field of the magnetron, magnetron
power and gas pressure as well as on the gas-target species. The contributions of the ions
to the total energy flux are generally considered when the substrate potential is lower than
the floating potential. The results of these references [127,128,131] indicate that the
importance of electrons to the deposited energy at the substrate should not be ignored if

an appropriate model for the determination of the deposited energy is to be obtained.

2.2.5 Thermal Radiation

Though the target may be water cooled, the thermal link between the shield around the
target and the cooling surface may be weak. A weak thermal link will cause a significant
difference in temperature between the surfaces. This may result in a significant amount of
thermal radiation towards the substrate depending on the difference in temperature
between the substrate and the hot body. In some cases, to avoid the effect of thermal
radiation, measurements of the energy deposited within the chamber are done within a

few minutes of switching on the plasma [130]. At steady state, radiation from the cathode
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can be a significant source of energy in a sputtering system [127,128,134,135]. In this
study, thermal radiation is included in the model for the determination of energy

deposited at the substrate
23 Particle Matter Interaction

As the ions bombard the cathode, some of their energies are transferred to the lattice
atoms. The fraction of energy transferred to the target from the projectile in a binary
elastic collision is: [84,136]

T(6,)=7(c0s8,) @1

aM M,

vy @2

where M, and M, are the masses of the gas and target atoms respectively, and4,

specifies the angle of travel of the recoil with respect to the projectile’s initial velocity
vector. The initial energy distribution of the sputtered atom is usually assumed to obey

the Thompson distribution [98]; this distribution is given by [137]:

A (UTE E
f(E)dE—C(l , £ j (U+E)3dE (2.3)

Where U is the binding energy of the target material, E; is the average energy of the

incident ions (which depends on the dc target voltage, V), and C is a normalization
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constant. The average ion energy for a typical magnetron plasma is proportional to the
target voltage with the constant of proportionality close to unity for cases where the dark
space thickness is considerably small compared to the mean free path for charge
exchange collisions [138]. The Thompson distribution formula has been found to
approximate the energy spectrum of sputtered atoms when the incident energy is high
enough. Yamamura [61] showed that at 100 eV, the energy spectrum of copper atoms had
a strong deviation from Thompson’s distribution for all angles of incidence considered.
At 400 eV, the energy spectrum of sputtered atoms approaches Thompson’s energy
distribution especially for oblique incidence of the ions. Thus, for energies higher than
400 eV, the Thompson distribution can be used as the initial conditions for sputtered

atoms.

For a well-defined collision cascade, the spatial distribution is expected to follow a cosine
distribution. However, depending on the incident energy and the target mass, the angular
distribution may deviate from the cosine distribution for a normal incidence of
bombarding ion [61,88,139-141]. Under-cosine distribution (enhanced emission at
oblique angles) is usually obtained at low ion energy [88], often complicated by
crystallographic orientations. As the ion energy increases, the distribution changes and
approaches a cosine distribution, and may be transformed to over-cosine (higher emission

near the surface normal). Fig. 2.2 shows a typical sketch of this transformation for
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varying ion incident energy. As the energy decreases, the shape of the distribution
changes to an under-cosine (heart-like) shape at low ion energies. This implies that, even
in the absence of collision, the deposition efficiency at some distance from the target

would be ion energy dependent. This will have an effect on the deposition rate modeling.

Fig. 2.2 Sketch of the dependence of the angular distribution of sputtered atoms on the
incident ion energy for normal incidence. The arrows show how the distribution changes
when ion energy decreases [88].
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2.4  Transport Process

Energetic particles created at the cathode and within the plasma move randomly between
the cathode and the substrate. These particles can collide with each other, but most
collisions are with background gas molecules. Because the particles coming from the
cathode generally have greater energy than the background gas, on the average there is a
net transfer of energy to the gas during each collision. Such collisions can be classified
as: (1) elastic collisions in which the kinetic energy is conserved, and (2) inelastic
collisions in which some of the kinetic energy is transferred into potential. The energy
transferred to the gas may result in excitation and/or ionization. This energy transferred is
given by Eq. (2.2), and is determined by the scattering angle. Of course, with either type

of collision, both particles’ trajectories are altered.

2.4.1 Sputtered Atoms and Reflected Neutrals

As the sputtered atoms and reflected neutrals travel between the target and the substrate

regions, they collide with the gas molecules and are scattered. This collision is a random

process, which may be described by a Poisson distribution [55,61,142]. The distance

between collisions (free path), A is related to the mean free path, 2_ by [106]:
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F(A)MA = %exp(- %}u 2.4)

m m

Where, 4 is distance from one collision to the next and A,, is the mean free path, which
increases with the velocity and energy of the atom. For an elastic collision between a

sputtered atom of energy, E, and a gas atom, the mean free path can be approximately

related to the average kinetic energy, £, = 3/‘% at a gas temperature 7 and pressure P

by [143,144]:
BE1/4
A, = [7—88—]1&:},’“ 2.5)
172 273 3/4
M
B= ;4011,2 (1 + j\‘j : J [1 J{ng } % [em(eV)™?] 2.6)
g 4 !

Where % is Boltzmann constant and vy is given in Eq. (2.2). Elastic collisions degrade

energy of both the sputtered fluxes and the reflected neutrals on their way to the
M -1
substrate. A correction factor (l + %/I j is however applied to B for cases where M,
14

is less than M, [56]. After each collision, the ratio of the final energy, Erto the initial
energy, E;, before the collision may be expressed as [93,145]:

E,
E

in

=exp(- ) | (2.7)
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Where a =1—{(l ;]‘Z)}ln{gjg;} for M <1

a =1—{(M'l)2}1n{(l+M)} for M >1 2.8)

2M (M -1)

with M =M /M,

If the particle travels through a distance, &, then, after &/2 number of collisions, the final

average energy of the particle, if it were ejected or reflected with an energy, Ei,, is

ad
E, =E, exp(— 3 ) (2.9

(3

Fig. 2.3 Sketch of collision between different atoms. The gas atom is assumed at rest. The
incident atom moves from the left towards the gas atom.
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Changes in gas temperature due to gas heating [59,63,146] affect the free path as

expressed in Eq. (2.6) above, and hence the final energies.

Fig. 2.3 shows a diagram of the collision between two atoms (sputtered atom or reflected
neutral and gas atom). The gas atom is at rest in this frame, while, the sputtered atom or
reflected neutral moves from the left. The impact parameter, b, which defines the distance
of closest approach, determines the scattering angle, €. Dependence of the scattering
angle on the impact parameter is determined by the type of model used in explaining the
collision process. For a binary elastic hard-sphere model, the centre of mass frame
scattering angle is given by: [64,147]
6., =x—2arcsin(b/d) (2.10)

where d =r, +r, is the maximum radius of interaction of the two atoms. As the two

bodies approach each other, they are subjected to both forces of attraction and repulsion.
If the collision is elastic and the forces act along the line joining the two particles with no

transverse forces, the scattering angle may be shown to be related to the potential energy,

V(r) by [105]:
=72 bar - (2.11)
Tl 2 [ V()b
E. r
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where E. is the centre of mass energy and b is the impact parameter, which defines

whether the collision is head-on or merely glancing,

2.4.2 Electrons and Ions

Electrons are emitted at the cathode and are accelerated away into the cathode sheath
with energies close to |eV|, where Vy is the discharge voltage. Usually, the cathode sheath
is thin ~0.5 — 1 mm [148,149]. Thus, electrons generally traverse it with negligible
collisions with the background gas. The electrons are trapped in the magnetic field and
begin to orbit around the field lines. Electrons, however, can escape by undergoing
collisions [149,150]. Such electrons are collected by all grounded conductive parts of the
device, which constitute the anode of the discharge. In the glow, the energy deposition is
enhanced by the magnetic field. Ionization and excitation processes occur within this
glow [150]. The excited atom may be de-excited by losing some of its energy to another

colliding particle or by emitting electromagnetic radiation.

Electrons may lose energy as a result of elastic and inelastic electron-atom collisions as
well as through Coulomb collisions. Losses by electrons through Coulomb collisions are
important only in the low energy range [149]. The electron density is proportional to the

applied power density [151]. Electron temperature depends on the gas-target
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combination, and correlates inversely with pressure [152]. Since the gas density within
the plasma is dependent on gas temperature, it may be assumed that the electron

temperature would increase due to gas heating.

2.5 Heat Transfer

Heat transfer from a heated region to the substrate is considered as a possible source of
energy flux toward the substrate. It is a complex process, and is usually categorized into
three basic types or modes [153-157]. These are conduction, convection and radiation. In
the situation under consideration, the transfer of heat involves at least two of these
modes. In gases, conduction is by diffusion of atoms or molecules [158]. The
phenomenon of heat transfer by convection occurs only in fluids (liquids and gases), by
means of particle displacement, and is usually accompanied by conduction [158].
Thermal radiation is a process of propagation of energy in the form of electromagnetic

waves.

Non-radiative heat transfer between two bodies depends strongly on the temperature
difference between the two bodies and their thermal link. From classical theory, the rate
of conductive heat transfer between surfaces is given by the form of Fourier’s law, which

may be expressed as [159,160].
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9._. . 2
==K 2.12
L=x; @12)

Eq. (2.12) may be expressed as:

L-T,
r

%= (2.13)

Where g is the rate of heat transfer, 4 is the area of the cross section, x, —x, = Ax is the
separation of the surfaces, 7, ~T, =AT is the temperature difference between the
surfaces, and x,; and r are respectively the effective thermal conductivity and thermal
resistance determined by the combined effect of conduction and convection. For heat
transfer between a surface and a gas, the thermal conductivity and convection coefficient
depend on the gas pressure, especially at pressures below 100 Pa [161]. The heat
transported by the gas decreases with pressure reduction. To determine the relative
importance of convective heat transfer over the conductive one, the Peclet number is
usually used. The Peclet number is defined by [66,162-165]:

Pe=c,pvL/x , (2.149)

Where v is the gas flow velocity, ¢, is the specific heat capacity at constant pressure, p is
the gas density, L is the characteristic diffusion length, and « is the thermal conductivity
of gas. WhenPe <1, the conductive heat transfer dominates. For the conditions

considered here, the Peclet number is less than 0.02,, so clearly the dominant mode is
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conduction. The thermal resistance, r, for a gas at low pressure (“residual gas”) is given

by [166]

. =('B ‘IJL 8mm1, Jl (2.15)
S\ gV & |Pa

Where £ is the ratio of specific heat at constant pressure to that at constant volume, A4 is

the area of the heating surface, m and T are the gas mass and temperature respectively.
The accommodation coefficient here is assumed equal to one. For typical conditions

considered here r, is 5000 to 30000 K/W.

Thermal radiation emitted from a surface depends principally on the temperature of the
surface. From Stefan-Boltzmann law [167], for a perfect black body, the radiation

emitted from the body is given by:
q 4
==0oT 2.16
y (2.16)

Generally, not all bodies are perfect emitters, hence the emitted radiation may be given
by:

=¢goT* 2.17)

Where £ and o are respectively the emissivity of the surface of the body, and Stefan-

Boltzmann constant.
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If two bodies are at temperatures 7, and 7> respectively, there is an interchange in
radiation between the bodies. The net radiation exchange depends on the temperatures

and geometry (shape) factors of the bodies [168].

Fig. 2.4 Radiation between two finite bodies separated by a non-absorbing medium

Fig. 2.4 shows a sketch of two typical finite bodies separated by a non-absorbing
medium, but between which there is a net interchange of thermal radiation. Body 1 is at a
distance, r from body 2. The net radiation between the two gray bodies is given as [153]:
q=F_ole AT —£,4,T;) (2.18)
In the sputter deposition system, the target and the shield around the target may be treated
as a small gray body in a gray enclosure [169], if the difference in temperature between
the substrate and the chamber walls is small. The gray enclosure behaves as a black body

through the opportunities for ultimate absorption offered by repeated reflection from its
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walls [154]. All the emission from the target, g,, will ultimately be absorbed by the
enclosure. However, only a fraction of the emission from the walls will be absorbed by
the target, depending on the view factor, F).,, of the wall with respect to the target and the
emissivity of the target. Bayley, et al, [154] showed that the net radiation flux from the

heating source to the walls of the enclosure is given by:

L =0l - 1) (219)

1

2.6  Effect of Gas Phase Collisions: Gas Heating and Rarefaction

The volume in front of a sputtering cathode must be viewed as a dynamic region [170].
Within this volume are the plasma and the energetic species such as the sputtered atoms
and reflected neutralized gas atoms. These species can potentially deposit energy into that
volume. Other potential sources of energy include the emission from the plasma and
thermal radiation from hot bodies. The energetic fluxes are said to be non-uniform. The
deposition of energy from those sources into the volume has the effect of raising the
temperature of the gas within this volume, which can cause rarefaction of the gas and
may affect the properties of the local particles [63]. There has been evidence of a

reduction in electron temperature and density as a result of the gas heating [68,70,71].
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In order to estimate the extent of gas heating, sputtered atoms are considered the
dominant source of the heating [63], because the mean free path of the sputtered atoms is
much less than the mean free path of the reflected neutrals since the average energy of the
neutrals is much higher [94]. Doughty et al, [126] stated that the symmetric charge
exchange is responsible for heating the gas in the cathode fall for an abnormal discharge.
However, the energy transferred to the gas through this process is considered small
compared to that transferred from the sputtered atoms. The amount of energy transferred
from low energy electrons to the gas is limited by the immense difference in the mass of

the collisions partners.

If the sputtered atoms are ejected with an average kinetic energy, E,, then the energy due
to these particles can be given as [63]:
E,=ITE, (2.20)

Where [ is the magnetron discharge current. If the heated region is treated as a sphere
with a radius, », which is much less than the radius of the chamber, R, and since
conduction is considered the more important heat transfer mode here (see section 2.4),
then the difference in temperature between the heated sphere and the chamber walls is
given by:

E.
AT=T-T, z—i—(l——l-j (2.21)
r R
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Where « is the thermal conductivity of the gas and 7,, is the temperature of the chamber
walls. For argon gas and the sputtering system under consideration (R = 24 c¢m), and
typical process conditions in which the currents are 0.21 and 0.74 A and the
corresponding voltages of 350 and 430 V respectively, in which the kinetic energies of
the ejected Al particles are respectively 10 and 8.5 eV, a plot of the variation in
temperature difference of gas with pressure is shown in Fig. 2.5. The diameter of the
heated sphere is taken to be three mean free paths, with the assumption that most of the
kinetic energy of the sputtered particle is lost after the first three collisions [63]. The
mean free path was determined for a given E, using Eq. (2.6) in terms of gas temperature,
T, and pressure, P, and T, = 300 K. From Fig. 2.5, it is noted that the gas temperature

depends strongly on the kinetic energy of the particles and gas pressure.

Gas heating is sensitive to the sputtering yield, thermal conductivity of gas, average
kinetic energy of the sputtered material, and the discharge current as well as the dynamics
of the sputtered atoms and the background gas. Rossnagel [63] showed that for a given
set of materials, the gas heating depends approximately on the square root of the

discharge current.
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Fig. 2.5 Estimated changes in gas temperature with pressure due to gas heating in a
typical sputtering chamber of radius 24 c¢m, for sputtered Al particles of average energy

(2) 10 eV and (b) 8.5 eV which correspond to discharge voltages of 350 V and 430 V,
and currents of 0.21 and 0.74 A respectively.

Lighter gas tends to have a reduced effect due to both lower sputtering vield and a higher
thermal conductivity [63, 146]. Turner [146], using Ar as the filling gas and C, Al, Ti,
Cu, W and Au as sputtered materials, and maintaining current and voltage at 1.0 A and
500 V respectively, calculated the gas heating effect, and showed that C, because of its
low value of sputtering yield and its small collision cross section with Ar, would result in

negligible heating, whereas significant heating was found for all other elements. It was
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further showed that the heating effect at high pressure (~ 75 mTorr) appears to be
primarily determined by the sputtering yield, since at high pressures, the majority of the
sputtered atoms are nearly thermalized by a short distance away from the cathode [55,
171,172]. Thus, it may be said that the magnitude of the heating effect is determined by
the energy content of the sputtering flux. At low pressure (< 15 mTorr), the degree of gas
heating appears to be determined primarily by a combination of collision cross section

and the sputtering yield.

As the distance between the target and substrate is increased, high energy sputtered atoms
are more likely to have collisions with the filling gas atoms and transfer energy to the
filling gas rather than to the substrate or walls of the chamber. This may result in an
increase in the maximum temperature of the gas for a given input power. However, in the
limit of very high pressures, maximum temperature will become independent of distance,
since the power input to the filling gas is localized relatively near the cathode so that the
heat flow from the filling gas to the cathode dominates that to the substrate, and the

temperature maximum is adjacent to the cathode [146].
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Generally, as a consequence of the increase in temperature, the gas density is reduced
locally in this region. However, Urbassek [59] showed that the pressure would still be
above average. This implies that the discharge gas does not acquire mechanical
equilibrium near the cathode, and the pressure gradient induces a flow along the axis of
the target and away from it, which, closes in a large vortical motion. Heat transport is
mainly by conduction as a result of the strong steady state temperature gradient, while the
convective energy transfer is negligible. The range of the sputtered particles is increased,
since the sputtered particles stopping is decreased due to the gas density reduction. The

substrate 1s therefore bombarded with higher energy fluxes.

2.7  Scaling of Particle Flux and Kinetic Energy with Pressure and Distance

Apart from the initial distributions of the sputtered particle flux and energy, the deposited
flux and energy depends on the number of collisions (a factor of the pressure-distance
product) suffered by the particles. In this section, we shall use the SIMSPUD [173]
program to show how they scale with pressure and distance. SIMSPUD is a three-
dimensional Monte Carlo vapour transport model. It provides information about sputter
distribution characteristics, such as the kinetic energy and deposition efficiency, at the
substrate. It uses the Thompson distribution model in determining the energy and angular

distribution of the sputtered atoms. Using SIMSPUD, Fig. 2.6 shows the dependence of
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the kinetic energy of sputtered aluminum atoms upon the pressure distance-product. It
clearly shows that most of the atoms are thermalized at about 200 mTorr-cm. The solid

line is an empirical fit to an exponential function, and is expressed by:

E
—EL = exp(-0.12Pd) (2.22)
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Fig. 2.6 Average final kinetic energy of sputtered atoms as a function of pressure-
distance product, obtained using SIMSPUD. The solid line is an exponential fit to the
data points.

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



Chapter 2 Theory of Energy Flux in a Sputter Deposition System 49

The initial sharp fall in the energy curve indicates the significant amount of energy
deposited into the gas within a few mTorr-cm of the target due to scattering events with
the background gas atoms. This contributes to gas heating observed within the plasma
region [63], with a resulting gas rarefaction. For instance, Rossnagel [63] obtained for a
gas / target system with high sputter yield and relatively heavy gas atoms, about 85 %
reduction in gas density at 50 W/cm?. However, SIMSPUD does not include a rarefaction
model, hence, it is expected that it might overestimate the scattering events. The

implication is that the onset of thermalization process might be extended further.

Scattering events complicate the distributions of the sputtered atoms as they move toward
the substrate. To account for this, SIMSPUD uses a hard sphere model to determine the
scattering events. The use of a binary elastic hard sphere model over-estimates the
scattering events, but simplifies the calculations. Scattering events depend strongly on the
collision cross-section of the colliding particles. This cross section has been shown to be
energy dependent [98]. For sputtered particles of energies in the range of 1 - 200 eV,

SIMSPUD uses an empirical fit of this dependence of the form [174]:

o(E)=cl(E, )(EEJ ) ,E>E, (2.23)

Where Fp=1eV.
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The normalized values of the deposition efficiency, 7 (ratio of flux deposited at the
substrate to flux ejected at the target) are determined for different gas pressures and
plotted in Fig. 2.7 along with an empirical fit to an exponential function of the form [127]
7 = exp(- AP) (2.24)
At high pressures, only a small fraction of the ejected atoms at the target reach the

substrate, as indicated by the low deposition efficiency.

Apart from scattering, geometrical factors and the nature of the ejection of the particles,
even for normal ion incidence, affect the deposition efficiency. This is demonstrated in
Fig. 2.8, in which the simulated gas pressure was set at zero, and the deposition
efficiency estimated with distance. The solid line is an empirical fit to the simulation
results using an exponential function, and expresses the particle flux, ¢ with distance
[175]:
¢, = @, exp(—cd) (2.25)

where ¢y is the emitted flux determined by the product of current density and the
sputtering yield, ¢ is a constant determined by the angular distribution of the emitted
particles at the target. This clearly demonstrates that, given the cosine emission pattern of
the emitted flux, even without scattering due to collision with the gas, the deposition
efficiency depends on distance from the target. This is contrary to what is used elsewhere

[24,176-178].
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These scaling laws will be used in obtaining the deposition and energy models in Chapter

5.
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Fig. 2.7 Simulated deposition efficiency (normalized to zero pressure). The solid line
reflects a fit to an exponential function.
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Fig. 2.8 Dependence of deposition efficiency on substrate-target distance. The data points
were obtained using SIMSPUD. The solid line is a fit to the simulated data.
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Chapter 3

Calorimeter and Experimental Design

3.1 Calorimeter

This work is concerned with the measurement of heat flows in a sputter deposition
system. One useful technique to accomplish this is through calorimetry [179]. In a
calorimeter, energy added translates directly into a temperature increase, which can be
more easily measured. A calorimeter consists of an absorber to contain the deposited
energy, a sensor to measure the temperature of the absorber, and a weak thermal link to a
heat sink to return the absorber temperature to some equilibrium value following an event
[180]. If an event deposits energy on the calorimeter, the rise in temperature would be
given as the ratio of the deposited energy to the thermal capacity of the calorimeter.
Following the event, the increase in temperature will decay toward zero with a time
constant equal to the ratio of the thermal capacity to the thermal conductance of the
thermal link. Thus, in designing a calorimeter, the basic factors of interest are the

temperature sensitivity of the sensor, the thermal capacity of the absorber and the thermal

33

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



Chapter 3 Calorimeter and Experimental Design 54

conductance of the interface between the sensor and the absorber. High sensitivity is

obtained for very low capacity and/ or conductance.

Silicon has excellent thermal and mechanical properties for use in the design and
construction of calorimeters [180-182]. Silicon thermistors appear to be nearly ideally
suited as thermometers for high-resolution micro-calorimeters [183]. They can readily be
integrated into a monolithic silicon detector structure using standard integrated circuit
techniques, and the size can be easily made sufficiently small such that it makes a

negligible contribution to the total heat capacity.
3.2  Energy Flux Measurement

When a material absorbs heat energy, its temperature rises. The change in the
temperature is directly proportional to the change in the internal energy (heat absorbed)
of the material. The heat absorbed, AQ is expressed as:

AQ = mcAT G.1D)
Where m an?l c are respectively the mass and specific heat capacity of the material, and
AT is the change in temperature. The mc product defines the thermal capacity, Cr of the
material. Thus, the energy absorbed may be inferred from the knowledge of the change in

temperature. Physical and optical properties of the material, such as size, resistance,
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absorption, refractive index, [180,181,184-189] may be affected due to the heat absorbed
by the body. The temperature dependence of these properties is of great importance in the

design of calorimeters for heat /or temperature measurement.

Temperature is one of the key parameters in ultra-large scale integration manufacturing.
Accurate knowledge of the temperature and its control is required to ensure the desired
film growth rates and film qualities during the film processing [190,191]. It is well
known that surface mobility and reaction rates are greatly influenced by temperature of

the substrates [190,192,193].

Many techniques for determining temperature have been developed over the years. Some
require physical contact between the measuring device and the specimen, and others
require non-contact methods such as radiometry and luminescence. Thermocouples or
thermistors have been widely used for the contact method. The major advantage of this is
their ability to make low temperature measurements (< 700 K) using a simple setup.
Unfortunately they require mechanical contact with the specimen. In many cases this
contact is not ideal and leads to the formation of a temperature gradient between the
specimen and the thermocouple [186,194]. The temperature jump that exists between the
surface of a wall and the surrounding gas, especially at low pressures, [68,161] may also

be a problem in using such discrete devices. Radiometric methods measure the radiation
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emitted from a heated body. In some radiometers, the total emission, /= ¢goT* is
measured, in others, the emission is in limited spectral ranges [195]. In both cases, the
radiation from the target is determined by its temperature and emissivity. This method is
applicable mostly at higher temperatures (> 900 K) and requires corrections for the

emissivity [196] and other factors.

A solution would therefore be the use of the temperature dependent resistance of
homogeneously heated thin films or embedded sensors. The main advantage of this
technique is that the sensing element is buried inside the absorber, and hence does not
require attachment of the thermal sensor to the specimen. The approach taken in this
work is to use a polysilicon thin film thermistor fabricated using a modified
complementary metal-oxide semiconductor (CMOS) process. A thin silicon dioxide layer
covers this to act as an absorber and to prevent electrical shorting when depositing metal
films. The only problem with this may be due to the self-heating effect [183,197] by the
sensing current. This problem can be minimized by applying a low bias voltage [176]

across the terminals of the thermometer, and by the use of a high resistance thermometer.

The measurement of the increase of the substrate temperature has been a well-established

method for the determination of the integral thermal flux to the substrate

[129,130,151,198,199]. Another method for the determination of the thermal flux at the
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substrate is the steady state determination of the temperature gradient along the sample
holder [134,135,200]. This method does not account for the front-side heat fluxes due to,

for example, radiation or gas transport.

While the material body gains heat from the heat source, it also loses some of the heat to
the surroundings through conduction, convection and/or radiation. If the rate of heat

transferred to the body is g, and the rate of heat lost from the body is ¢,, then the heat

balance equation is of the form:

dT
=mc—+ 3.2
qtr m dt ql ( )

Where ¢ is the time taken. The rate of heat loss depends on the temperature difference
between the body and the surroundings. At steady state, the rate of heat transferred to the

body is equal to the rate of heat lost from the body, hence,

9. =4 (3.3)
If the difference in temperature is not very large, heat lost by radiation may be negligible,
therefore, the rate of heat lost may be said to be a linear dependence with the temperature
difference. This may be expressed as:

r-7, (3.4)

q =
-

T, is the ambient temperature and r is the thermal resistance. By measuring the

temperature, 7 of the body or the temperature difference at steady state, the heat flux to
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the body can be estimated, provided that the thermal resistance is known. However, r can
be estimated from a transient response of the sensor during heating and cooling as will be

demonstrated in section 3.4.2 below.

3.3  Micromachined Temperature Probe

As stated earlier, silicon is well suited for use in the construction of a calorimeter because
of its excellent properties. It lends itself to the fabrication of large arrays, and standard
CMOS processing can be used in fabricating the calorimeter. As a thermal probe, it can
be used as a sensing or a heating device [201]. Its temperature dependent resistance

property is used here in the design of the calorimeter.

The temperature dependent resistance of a material is commonly given by the power

series:
R(T)=R1+a(T -T,)+ BT -T,)* +y(T =T,)* +--- (3.5)
Where Ry is the resistance of the material at a reference temperature, 7 = T, and «, 8 and

y are material related constants. For the polysilicon used here, and for the temperature
changes in this work (see section 3.4.1), it is sufficient to truncate the power series as

R(T)=R,[1 +a(T —-T))] (3.6)
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Fig. 3.1 shows the layout of the first iteration (sensor 1) of the micro-senor/absorber. It
was fabricated using 1.5um CMOS process courtesy of the Canadian Microelectronics
Corporation. A layer of serpentine-shaped polysilicon is embedded in a silicon dioxide
platform. The polysilicon is used as the sensing element, while the silicon dioxide (SiO,)
serves as the absorber. The width of the polysilicon is Sum and its total length is about
940um for a room temperature resistance of 1500 Q and temperature coefficient of
resistance, @=1.097 x 10° /°C. Thirty-six of these are connected in an addressable 6 x 6
mesh network to give six terminals at either end. The advantages of this network
connection are the reduced effective resistance (reduced self-heating) and reliability in
case of any defects in a particular resistor(s). The chip is mounted on a 24-pin DIP
ceramic package. For this application, the six terminals at each end are connected
together to utilize all 36 units in parallel. All electrical conducting leads/terminals are

covered by a small amount of varnish for electrical insulation.

A second design (sensor 2) was also tested, and is shown in Fig. 3.2. Sensor 2 consists of
12 cells. Each cell has two micro resistors (concentric heaters) to allow radial heat flow to
be zeroed. In order to increase the sensitivity of the sensor, it was suspended on a
diaphragm. This reduces the thermal capacity of the material around the polysilicon, and

thermally isolates it from the silicon substrate.
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Fig. 3.1 CMOS temperature probe layout showing 36 polysilicon resistors connected in

an addressable 6 x 6 mesh network.
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Fig. 3.2. Photograph of one of the cells of sensor 2 showing the arrangement of the
sensing elements and the etched silicon underneath the SiO, covered polysilicon (The
design was done by Keith Brown).

The transient thermal response of the probe can be modelled by the differential equation:

dT T-T, .
Cr = = I q. (3.7
t r

where, C; is the thermal capacity of the absorber, g, is the power input to the probe,
and g, is the power lost due to non-linear processes such as radiation. T is the

temperature of the sensor, 7, is the temperature of the heat sink, and r is the thermal
resistance to heat flowing between T and 7,. For the temperature differences involved

here, g, tends to be small compared with the other terms. Thus:

al _9n U 1) (3.8)
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3.4 Characterization and Calibration of the Sensor

The following treats the determination of the temperature coefficient of resistance,

thermal resistance and thermal capacity of the sensors.

3.4.1 Temperature Coefficient

The temperature coefficient of resistance for the probe was determined by measuring the
changes in resistance of the probe with temperature. The probe was hung inside a
programmable 1 cubic foot Omegalux (LMF 6525) resistive oven. The maximum
temperature was programmed to 150 °C to prevent the oxidation of the wires, which may
occur at higher temperatures. The resistance of the sensor was measured with an
ohmmeter. A J-type thermocouple, which was placed close to the sensor at a distance of
less than 1 cm, was used in measuring the temperature. Fig. 3.3 shows the plot of the
resistance of both sensor designs against temperature. The solid line is a fit of Eq. (3.10)
to the experimental data. A change in temperature of AT corresponds to a change in
resistance, AR . If the resistance of the sensor at 7, =0 is Ry, then the resistance at
T=AT is:

R=R,+AR (-9)
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Eq. (3.5) expresses the dependence of the probe resistance on temperature. If it is

truncated to the third power, the change in resistance of the probe with temperature is:

—;‘%:Ro(a+2ﬂ7"+3ﬂ'z) (3.10)

From the theoretical fit to the experimental data, the values of &,  and y were calculated
as 9.34x107/°C, 7.67x107/°C* and 7.97x1072/°C? for sensor 1 and 1.30x107/°C,
1.67x107/°C* and 6.13x1072/°C* for sensor 2, respectively. For the temperatures
considered in this study and given the very low values of £ and , the second and higher
power series of Eq. (3.5) can be neglected, such that the dependence of the sensor
resistance can be expressed in the form of Eq. (3.6), which will simplify analysis. Thus,
for modest temperatures, the resistance of the polysilicon used in fabricating the sensor
can be said to have a linear dependence on temperature. The change in temperature of a
material depends upon the input energy according to Eq. (3.1), thus, the resistance of the

sensor would have a linear dependence on the applied power (see Fig. 3.6).
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Relative change in resistance of sensor
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Fig. 3.3. Dependence of the resistance of sensor on temperature. The solid line and
dashes are the theoretical fit to the experimental data for sensors 1 and 2 respectively.

3.4.2

Heating Mode: Dynamic Response

As stated before, the probe can be used as a heater and a sensor. When used as a heater,

the discharge is turned off, and the source of heat in this mode is localized to the die area.

A constant voltage was maintained across the terminals of the polysilicon resistor, and

current was measured over time at an argon pressure representative of the experimental
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conditions. The resistance as a function of time was determined from the current —
voltage values. The dynamic response of sensor 1 at different voltages and at a gas
pressure of 7.5 mTorr is shown in Fig. 3.4. Eq. (3.8) describes how the temperature of the
probe varies with time when an input power is applied. The applied power in this case is

the joule heat, which is given by:

130
1702V
JRXXXXXLE XXXXXXXXAXX X XXX
125 4
15.02V
..0’00000 P00 P OGP0 ISPSO & & o o
~ 120 A
&
o
g 115 4
= 100V
‘5 .-...I-I- AEnAEEESRESE & 8 B B
A 110 -
105 AAALAAAAA AhAaAAAAAAA As'A A 4

XXXXHXXXXX XXXXXXKXXXX X x30 ¥

IOOﬁ T 1 T T T

0 200 400 600 800 1000 1200 1400 1600
Time (5)

Fig. 3.4 Response of sensor 1 to different applied voltages at a gas pressure of 7.5 mTorr.
The indicated different values of the initial resistance were due to the variation in the
starting temperatures for each run, and also because more than one sensor was used for
all the sets.
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v? -
9in __Rﬁ (3.11)

Where V is the voltage maintained across the resistor’s terminals. The change in

temperature with time may be expressed in terms of the change in resistance with time as:

dar _drdr (.12)

dt  dR di >
From Eq. (3.6),

ar 1

ai _ i ﬁ‘l‘\

&R R, (3.13)

thus, =" = - (.14)

The dynamic responses of sensor 1 at 12 volts and sensor 2 at 14.6 V, both at a gas
pressure of 5 mTorr are shown in Fig. 3.5 (a) and (b) respectively. The power supply was
switched off at # = 7405, and 1620 s for sensors 1 and 2. Also shown on this graph are
the theoretical fits (solid line and dashes) to Eq. (3.14), which describes the dynamics of
the system well. From this fit, the effective thermal capacity and thermal resistance were
estimated as 2.2 J/K and 121.5 K/W for sensor 1 and 4 J/K and 94 K/W for sensor 2
respectively. Sensor 2 has two distinct time constants of 2.5 and 376 s. This is due to the
etching of the silicon underneath the polysilicon. As can be seen from Fig 3.5, the
sensitivity of sensor 2 is doubled as a result of the reduction in the thermal mass of the

absorber. However, the overall time constant is increased from about 267 to 376 s.
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To study the effect of applied power on the sensor, different voltages were applied and
the corresponding steady state resistances determined. The initial resistance of different
sensors may not be the same, thus, it was appropriate to calibrate the sensor in terms of

the relative change in resistance, AR,,,. Where,

AR, =R=%s

; 3.15
re. Ro ( )

It is noted from Fig. 3.6 that the relative change in resistance has a linear dependence on
input power at low power levels, with an overall sensitivity of about 139 K/W. However,
at powers higher than 1.95 W, the dependence is no longer linear. Further increase in
power beyond this results in a sudden increase in temperature, oscillation, and subsequent
breakdown of the sensing element. This places an upper limit in temperature change on
the calibration of about 250 K. This limit is entirely adequate for the measurements

presented in Chapter 4.
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Fig. 3.5 Changes in sensor resistance with time during heating and cooling of () sensor 1
and (b) sensor 2. A constant voltage of 12 and 14.8 V was applied to the terminals of
sensor 1 and 2, and switched off after 740 and 1620 seconds respectively.
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Fig. 3.6 Dependence of sensor 1 resistance and temperature on applied power. The
experimental data points of the relative change in resistance are represented by (x), while
the solid line is a linear trend of the experimental data. The change in temperature axis

compares the estimated change in temperature of the sensor with the relative change in
resistance.

The heat exchange between the heating element of the sensor and its surroundings takes
place by thermal conduction through the physical elements of the sensor, package and the
substrate holder, as well as by thermal conduction and convection through the gas, and by

radiation. Of course, the gas transport component of this depends on the gas pressure.
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The effect of pressure on the dynamic response of the sensor 1 is shown in Fig. 3.7. At
low pressures, the effect is negligible. However, at high pressures, the effect becomes
more significant. This is as expected, since heat conduction and convection by the gas
depend strongly upon gas pressure. The effect of pressure on the thermal resistance of the
link is shown in Fig. 3.8. In this instance, the sensor terminals and all electrical
conducting leads (except the active area) were covered with epoxy. The results show that
for pressures between 1 and 10 mTorr, an increase in pressure only caused a slight
decrease in the thermal resistance. At pressures above 10 mTorr, however, an increase in
pressure results in more significant decrease in the thermal resistance. In this regime, heat
transport through gas conduction becomes significant. However, it should be noted that
for these pressures, the gas flow rates were also increased so as to attain the required
pressures. For our present study, pressures have been limited to more typical pressures of

5 — 10 mTorr, so it is reasonable to assume a constant value for the thermal resistance.
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Fig. 3.7 Variation in sensor 1 resistance with time as a function of gas pressure during
heating at a constant voitage of 10V.

3.4.3 Sensing Mode

In order to measure heat fluxes during deposition, the internal heater is not powered
(beyond the minimal current needed to measure its resistance), and the thermal power
transferred to the probe is given by Eq. (3.2). In terms of the electrical resistance, R of the

sensing element, this may be expressed as:
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Fig. 3.8 Effect of pressure on the thermal resistance of the sensor/package (electrical
terminals and contacts were covered with epoxy).

_C.dR

_CdR | 3.16
oRodi I (3.16)

9

As stated earlier, the thermal power is lost through the thermal link and through radiation
from the surface of the sensor. If the power lost through radiation is assumed small
compared to that through the thermal link then the thermal power lost may be expressed

by Eq. (3.4).
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The thermal resistance, r, may vary slightly during sputter deposition from the calibrated
value due to gas heating and rarefaction. The thermal capacity, Cr can change
significantly because the heating is no longer localized and the thermal capacity of more
of the thermal pathway must be included, as it too is heated. The corresponding
adjustments to the calibration were determined by examining the transient response
immediately after switching off the plasma. The cooling behaviour is then described by

0o Cr dR R-Ry

=L (.17)
aR, di Ry,
Hence
R__R-Re) (3.18)
dt rCr,

Fig. 3.9 shows the experimental plot and the numerical fit (solid line) to the data points.

‘From the numerical fit, the thermal resistance (r;) and the thermal capacity (C7;) were
determined as 120 K/W and 3.8 J/K respectively. The higher thermal capacity here than
in the case of the heating mode clearly shows the effect of the 24 DIP package in the
absorption of heat as well as the direction of heat flow to the sensor, especially at steady
state. Given Eq. (3.8), the first order substrate temperature response may be determined
as [151, 202]:

T,0)=T,+nq,(1-exp(-t/r,Cy)) (3.19)
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Hence, the thermal power density, g, as a function of time can be estimated from Eq.

(3.19) by measuring the temperature dependent resistance of the sensor

153.5

153.3

153.1

Resistance (QQ)

1529

1527 T T T
0 250 500 750 1000 1250
Time (5)

Fig. 3.9 Change in sensor 1 resistance with time after the plasma is switched off at a gas
pressure of 5 mTorr and magnetron power of 200 W (substrate-target distance of 21 cm,
plasma was previously switched on for 11 minutes to allow for near steady state
conditions). The solid line is a numerical fit to the data points.
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3.5  Experimental design

As a test system, a Kurt J. Lesker sputter deposition system with two water-cooled planar
3-in. magnetron sources mounted in the chamber was used. Only one target was used at a
time. Al and Cu target materials of purity 99.999% each were employed for the study.
Gas flow rate was generally maintained at 9.8 sccm. The discharge was operated at
constant power mode, with the voltages in the range 300 — 520 V. The deposition times
were between 20 and 25 minutes to allow for steady state to be attained. The temperature
sensor [127] located in the substrate region was used to measure the deposited energy at
the substrate. A Langmuir probe [128] was also used to characterize the plasma near the

substrate.

The experimental setup is based on the arrangement shown in Fig. 3.10, and the main
dimensions are as follows: D¢ =49 cm; Wt =8.5cm; Ws=4.5cm; Hy =20 cm; Dy =
1.2 cm; Hs = 10 cm; S; =21 cm; S; = 10.8 cm. The target surface area was 45.6 cm®. The
target material was clamped to a water-cooled copper plate of the target, and the steel
ground shield was fixed to the target by means of three screw bolts. The sensor was
mounted on a 24-pin DIP ceramic package (see Fig. 3.11) and attached to the substrate
holder plate directly above the target in use. The terminals of the sensing element were

connected to a digital multi-meter used in measuring the sensor resistance.
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Fig. 3.10 Schematic diagram of the system used showing the locations of the sensor and
target material. T, and T, are respectively targets 1 and 2.

The dimensions of the package are as follows: L1 =3 cm; L, = 1.5 cm; B, =0.67 cm; B,
=1 cm; B3 = 1.5 cm; H; = 0.1cm; Hz = 0.25 cm; H; = 0.9 cm. The sensor chip surface

area was approximately 0.12 cm?, and its thickness was 0.1 cm.
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Top View:

Side wew cross-section: |

Fig. 3.11 Top, sectional and side views of the 24-pin DIP ceramic package used in wire
bonding the to sensor chip.
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Chapter 4

Process Conditions and Results

4.1 Process Conditions

As stated earlier, several factors determine the film growth rate of any material and the
amount of energy deposited at the substrate in a sputtering system. The basic factor is the
flux of sputtered material arriving at the substrate. Others include the substrate effects
from charged particles, neutral particles, electromagnetic radiation, sticking coefficient of
sputtered particles, adatom mobility, bonding, and re-emission or backscattering of
particles from the substrate [S8]. These factors are difficult to control directly. Some of
them, however, may be controlled in magnetron sputtering by adjusting the process

parameters or conditions.

Most magnetron targets operate in the pressure range from 1 to 40 mTorr with cathode
potentials of 300 — 500 V. In some cases, it may be desirable to deposit at higher
pressures, since higher pressures can enhance gas-atom interactions in the plasma or at
the substrate. For a given target material and gas, the parameters that can be easily

adjusted are the pressure, cathode potentials, current or the applied power, and the

78
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substrate — target distance. The cathode voltage follows only a weak dependence on
current of the form [152]:

I=kV" 4.1
Since the applied power is the product of current and voltage, current and voltage may be
varied by varying the power. In this work, the applied power, pressure and the substrate-
target distance were adjusted to determine the substrate heating effect. Al and Cu were
chosen as target materials to investigate both light and heavy (with respect to the argon

sputtering gas) atoms.

Table 4.1: Mean discharge voltage and current during the deposition of aluminum at
constant power mode for different magnetron powers, gas pressure of 5 mTorr and
substrate — target distance of 10.8 cm.

Magnetron power (W) Mean voltage (V) Mean current (A)
75 359 0.21
100 375 0.27
200 410 0.49
250 425 0.59
300 430 0.70

" For all experimental settings, the maximum variability in voltage and current were 5 V
and 0.01 A respectively.
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4.2 Results

4.2.1 Effect of Applied Power

During the deposition of aluminum, the magnetron discharge was operated at five
different power levels: 75, 100, 200, 250 and 300 W. The chamber base pressure (before
introducing argon) for each power level was of the order of 2.0 x 10 Torr. The argon gas
pressure was maintained at 5 mTorr and the substrate — target distance was kept at 10.8
cm. The deposition time was 20 minutes to allow for a near steady state to be attained.
Table 4.1 shows the mean discharge current and voltage for each magnetron power. The
transient response of the polysilicon sensor was determined by measuring the resistance
using a digital ohmmeter at one minute interval for each power level. The relative change
in resistance of the probe was determined and plotted against time, as shown in Fig. 4.1.
The response curves clearly show that the system is characterized by long time constants.
In section 3.4.2, it was shown that the time constant for the sensor was about 5 minutes,
thus the long time constant observed in this case may be due to the heating up of some

other elements within the sputtering chamber.
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Fig. 4.1 Sensor responses during the deposition of aluminum at a gas pressure of 5 mTorr
and substrate-target distance of 10.8 cm for different magnetron powers.

4.2.2 Effect of Pressure

To study the effect of pressure on the deposited energy at the substrate, the above
experimental process was repeated but with the gas pressure maintained at 10 mTorr.
Table 4.2 shows the mean voltage and current. As can be noted in the measured data, the

discharge voltages were less than those measured at the same power but at a gas pressure
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of 5 mTorr. This is an indication that the discharge impedance decreases with pressure.
Fig. 4.2 shows the variation in the resistance of the sensor with time. The relative changes
in resistance of the sensor were less than those at 5 mTorr for each magnetron power,

indicating a reduced total energy flux to the substrate.

Table 4.2: Mean discharge voltage and current during the deposition of aluminum at
constant power mode for different magnetron powers, gas pressure of 10 mTorr and
substrate — target distance of 10.8 cm.

Magnetron power (W) Mean voltage (V) Mean current (A)
75 330 0.23
100 351 0.29
200 385 0.52
250 397 0.63
300 408 0.74
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Fig. 4.2 Sensor responses during the deposition of aluminum at gas pressure of 10 mTorr,
and different magnetron powers, substrate-target distance of 10.8 cm.

4.2.3 Effect of Substrate-Target Distance

The substrate — target distance was increased to 21 cm in order to study the effect of
distance on the amount of deposited energy at the substrate. Magnetron powers were
maintained as above for gas pressures of 5 and 10 mTorr respectively. Fig. 4.3 shows the
relative change in resistance with time at gas pressure of (a) 5 mTorr and (b) 10 mTorr.

The deposition times were between 20 and 25 minutes
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Fig. 4.3 Sensor responses at substrate-target distance of 21 c¢m, pressure of (a) 5 mTorr
and (b) 10 mTorr.
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4.2.4 Effect of Target Material

To study the effect of different target materials on the deposited energy at the substrate,
Al was replaced with Cu. Two magnetron power levels (75 and 300 W) at two different
gas pressures (5 and 10 mTorr) were employed for the study. Mean currents and voltages
obtained are shown in Table 4.3. The experimental data for the relative change in

resistance with time is shown in Fig. 4.4.
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Fig. 4.4 Sensor responses during the deposition of Cu at a substrate-target distance of
10.8 cm, magnetron powers of 75 and 300 W, and gas pressures of 5 and 10 mTorr.
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Table 4.3: Mean discharge voltage and current during the deposition of Cu at constant
power mode for two different magnetron powers for gas pressures of S and 10 mTorr and
substrate — target distance of 10.8 cm.

Magnetron power (W) Pressure (mTorr)  Mean voltage (V) Mean current (A)
75 5 413 0.18
300 5 519 0.58
75 10 398 0.19
300 10 488 0.62

4.2.5 Effect of Substrate Bias

The substrate was biased at potentials between -10 and 10 V, in order to study the effect
of charged particles on the deposited energy. The magnetron power was maintained at
200 W, gas pressure at 5 mTorr and the target-substrate distance at 10.8 cm. The steady
state resistance of the sensor for each bias potential was measured. Table 4.4 shows the
initial and final steady state resistances of the sensor for each potential employed. At a
bias potential of 10 V the sensor broke down, probably as a result of the large energy flux

towards it. Even replacement sensors could not withstand such a flux of energy.
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Table 4.4: Measured resistances of temperature sensor at different bias potentials at a
magnetron power of 200 W, gas pressure of 5 mTorr and substrate — target distance of

10.8 cm.
Bias potential (V) "Room temperature Steady state resistance of
resistance of sensor () sensor (Q)

- 10 599 605

-5 517 524
0 152.4 155
5 517 544

10 599 ¥

" Breakdown of some the wire bondings /or internal resistors caused the large difference
observed in the room temperature resistance.
* The sensor element broke down, probably due to excessive heating

4.2.6 Determination of Plasma Properties

To determine plasma properties such as plasma and floating potentials, electron density
and temperature, a Langmuir probe was inserted a few millimetres in front of the
substrate. Currents were measured for different probe potentials. Fig. 4.5 shows the
absolute currents for the different probe potentials at a magnetron power of 200 W, gas
pressure of 5 mTorr and probe distance of about 10.8 cm from the target. From the figure,

plasma and floating potentials were estimated as 2 and -15 V respectively.
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Fig. 4.5 Current voltage characteristics of a Langmuir probe in the substrate region a
distance of 10.8 cm from the target for a magnetron power of 200 W and gas pressure of
S mTorr.

4.3  Analysis of Results

The heat exchange between the sensor and its surroundings takes place mainly by thermal

conduction through the physical elements of the sensor, package and the substrate holder.

The gas transport component which depends on pressure and flow rate among others was
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shown in sections 2.5 and 3.4.2 to be negligible for the pressures under consideration.
Heat transport by thermal radiation from the sensor is also negligible, since the difference
in temperature between the ambient and that of the sensor was observed to be small.
Thus, the first order sensor response may be expressed as in Eq. (3.19). In terms of the
electrical resistance, R, of the sensor, the energy flux to the sensor may be expressed as:

R-Rg,
RRT’]“"I(I - exP(_ t/rc, »

qin (t) = (4 2)

The values of r; and ¢; were determined in section 3.4.3 to be 120 K/W and 3.8 J/K

respectively.

4.3.1 Variation in the Deposited Transient Energy Flux with the Magnetron Power

Figs. 4.1 and 4.2 show the relative change in sensor resistance as a function of time for
different magnetron powers and pressures. These show behaviour close to the expected
first order response. The curves indicate responses with long time constants, probably due
to heating of the chamber elements. Clearly, the system takes a very long time to reach
steady state. A typical deposition would occur during the transient stage, because of the
large thermal mass of the chamber itself. Fig. 4.6 shows the energy flux as a function of
time during the deposition of Al at different magnetron powers and at a substrate-target

distance of 10.8 cm for (a) 5 mTorr and (b) 10 mTorr.
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Because of the long times involved, “near steady state” values were taken at 20 minutes,
and are shown in Fig. 4.7, which indicates a trend of a linear increase in thermal flux with
increasing magnetron power. For aluminum at 5 and 10 mTorr, the power transfer
efficiency (ratio of the power density at the substrate to the input magnetron power) to an
area at the substrate located 10.8 cm from the target is 1.6x10*and 1.4x10~cm?
respectively. This value varies with pressure because of changes in ionization efficiency
in the plasma and in the energy absorption rate of the gas for energetic particles coming
from the target and the plasma. At a substrate-target distance of 21 cm, the power transfer
efficiency reduces to 7.0x107° and 5.2x10~° cm™ for the two gas pressures respectively.
This clearly shows that the energy transfer efficiency depends on the gas pressure and the

distance of the substrate from the target.
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Fig. 4.6 Total energy flux at the substrate region as a function of time at a substrate-target
distance of 10.8 cm and different magnetron powers for a gas pressure of (2) 5 mTorr and
(b) 10 mTorr.
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Fig. 4.7 Steady state energy flux at the substrate region as a function of magnetron power
at a substrate-target distance of (a) 10.8 and (b) 21 cm for two different pressures during
the deposition of Al.
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To examine the sensitivity to material, Fig. 4.8 shows the steady state energy flux to the
substrate located at 10.8 cm from the target for the sputter deposition of copper, at 5 and
10 mTorr. The solid lines are the linear fit to the experimental data (no energy is
deposited at zero magnetron power). Though there are insufficient data points, it is
evident that the deposited thermal flux deviates from a direct proportionality to
magnetron power. If a direct proportion is approximated to compare to aluminum, the
power transfer efficiency to an area at the substrate located 10.8 cm from the target is
3.6x10™ and 2.6x107cm? respectively. These values are higher than those of
aluminum. These higher values and the deviation from the linear dependence may be
attributed to the effect of the reflected neutrals on the total deposited energy. The
contribution of the reflected neutral depends on the mass ratio of the target material to
that of the incident ion. For the light aluminum target, the contribution of the reflected
neutral is negligible; whereas, for copper, the contribution is significant. The contribution
of the reflected neutrals depends on the discharge voltage. Hence, its power dependence
is not linear. The high sputtering yield of copper may also help explain the high total

energy flux seen for copper due to the higher particle flux towards the substrate.
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Fig. 4.8 Steady state energy flux at the substrate region as a function of magnetron power
at a substrate-target distance of 10.8 cm during deposition of copper.

4.3.2 Energy Flux as a Function of Bias Potential

The energy influx due to the kinetic energy of charge carriers (electrons and ions)
depends on the carrier density and temperature, and electric field in the substrate region.

The mean kinetic energy of the carriers is determined by the potential difference,

V=V,-V

1> where Vi, and V), are respectively the probe and plasma potentials. The

current — voltage characteristic of a probe at the substrate is shown in Fig. 4.5 (absolute

current values). The curve reaches zero near V,, = -15 V. This represents the floating
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potential of the plasma. The plasma potential is estimated from the knee of the curve as 2
V (£1 V). This is consistent with the values usually used as the local plasma potential
[151, 203]. The electron temperature and density during the sputtering of Al at a gas
pressure of 5 mTorr and magnetron power of 200 W were estimated to be about 2.4 eV

and 2.4 x 10° cm™ respectively.

At potentials higher than the floating potential, the energy flux increases with voltage due
to increasing electron current density and energy. However, at potentials higher than the
plasma potential, the current density only increases slightly due to saturation, though the
electrons now arrive with higher kinetic energies. If it is assumed that the plasma
potential is independent of the probe potential, then the energy flux at the probe is given
approximately by:
P=p,+j.V, -V, Ve >V (4.3)

Do is the energy flux at a probe potential equal to the plasma potential. Using the values
of the saturated current density je, the thermal flux at potentials higher than the plasma
potential are estimated and plotted in Fig. 4.9, along with the directly measured energy
fluxes at lower potentials.

The very strong sensitivity of energy flux to probe voltage clearly indicates the important
role electrons can play in heating the film and the substrate during deposition. On the

other hand, ions are clearly not as important to the energy flux as even quite negative
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voltages do not significantly raise the overall energy flux. This is consistent with the

results of Wendt, et a/ [130].
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Fig. 4.9 Total energy flux at the substrate as a function of probe potential for a magnetron
power of 200 W, substrate-target distance of 10.8 cm and gas pressure of S mTorr.

4.3.3 Total Energy per Deposited Atom

A useful way to interpret energy flux measurements is to consider them on a per

deposited atom basis. As stated earlier, several factors contribute to the total energy per
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atom at the substrate. The contribution of each factor depends on the magnetron power

and pressure.

The total energy per deposited atom E,, may be evaluated by normalizing the energy
flux at the substrate to the atomic deposition rate ¢,,. Thus,

Epy =9, /9. (4.4)
where ¢, =(d,N,p)/M , and d, is the average deposition rate determined from the film

thickness measured using a stylus profilometer, N, is Avogadro’s constant, p is the

density, which is usually less than the bulk density (about 0.8 times the bulk density was

assumed) and M 1is the molar mass.

The total energy per deposited atom as a function of the magnetron power for two
different gas pressures is plotted in Fig. 4.10. The experimentally determined values for
the total energy per deposited atom are in the range 31 — 59 eV depending on the
magnetron power and gas pressure. The results show that, at both 5 and 10 mTorr, the
energy per atom decreases with increasing magnetron power. Of course both the energy
flux and deposition rate increase with power. However, the deposition rate increases

more quickly than the energy flux, hence the downward trend observed in Fig. 4.10.
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The decrease in the energy per atom with power may also be attributed to gas heating and
rarefaction observed especially at high magnetron powers. Rarefaction of the filling gas
adjacent to the cathode increases the impedance of the plasma and therefore affects the
current-voltage characteristics of the discharge [152]. Dickson, ef a/ [71] noted that a
possible effect of gas heating is a decrease in electron density in ionized physical vapour
deposition (IPVD). Rossnagel [63], showed that gas heating and rarefaction depend on
the square root of the discharge current, which increases with magnetron power. Thus,
increased gas heating with magnetron power limits the increase in the electron
contribution to the total energy. Also, gas density reduction causes an increase in
deposition efficiency through reduced gas scattering as well as a reduction in the

contribution to the energy flux due to plasma radiation.

Fig. 4.10 also shows that by increasing the gas pressure from 5 to 10 mTorr, the energy
per deposited atom increases. However, as the magnetron power is increased, the
difference in the energy per deposited atom between the two pressures decreases. Such
that at higher magnetron powers it trends toward being constant irrespective of both
power and pressure. The observed trend shows that the plasma effects are more
important, at least at lower power levels. As mentioned above, increasing pressure
increases gas scattering, and hence decreases the probability of a sputtered atom

depositing on the substrate.
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Fig. 4.10 Total energy per deposited aluminum atom as a function of magnetron power at
gas pressures of 5 and 10 mTorr using a substrate-target distance of 10.8 cm.

Table 4.5 shows a summary of the estimated individual contributions to the total energy
per deposited Al atom at the substrate for a magnetron power of 200 W and a substrate -
target distance of 10.8 cm [127]. Contribution of the sputtered atom is the sum of its
condensation and kinetic energy. The condensation energy per atom of Al is about 3.33
eV [129]. Using SIMSPUD [173], at a target voltage of 415 V, gas pressure of S mTorr,

and distance of 10.8 cm, the kinetic energy of the sputtered atom is estimated as 5.1 eV.
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If the energy at potentials higher than the plasma potential is assumed to be mainly from
electrons, then the contribution of electrons to the total power flux is given by Eq. (4.3).
Thus, the contribution of electrons may be estimated from the difference between the
measured power at the floating potential and that at the plasma, to give about 10.6 eV per
deposited atom. The contribution of the plasma radiation is estimated as 12.9 eV (details
are presented in section 5.2). The sum of these contributions compares with the
measured. The major sources of energy are the plasma radiation and electrons. For the
un-biased substrate, the positive ions are not a significant source compared to other
sources. The value for the sputtered atoms consists of both the condensation energy and
the kinetic energy. By separating them, the contribution due to the kinetic energy alone is
about 5 eV at that distance. This value is about the same range as that due to thermal

radiation from the hot ground shield around the target.

It is expected that the estimated values may deviate’from the actual values given the
method of estimation. For instance in estimating the kinetic energy, the gas heating effect
was not taken into consideration. Thus, by scaling this effect in SIMSPUD, the value of
the kinetic energy was found to increase by about 0.8 eV. So this was taken as an
indication of the uncertainty of this contribution. Some of the radiant energies (such as
plasma radiation) may be reflected from the surface of the growing film, thus, the actual

absorbed radiant energy may be less than the estimated value. However, through multiple
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reflections from the rough surface [204] of the film and the surrounding walls, some of
the reflected energy may be deposited onto the growing film. It should also be noted that
the reflection coefficient decreases with energy [205]. By taking into consideration the
view factor of the sensor with respect to the source, the uncertainty in estimating this
energy was obtained at about 2 eV. Also the estimation of the contribution of electrons is
strongly affected by the uncertainty in measuring the electron current at the tip of the
Langmuir probe as well as the indirect determination of the plasma potential. The

accumulative effect of these is estimated to be about 1 eV.

Table 4.5: Estimated contributions to the total energy per deposited Al atom at the
substrate for a magnetron power of 200 W, pressure of 5 mTorr and substrate — target
distance of 10.8 cm.

Factors Energy per deposited atom (eV) | Percentage contribution (%)
Sputtered atom 84108 23

Electrons 11+1 30

Plasma irradiation 13£2 36

Thermal irradiation 42+0.5 11

Sum 374 100

Measured 39+3
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Chapter 5

Theoretical Models and Discussions

Thornton [129] provided the basis for interpreting the energy flux to a growing film in
terms of the energy per deposited atom. Since it is not plausible to measure this energy
directly, it is always determined from the total deposited energy and the total depositing
flux. Thus, for a theoretical determination of this energy, a model of the deposition rate
with that of the total energy is required. Knowledge of the functional dependence of those
factors contributing to the total energy on the external parameters, which can be
controlled, is very important for accurate modeling of the energy deposition in a sputter

system.

5.1  3-D Deposition Rate Model

It is convenient to idealize the depositing flux as a mix of slow and fast particles [206].
Atoms emitted from the target are generally fast, but they slow down as a result of
collisions with the gas atoms. An accurate model of depositing flux must consider the

contributions of both populations. In the treatment below, the fast particles are those,

102
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which traverse ballistically in straight lines to the substrate without scattering. The slow

particles are presumed to transport by diffusion.

The flux of particles emitted at the target surface may be determined from the product of
the differential sputtering yield and the target ion current density. The sputtering yield
depends on the ion energy and the target material sputtering threshold [207]. Ion energy
is proportional to the target voltage with the constant of proportionality close to unity for
cases where the dark space thickness is small compared to the mean free path for charge

exchange collisions.

For planar magnetron sputtering, the ions are usually assumed to have normal incidence
at the surface. Hence, for simplification purposes, the total sputtering yield is used, and
the emitted flux for normal incident ion would be the product of the ion current density, j,
and the total target sputtering yield, ¥, as a function of the emission position on the target.
The ion current density may be determined from the total discharge current. In a
magnetron system, the dependence of current on voltage is given in Eq. (4.1). The values
of xand »n depend strongly on the target-gas combination, system geometry, magnetic
field and other experimental parameters. Target-gas combinations with higher yield have

a lower value of » than those with a low yield. Fig. 5.1 shows the experimental I-V values
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for copper and aluminum, as well as a fit of Eq. (4.1) to the experimental data, for a gas

pressure of 5 mTorr for the magnetron sputter system used.
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Fig. 5.1. Current — voltage characteristics of a dc magnetron discharge for Al and Cu at a
gas pressure of S mTorr. The solid curves are fits to Eq. (4.1).
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FIG. 5.2. Vanation in the experimental value of x (admittance factor) on gas pressure

during the deposition of (a) Al and (b) Cu, given the 75 mm magnetron sputter deposition
system used.
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The values of n calculated at this pressure for this system were 5.15 and 6.5 for Cu and
Al respectively. Similarly, the calculated values of x were of the order of 10" and 107
for Cu and Al respectively, to give current in amperes. In another K. J. Lesker Magnetron
System (herein referred to as system 2), the corresponding values are of the order of 6.04
and 10" for Cu, and 6.72 and 10™® for Al respectively. Since x is a function of the
system impedance, it varies with pressure. Fig. 5.2 shows the dependence of x on
pressure for (a) Al and (b) Cu. At pressures below 15 mTorr, ¥ seems to have an
exponential dependence on pressure, whereas, at higher pressures, it seems to indicate a

linear dependence on pressure.

A planar magnetron has the inherent problem of inhomogeneous erosion of the target
surface, due to the magnetic arrangements. The ejection points are within an annulus
referred to as the “erosion ring” between radial distances r; (inner radius) and r» (outer
radius) from the centre of the target. As the depth of the erosion increases, the separation
between r; and r; decreases (r; moves farther away from the target centre and 7> moves
towards it). Thus, for a given discharge current, the resulting current density increases
with the depth of erosion. The above has an effect on the deposition uniformity and
profile. The location of the onset of a more uniform film would be determined by r;,

since it determines the filling of flux along the central axis.
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Since the depositing flux is the sum of the fast moving and the slow moving flux, the

following will treat these two types of flux emitted from a circular planar target.

5.1.1 Fast Moving Particles

It is common to express the flux density of the fast atoms at the substrate, a distance p

from the target as: [177,178,206]

P, =6, exP[—f‘) (5.1

This may be expressed as [175];

8, = b, exp(~ 1Pp) (52)
where u is dependent on the mean free path of the atoms, determined by the gas-target
combination and the applied power due to gas rarefaction effect. The total energy put into
the gas depends on average kinetic energy, E, of the ejected atom from the target,
sputtering yield, Y, and the discharge current, /. The gas heating effect is limited by the
part of the energy conducted to the chamber walls, which of course depends on the
thermal conductivity, x of the gas. According to Rossnagel, [63] the density, 7, of the hot

gas is given by:
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2n T .nfx 03
n, = (ﬁg—) (5.3)

where np and T; are respectively the density and temperature of the unheated gas, o is the
collision cross-section for momentum transfer, and f'is equal to the number of mean free

paths away from the cathode (which was assumed to be 3). In this case, the mean free

path is taken as:
kT
A, =— 5.4

Since the pressure in the plasma region is assumed the same as the system pressure, then

Eq. (5.3) may be written in terms of the gas temperature as:

0.5
T (GPEIY) (5.5)
k6rx

By replacing Eq. (5.4) in Eq. (5.5) and combining it with Eq. (2.5), o may be eliminated,

and the hot gas temperature obtained as:

E” (e’
T= - (5.6)
(1.5k)"° \ yAmx

IfEq. (5.6) is substituted into Eq. (2.5), u# can be obtained as:

5/9
K 1
_ 5.7
/u (IYPJ (I.Sk)llg A4/9E2/3 ( )

Eq. (5.7) shows the effect of those factors, which contribute to the gas heating on the

parameter 4 .

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



Chapter 5 Theoretical Models and Discussions 109

The value of ¢, is the zero pressure flux, which has been assumed elsewhere [176-178]
to be the product of the current density, j and the total sputtering yield, ¥ (for planar
magnetron, the ions usually strike the target with normal incidence). However, given the
emission pattern of the sputtered flux, even if there were no gas phase collisions (zero
pressure condition), it will scale with distance, and may be determined in terms of the
angular distribution of the emitted particles at the target (which is determined by the

discharge voltage) [88,207].

To account for the under/over cosine distribution for normal incidence, the cos®@ is often
used [208). In order to properly account for the shape profile, Yamamura, et al/, [209]

proposed a fitting formula of the form:

5(6) = cos6(i + Bcos? ) (5.8)
where @ is the ejection angle of the sputtered atoms with respect to the surface normal
and f is a fitting parameter. The fitting parameter depends on the mass and binding

energy of the target material, mass of gas, and ion energy. It may be expressed as:

B=BInQ-B, (5.9)

MU,
where M, is the mass of the sputtered atom, U; is the binding energy of the sputtered

material and Ej is the incident ion energy. For Ar” on Cu at 100, 600, 1000, 5000 eV,
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they obtained the best-fit fvalues of —0.611, 0.284, 0.603 and 1.25, respectively. The
values of B and B., were respectively approximated as 0.488 and 2.44. These values are
in most cases independent of the target material. Eq. (5.8) implies that the negative S
value predicts the under-cosine distribution, while the positive A value predicts the over-

cosine distribution. Thus,

8. = j(r)rs(6) (5.10)

Using Egs. (5.2) and (5.7), and from Fig. 5.3 (a), the flux density of the particles
sputtered from an element area ddr of the target reaching an element area dAs of the

substrate may be expressed as:
dg, = jY exp(- Cp)dA,dQ/ dA; (5.11)
where C=puP, dQ=dA;cos0/p*, cos(@)=z/p. For a planar circular target,

dA, = rdrdy . The total flux density of the fast moving sputtered particles at the substrate
may be obtained by integrating Eq. (5.11) over the area of the target etch track as:
21+ 802/ )
jor(14(7,) )

6,=] P exp(-Cp)rdrde (5.12)
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(2)

Substrate plane

(b)

Target plane

Fig. 5.3 System geometry used in modeling the flux of (a) fast and (b) slow moving
atoms from the target plane onto the substrate plane.
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Using the geometry of Fig. 5.3 (a), p = \/(z2 +r*+R* - Zchos;o). Where r, <r<r.

2 >

0<@<2r and R=+ (e? +y?) Eq. (5.12) may be integrated numerically for the total

depositing rate of the fast moving particles at the substrate.

5.1.2 Slow Moving Particles

These are the scattered particles, which move by diffusion [206, 210]. The concept of
diffusion applies to the flow of one medium in another under the influence of the density
gradients and the thermal motion of the particles in the two media (gas and sputtered
particles) [211]. Here the simple form of diffusion in which the concentration of the
diffusing matter (slow moving particles) is small in comparison with the concentration of

the medium (gas) in which it 1s diffusing is considered.

As a result of the slowing down process through gas scattering, the source term for the
diffusion equation is not located at the target. Rather, a distributed source model is
needed [210]. With this model, sputtering can then be considered a source for diffusion
only after the sputtered particles are scattered by collision. The concentration, #, of the
sputtered atoms, which have made at least one collision, may be obtained by considering
Fig. 5.3 (b). The particles emitted from an element area of the target, which have reached

a point, p without scattering is:
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@, = jYS(6)drdpdQexp(-Cp) (5.13)
If pressure were zero (no gas phase scattering), the total particles at p would be:

@, = j(r)YS(B)rdrdpdQ
Thus, the particles scattered from the streaming flux is:

® = j{r)YS(@)rdrdedQl - exp(-Cp)] (5.14)

3

The density (in atoms cm™ s?) of the particles scattered into an element volume,

dV = dQp*dp , from the flux emitted from the target element is given by [212]:

a@ = Mrdrd(o exp(-Cp) (5.15)
av P

Since this represents the rate of change of the density of the particle, it may be used as the

source density of a conservation equation as [210]:

4l _pn =@’S7(-6—)rdrd¢exp(—Cp) (5.16)
dp dp P

where D is the diffusion coefficient. But, from Fick’s first law, the diffusing flux is given

by: ¢, = Dgﬁ, thus,
dp

CjYz(l+ Bl % 2)
6, = j ps(/p)‘,—drdqp exp(— Cp)dp , 0<p<w (5.17)

The total diffusing flux at the point, p, due to the emitted flux from all the target elements

is:
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o rdrd(p(l A%, ﬂ

¢. =Y [ [] < exp(-Cp)dp (5.18)

This flux diffuses into all directions. Since, the solid angle of the point as seen from all

space is 4z , the flux diffusing in a given direction would be [213]:

,ZMrdrd(p(H,B 4 2)
4, ZCJY —[[] . (/p) exp(-Cp)dp (5.19)

n00 P

Eq. (5.19) can be integrated numerically for the total flux of slow moving particles. Here,
Simpson’s rule was adopted in during the integrations of Egs. (5.12) and (5.19).
The total depositing flux at the substrate is therefore the sum of the fast moving

flux expressed in Eq. (5.12) and the slow moving ones expressed in Eq. (5.19).

$=0,+9, (5.20)

5.1.3 Results and Discussions

The values of r; and r, as measured from the targets used were 0.9 and 3.25 cm
respectively. This etch track would be herein referred to as “NT”. For a magnetron power
of 200 W and argon pressure of 15 mTorr, the calculated deposition rate of sputtered Al
is shown in Fig. 5.4 (a). The figure shows that the profile of the deposition rate is highly

dependent on the substrate position, which is a function of the radial distance R from the
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target central axis, and the height, z from the target plane. Along the central axis, the
deposition rate increases greatly with z, up to a maximum and then decreases. However,
above the etch tracks, the deposition rate decreases with z. Usually, when the target is
used for a while, the width of the etch track (erosion ring) reduces. To test for the effect
of the width of the etch track on the shape of the thickness profile, ; was increased to 1.4
cm, and r> decreased to 2.5 cm (small etch track, ST), the calculated result is shown in
Fig. 5.4 (b) for the same process conditions. A higher deposition rate is obtained above
the etch tracks than in the former case. This may be attributed to a higher current density
(same total current) since the area of the etch track is less. However, as observed in that
Fig. 5.5 (ST 15 mTorr), a lower deposition rate is obtained along the central axis of the
target, compared to the first case (NT 15 mTorr). The effect of a wider etch track (larger
target, LT), with ; and > as 3.15 and 7.0 cm, respectively, on the deposition profile is
also shown in Fig 5.4(c) (LT 15 mTorr). The magnetron power in this case is set at 775
W, to give the same power density as in the first scenario. A lower deposition rate is
obtained along the central axis, at regions close to the target, probably due to a longer
effective distance from the erosion track to the centre (larger deposition area). However,
at larger distances from the target, the deposition rate is higher than in the former cases. It
is observed from all three cases that the location of the peaks, along the central axis, with

respect to z depends on the inner radii of the etch tracks.
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FIG. 5.4. Deposition profile of Al atoms at an argon pressure of 15 mTorr and power of
200 W. The inner and outer radii of the etch track are respectively (a) 0.9 and 3.25 cm,
(b) 1.4 and 2.5 cm, and (c) 3.1 and 7 cm. (c) is at a power of 775 W.
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Fig. 5.5. The on axis deposition rate as a function of distance at a magnetron power
density of 6.3 W/ecm?, argon pressure of 15 mTorr for etch track radii 0.9 and 3.25 c¢m
(NT 15 mTorr), 1.4 and 2.5 cm (ST 15 mTorr) and 3.15 and 7.0 cm (LT 15 mTorr), and
pressure of 30 mTorr and radii 0.9 and 3.25 cm (NT 30 mTorr) during the sputter
deposition of Al.
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Fig. 5.6 Dependence of film uniformity on the etch track radii (0.9 and 3.25 cm
respectively (NT)) for substrate located at (a) 1.1, (b) 2, (c) 3, (d) 4 and (e) 11 cm.
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Fig. 5.7 Dependence of film uniformity on the etch track radii (1.4 and 2.5 cm
respectively (ST)) for substrate located at (a) 1.1, (b) 2, (¢) 3, (d) 4 and (e) 11 cm.
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Fig. 5.8 Dependence of uniformity of thickness of film on the etch track radii (3.15 and 7
cm respectively (LT)) for substrate located at (a) 1.8, (b) 4, (c) 6, (d) 7 and (e) 11 cm.
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Fig. 5.9. Effect of substrate location on film uniformity, for a sputter deposition of Al at
magnetron power of 200 W and gas pressure of 15 mTorr. Also shown are the
experimental data for different radial distances.

Uniformity of film thickness depends on the size of the etch track as well as the location
of the substrate above the target. Figs 5.6 (NT), 5.7 (ST) and 5.8 (LT) compare the
uniformity of the film for the three sizes of the track at various locations above the target.
From the results, it is noted that the uniformity is very poor for those locations very close

to the target, z <2r,. The film is thickest at the circumference of a circle of radius of

about 0.7r.. However, as the substrate distance is increased, a more uniform film is
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obtained. The effect of the inner radius (7;), is observed in a shift of the location of the
uniform film away from the target. For instance, a near uniform film is obtained at a
distance of 2 cm for NT, whereas, a similar profile is obtained at about 3 c¢m for ST and
at about 6 cm for LT. However, at about 4 cm, the shape profiles for NT and ST appear
the same. Generally, it is noted that a more uniform film would be obtained at the
substrate locations z >2r,. The spatial area of the “flat top” of the deposited film
depends on the area of the etch track, and decreases with the substrate distance from the
target, such that at long distances, a cone like shape is obtained. Fig. 5.9 compares the
model results with the experimental values for z = 4.0, 6.0 and 11.0 cm along the
substrate radial distances, as a test of the validity of the model. The results compare very

well in both relative trends and absolute value.

As expected, an increase in pressure (with other process conditions maintained) results in
a decrease in the deposition rate (see Fig. 5.5 NT 30 mTorr). The location of maximum
deposition shifts slightly towards the target. Fig. 5.10 shows the calculated on-axis
deposition rate alongside the experimental data for a magnetron power of 300 W at a
distance of 10.8 cm for different argon gas pressures for the sputter deposition of (a) Al
and (b) Cu (system 1). The theoretical data compare well with the experiment. The rapid

decrease in deposition rate with pressure is obtained at low pressures where the

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



Chapter 5 Theoretical Models and Discussions 123

depositing flux is dominated by the fast moving particles. At higher pressures, where the

flux is dominated by the slow moving particles, the decrease becomes more gradual.
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Fig. 5.10. On-axis deposition rate as a function of pressure at magnetron power of 300 W
and target-substrate distance of 10.8 cm during the sputter deposition of (a) Al and (b)
Cu.
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The effect of target material on the shape of the deposition profile is shown in Fig. 5.11

for sputtered Cu. The shape profile is similar to that of Al for a similar process

conditions, though higher deposition rates (due to higher sputtering yield) are obtained

especially for distances that are not too far from the target.
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Fig. 5.11. Deposition profile sputtered Cu atoms at a magnetron power of 200 W, argon

pressure of 15 mTorr.
3.25cm.
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Fig. 5.12 shows the effect of magnetron power on the deposition rate for the sputtering of
aluminum and copper, respectively, at a pressure of 5 mTorr and a distance of 14 ¢cm
(system 2). Experimental data for Al at 5 and 10 mTorr, distance of (a) 10.8 and (b) 21
cm obtained using system 1 (Bob) alongside the model are presented in Fig. 5.13.
Overall, the agreement between the model and experiment is good although the model
may slightly underestimate the flux at low power. The deposition rate increases with
power. The trend seems to suggest a non-linear dependence. This may be attributed to the
reduction in the local density of the gas due to gas heating. The gas heating effect is much

more significant at high powers than at low ones.
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Fig. 5.12. On-axis deposition rate of Al and Cu as a function of magnetron power at a gas
pressure of 5 mTorr and distance of 14 cm.
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Fig. 5.13. On-axis deposition rate of Al as a function of magnetron power at a gas
pressure of 5 and 10 mTorr, and distance of (a) 10.8 and (b) 21 cm.
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Fig. 5.14 shows the fraction of the diffused Al and Cu flux respectively, with respect to
the total depositing flux as a function of the working gas (argon) pressure, for different
powers at a distance of 10.8 cm. As expected, this fraction decreases with power, and
depends on the pressure. This clearly shows the effect of the process parameters on the
scattering effect of sputtered particles. At high pressure and low power, the depositing
flux is dominated by the diffused flux, whereas, at low pressure and high power, it is
dominated by the ballistic flux. The reduced effect observed with Cu in comparison with
that of Al is attributed to the difference in the mass ratio between the sputtered particle
and the gas. Al atoms in collision with Ar atom are scattered more than do Cu atoms.
This results in a higher loss rate of the sputtered particles from the ballistic flux with
increasing pressure. At high powers, the sputtered atoms are more energetic, and hence

can persist in their original direction farther than they do at low powers.
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Fig. 5.14. Fraction of diffused flux of Al and Cu atoms at the substrate distance of 10.8
cm as a function of pressure and magnetron power.

5.2  Energy Model

The total energy per unit time, g, transferred to the substrate is the product of the
deposition flux and the total energy per deposited atom, which is obtained through a

modified Thornton’s model [127].

q, =¢(U+E, +E,+E,)+q, +q, (5.21)
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Where U and E; are the contributions of the heat of condensation and the average kinetic
energy of the deposited atoms; £, is the contribution of the reflected gas neutrals, which
is dependent on the incident ion energy, £y, and energy reflection coefficient, Rg, Ep is
the contribution of the plasma radiation from the excitation and ionization events, and g,

and g, are respectively the contributions of the electrons and the thermal radiation.

The contribution of the sputtered particles to the total deposited energy is mainly from its
potential energy (condensation) and kinetic energy. The condensation energy, U per atom
of aluminum and copper are respectively 3.33 and 3.5 eV [129]. The average kinetic
energy of the ejected atoms was determined using Eq. (2.3), but with a correction factor
as detailed in ref [88]. The modification is necessary as the high-energy tail observed
with high ion energies is usually found to drop off sharply with the low ion energies
associated with magnetron sputtering. The final expression for the energy distribution
which combines the Thompson distribution of Eq. (2.3), modified anisotropy correction,

and cut off factor (which sets the distribution to vanish at £ = E is as follows [88]:

2 M (Ecos""8+U) * E+U
EYdE < E(E+U) " exp| — 4| —2 1- dE 5.22
f(E)E < E(E+U)™"" exp [ ME J ( " (5.22)

where § is the emission angle, 4 =13, ¢, =0.55 and ¢q, ~2-M, /4M . The maximum
recoil energy yE, is sometimes taken be equal to (Enax + U). The parameter m, which

depends on the species, was found to be generally between 0.20 and 0.23 [88]. From the
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semi-empirical relation of Eq. (5.22), the obtained kinetic energies of sputtered Al and Cu
atoms as a function of the ion energy are shown in Fig. 5.15. In transport towards the
substrate, this energy is degraded due to collisions with the gas, as expressed in Eq. (2.9).
For a given gas temperature, the mean free path scales inversely with pressure. Hence,

Eq. (2.9) can be rewritten as:

oPd
E =F_ - 523
i ki exp( T ) (5.23)

Where o is the collision cross-section for exchange of momentum. As expressed in Eq.

2.22), 9/, . was estimated as 0.12, for which the gas temperature was assumed constant.
kT
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Fig. 5.15 Average energy of Al and Cu atoms sputtered normally to the surface as a
function of the argon ion energy obtained from the semi-empirical model of Eq. (5.16)
[88].
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Fig. 5.16 Scaled dependence of the average kinetic energy of sputtered Al atoms as a
function of pressure-distance product.

However, it is known that gas temperature does vary because of gas heating by the
energetic sputtered particles and other processes. The extent of gas heating depends on
the discharge current and, hence on magnetron power. Using the concept of gas heating,
the dependence of the average kinetic energy on pressure distance product, Pd, is
obtained by scaling the gas temperature, 7, with the gas heating effect of discharge

current, as expressed in Eq. (5.5). This is plotted as the solid line in Fig. 5.15.
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The contribution of the plasma radiation is due to the radiation emitted as a result of
ionization and excitation events. This radiation is the difference between the average
energy required by an electron to make an ion and the ionization energy of the gas atom.
For an event involving an electron and argon atom, this energy is roughly estimated to be
about 5.33 eV and can be emitted in either the forward or reverse direction [129]. In
terms of the energy per sputtered atom, this energy is normalized to the sputtering yield
as

E,s =5.33eV /Y, (5.249)
which assumes every ion is collected at the cathode. However, the interest is in terms of
the energy per deposited atom; therefore, Eps is further normalized to the deposition
efficiency [127] as:

E,=E,/a, (5.25)
Where «,, is the deposition efficiency (the ratio of the deposited flux to the emitted flux

at the target). It depends on scattering events, and is determined by pressure and the
distance of the substrate from the target. The dependence of the deposition efficiency on
pressure is given in Eq. (2.24) for a given substrate-target distance. However, it is usual
to express this dependence in terms of the product of pressure and distance as:

e, = a,, exp(-yPd) (5.26)
Thus, Ep increases with pressure and distance. To clearly illustrate this dependence on

pressure, SRIM-2000.39 [86] is used to obtain the sputtering yield at a discharge voltage
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of 415 V for an aluminum target as Y, = 0.58 atoms/ion. Thus, for a gas pressure of 5 and
10 mTorr, and substrate-target distance of 10.8 cm, an estimated contribution of 13 and

18 eV respectively from plasma radiation is obtained per deposited atom.

The contribution of the energy of the reflected neutrals to the total deposited energy
depends on the mass ratio of the target material to that of the incident ion. Both the
energy and particle reflection coefficients have been shown to increase with the mass of
the target material for a given gas. In ref. [176] it was reported othat the reflection
coefficients decrease monotonically with increase in the incident energy, since the
probability for backscattering decreases with the penetration depth. However, above 400
eV, the differences in values for different energies are small, and the coefficients may be

assumed constant with energy. The functional dependence of the energy reflection

coefficient on the target voltage, V', within the range of study [176] is given by:

v, Y
R, = 1_(1_/;) (5.27)

where Vg is a fitting parameter, which was found to be around 20000 V for the heavy
elements, but lower for the lighter ones. The power £ was found to be around 0.006 for

germanium and to increase to about 0.037 for tungsten. The initial energy of the reflected

neutral is equal to the product of the ion energy and the reflection coefficient. Because of
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collisions with the gas, the deposited energy of the reflected neutrals decays

exponentially with pressure-distance product as:

R_E R.E o Pd
E ==—£7© —-q Pd)=-£t—2% -7 5.28
== exp(- a,Pd) > exp( e ) (5.28)

3 s
Since this energy contribution is scaled with the ejected atoms at the target, and the
interest is in terms of the deposited atoms at the substrate, it would be necessary to factor

Eq. (5.28) by the deposition efficiency of Eq. (5.26).

Substrate bias is a significant factor in determining the contribution of ions and electrons
to the total energy deposited onto the growing film [214]. At a substrate bias potential
equal to or greater than 0 V, ions contribute an insignificant energy to the growing film,
whereas electrons contribute significantly to the total energy [127,130]. The energy
contribution of electrons depends on the electron temperature, 47, and density, . as well
as the substrate bias potential, V5, relative to the plasma potential, V». For a Maxwellian

energy distribution, the energy flux of electrons is given by [151,214]:

0.5
E, = ZkLne(ﬂ] exp(— M}; V,>V (5.29)
2mm

kT,

The electron density in the substrate region is proportional to the discharge power [135],
and for a given power depends on the pressure. The spatial distribution of electron

density is highly influenced by the pattern of the magnetic field. This density is
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significantly higher above the target etch tracks than along the central axis at those
regions close to the target [215]. However, at large distances the distribution tends to
flatten out. Generally, the shape profile of the spatial distribution of electrons is similar to
those of the deposition rate. Electron temperature depends on the gas-target combinations
and discharge voltage. For a given experimental system, the dependence of electron
temperature on the discharge voltage V; is given by [152]:
kT, = vV} (5.30)

Where, v is constant for a given gas-target combination, magnetic field and system
geometry. At constant power operation, the discharge voltage decreases with gas
pressure, hence the electron temperature would decrease with pressure. From Langmuir
probe measurements, the electron temperature and density for Al at a gas pressure of 5
mTorr, substrate-target distance of 10.8 cm and magnetron power of 200 W were

estimated to about 2.4 eV and 2.4 x 10° cm™ respectively.

Measurement of the temperature of the shield around the target for the magnetron
sputtering system used for this study shows that a weak thermal link exists between the
shield and the water-cooling system. Thus the shield heats up, resulting in a significant
heat transfer to the substrate by thermal radiation. The thermal radiant flux, ¢g,, from the
shield toward the substrate region was determined using Eq. (2.19). Fig. 5.17 shows the

variation in shield temperature with time for both the experimental measurement and the
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data from a thermal model of the chamber of radius 24 cm at a magnetron power of 200
W and gas pressure of 5 mTorr during the sputtering of Al. The shield temperature was
modeled using Eqgs. (2.19) and (3.2), by considering that almost all the incident energy is
converted into heat and the main sources of heat lost from the shield are by thermal
conduction through the gas as well as through the shield material to the cooling surface
and radiation. The energy source to the shield is mainly from the system input power.
Thus, the shield steady state temperature is expected to increase with magnetron power.
The emissivity used was found to be different from the bulk emissivity for steel. A value
of 0.79 was used, which is higher than the bulk value. This value is close to the value for
oxidized steel [205]. There has been evidence that the surface emissivity of material does
change with temperature and surface roughness [169,196,216,217]. For example, Love
[216], cites an increase in emissivity for chromium steel from about 0.2 at 600 °C to over
0.7 at 900 °C. Simonsen [217] gave values for the emissivity of steel at 100 °C ranging
from 0.066 to 0.97, depending on whether the surface is polished or rough. In the
magnetron sputtering system, the ground shield around the target is always subjected to
bombardment by energetic particles, and hence its surface is rough. At a magnetron
power of 200 W, the contribution of thermal radiation to the deposited energy during the
sputter deposition of Al was estimated to be about 11 % of the total energy [127] (shown

in section 4.3.3).
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Fig. 5.17. Comparison of the model with the measured temperature of the shield around a
7.5 cm planar target located in the magnetron sputter chamber of radius 24 cm during the
sputtering of Al at a magnetron power of 200 W and gas pressure of S mTorr.

An energy model is thus obtained by using the above details in Eq. (5.21). The next
sections will discuss the results of the energy model obtained. As a test of the validity of

the model, its results are compared to the experimental ones.
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5.2.1 Total Energy at the Substrate

The steady state total energy deposited as a function of the magnetron discharge powers
for gas pressures of 5 and 10 mTorr at substrate-target distances of 10.8 cm and 21 cm
are shown in Figs. 5.18 and 5.19 for Al and Cu respectively. The model results compare
well with the experimental values, although there is limited data for copper. The
deposited energy increases with power as expected, with a trend that seems to suggest a
non-linear dependence. Any apparent deviation from linear dependence may be attributed
to the gas heating effect. Gas heating which results in the reduction of the local density,
causes increases in the free path of the sputtered atoms, reflected neutrals and electrons.

This results in the deposition of greater energy at the substrate.

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



Chapter 5 Theoretical Models and Discussions 139

0.1
(@ —— 5 mTorr (model)
T 10 mTorr (model)
5 0.08
; X 5 mTorr (expt)
< A 10 mTorr (expt)
% 0.06
=
&
§ 0.04
[
§ 0.02 -
O " ll ] I
0 100 200 300 400 500
Magnetron power (W)
0.04
(b) |— 5 mTorr (model)
----- 10 mTorr (model)
0.03 - X 5 mTorr (expt)
A 10 mTorr (expt)

Total energy flux (W/cmz)
o
(=}
(%)

0 100 200 300 400 500
Magnetron power (W)

Fig. 5.18 Steady state energy as a function of magnetron power at substrate-target
distances of (a) 10.8 and (b) 21 cm during the sputter deposition of Al at 5 and 10 mTorr.
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Fig. 5.19 Steady state energy as a function of magnetron power at substrate-target
distances of 10.8 cm during the sputter deposition of Cu at 5 and 10 mTorr.

Fig. 5.20 shows the on-axis total energy plotted with distance for Al at 5 mTorr and for
three different magnetron discharge powers. The deposited energy follows the pattern of
particle deposition. As expected, the energy rises with distance to a maximum at some
point close to the target, thereafter, it falls off. The trend of the fall is steep initially, then
levelling off afterwards. This compares well with experimental results found elsewhere
[151]. At long distances, most of the sputtered atoms are thermalized after involving in
several collisions with the background gas. Thus the energy contribution of the sputtered

atoms to the total deposited energy is greatly reduced to just about their condensation
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energy. In addition to the reduction in the energy of the sputtered atom, the flux of the
sputtered atoms is also reduced due to scattering. The contribution of electrons is equally

believed to fall at the substrate as a result of electron cooling and scattering due to the

large Pd involved.
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Fig. 5.20 Vanation in the total energy flux at the substrate with substrate-target distance,
z as a function of magnetron power at a gas pressure of 5 mTorr during the sputter
deposition of Al
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5.2.2 Total Energy per Deposited Atom

The total energy per deposited atom as a function of discharge power and pressure is
shown in Fig. 5.21 (a) and (b) for Al and Cu respectively. Both the experimental values
and the model show similar trends, although the model may overestimate the energies at
very low powers by underestimating the deposition rate (especially for Al). In the low
power regime, there is a rapid fall in the energy per deposited atom with powers. At high
powers the energy per atom is essentially constant, and independent of both power and
pressure. Fig. 5.22 (a) and (b) show the energy per deposited Al atom at various locations
within the chamber at gas pressure of 5 mTorr and power density of 9.5 W/em? for etch
tracks of radii 0.9 and 3.25 cm, and 3.15 and 7.0 cm respectively. As noted in the figure,
for those locations where uniform film over a large area is obtained, the energy per
deposited atom is constant with substrate distance. This is the region where substrates
would be located in most industrial applications where high deposition rate and film
uniformity is highly desirable. Outside this region, the energy per deposited atom
increases with distance. The effect of pressure, as seen in Fig. 5.21 is noticed mostly in
the low power regime, where the energy per deposited atom is found to increase with

pressure, probably due to reduced sputtered flux arriving at the substrate.
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Fig. 5.21 Total energy per deposited (a) Al atom and (b) Cu atom as a function of power
at distance of 10.8 cm for different pressures.
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Fig. 5.22 The effect of the size of target and etch track on the energy per deposited atom
(a) NT and (b) LT.
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The effect of target size and etch track size on the energy per deposited atom is shown in
Fig. 5.22. Increase in the size of the inner radius of the etch track as well as the target size
results in a shift in the regions of uniform film away from the target. As noticed in (b),
this shift results in a lower energy per deposited atom compared with those of the smaller
target (a) over the same area. However, the calculated energy per deposited atom at
regions of uniform film is about the same for both cases under the same power density
and other operating conditions. For Al and Cu, this energy is about 28 and 25 eV/atom
respectively, given a d.c. planar magnetron considered in this study and limits of

uncertainty.

Thornton [129] had proposed a pressure and power independent energy per atom. The
results here tend to confirm that trend at high discharge powers, though the values of
these energies per atom are higher than his values (13 and 17 eV for argon sputtering
with cylindrical-post magnetrons). This is because of the modification to his model to
include the contributions of electrons and thermal radiation as well as the computation of
the plasma radiation per deposited atom instead of the atoms sputtered at the target.
However, for a hollow cathode, Thomnton [129] obtained about 40 eV/atom for both Cu
and Al, and attributed the much higher value to plasma bombardment of the substrate.
This is herein taken to imply the contributions of the charged particles (electrons and

ions). For an unbiased substrate, ions have been shown to contribute an insignificant
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energy deposited onto the substrate [127,130], thus the extra energy he observed may be
from electrons. At low powers, the trend of the results here is similar to those of
Drusedau, et al [176], in which case, they obtained an increase in the energy per

deposited atom with pressure, but a decrease with power.

The decrease in energy per atom with power may be attributed to the greater than linear
increase in the deposition rate and gas heating effect. Both the energy flux and the
deposition rate increase with power. However, not all the factors contributing to the total
energy flux increase with power at the same rate as the flux of the depositing atoms. For
instance, the plasma contribution increases with gas density. At high power, the rate of
gas heating is high, and hence the density is reduced. Gas density reduction also causes
an increase in deposition efficiency through reduced gas scattering. At low powers and
high pressures, the probability of the sputtered atom depositing onto the substrate is
greatly reduced, and the plasma radiation contribution is high since it increases with

pressure.

To better understand the role of the individual contributions to the total energy per
deposited atom, the effect of the process parameters on the individual contributions is
shown in Figs. 5.23 and 5.24 for Al and Cu respectively. The trend of the results suggests

that the plasma effects (electrons and plasma irradiation) are more important at lower
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power levels, especially for Al because of its low sputtering yield. The contribution of the
sputtered atom increases with power but decreases with pressure as would be expected. In
the low power regime, the contribution of electrons decreases rapidly with power, but at
high powers, it is nearly constant with power. That of the plasma irradiation has a similar
trend to that of the electron, though the initial decrease is not as rapid as that of the
electron. Both contributions increase with pressure. At about 300 W and 5 mTorr, both
electrons and plasma irradiation contribute about 30% each to the total energy per
deposited Al atom. This percentage contribution changes with pressure and power. In
obtaining the above, it was assumed that all incident energy at the substrate is absorbed.
However, in practical context, some of the radiant energy, as already pointed out in
section 4.3.3, may be reflected away from the surface, though some through multiple
reflections may be deposited onto the substrate. This might limit the contribution of say
the plasma radiation. The overall error is estimated to be in the order of 10%. Tables 5.1
and 5.2 show the percentage contributions at 100 and 300 W, 5 and 10 mTorr, and a

substrate-target distance of 10.8 cm for Al and Cu respectively.
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Fig. 5.23 Individual contributions to the total energy per deposited Al atom as a function
of magnetron power at a substrate-target distance, z of 10.8 cm and gas pressure of (a) 5
and (b) 10 mTorr.
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Fig. 5.24 Individual contributions to the total energy per deposited Cu atom as a function
of magnetron power at a substrate-target distance of 10.8 cm and gas pressure of (a) 5

and (b) 10 mTorr.

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



Chapter 5 Theoretical Models and Discussions 150

Table 5.1 Percentage contribution of the individual factors to the total energy per
deposited aluminum atom at a substrate-target distance of 10.8 cm, magnetron power of
100 and 300 W, and gas pressure of 5 and 10 mTorr.

Percentage contribution 100 W | Percentage contribution 300 W

Factors 5 mTorr (%) | 10 mTorr (%) | 5 mTorr (%) | 10 mTorr (%)
Sputtered atom 19.7 12.1 28.1 18.7
Plasma radiation 29.8 373 322 42.7
Electrons 44.1 45.0 22.4 229
Thermal radiation 6.4 5.6 17.3 15.7
Total 100 100 100 100
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Table 5.2 Percentage contribution of the individual factors to the total energy per
deposited copper atom at a substrate-target distance of 10.8 cm, magnetron power of 100
and 300 W, and gas pressure of 5 and 10 mTorr.

Percentage contribution 100 W | Percentage contribution 300 W

Factors SmTorr (%) | 10 mTorr (%) | S mTorr (%) | 10 mTorr (%)
Sputtered atom 332 20.0 374 24.9
Reflected neutrals 15.7 16.2 14.9 15.7
Plasma radiation 245 36.8 20.4 31.1
Electrons 19.6 20.0 8.8 10.0
Thermal radiation 7.0 7.0 18.5 183
Total 100 100 100 100
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Chapter 6

Numerical Simulation of Gas Heating

The volume in front of the target in a magnetron sputtering discharge is always in a state
of bombardment by energetic particles. This mechanism may result in pressure
differentials and/or gas heating [63,170]. Sputtered particles, as a result of their mean free
paths compared to those of other energetic particles, have been thought to be the main
source of the gas heating [63]. However, depending on pressure and other process
conditions, reflected neutrals and charged particles may contribute significantly to the gas
heating. Thus, the purpose of the numerical simulation of gas heating, in this context, is
to obtain a temperature profile of gas temperature within the sputtering chamber for a
magnetron sputtering system with argon as the background gas. Since the heating of the
gas is mainly due to energy deposited into the gas from collision events, gas pressure

would be assumed to have a considerable effect on the temperature profile.

152

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



Chapter 6 Numerical Simulation of Gas Heating 153

6.1 Numerical Model

The energy lost to the gas from the collision events is used in part to raise the temperature
of the gas, which in turn is transferred from the gas to the ambient, through the chamber
walls. In section 2.5, it was shown that the dominant mode of heat transfer, given the low
gas pressure, is by conduction. Thus, the transient energy balance equation is:

_odh s, -T,)
" dt l,

6.1)

C = pcV (6.2)

where C is the thermal capacity, V' is the volume element &, c is the specific heat capacity,
p is the density, T} is the gas temperature, 75-7 is the difference in temperature between
point a and b, /;; is the separation of a and b, 4 is the contact area, g, is the power input

and x is the thermal conductivity of gas.

In solving Eq. (6.1), the following assumptions are made:
(a) Since the power input g,, is from the collision events between the gas

and energetic particles, it depends on the probability of collision.
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(b)

©
d
(e)

®

(8

(B)

The sources for the power input are from the collisions between gas
and (a) sputtered particles, (b) reflected neutrals, (c) electrons and (d)
ions. Here radiation is ignored due the low absorptivity of the gas.

Within the walls of the chamber, g, =0.
Outside the chamber, d7'=0, and g, =0.

Heat transfer occurs at the boundary between the steel surface and the
gas.

The volume may be divided into “lumps” (cubes) centred on the nodal
points. With this, the Finite Difference Method (FDM) [153,218,219]
can be used in solving for the spatial temperature profile.

The medium between two nodal points can be represented by an
element of thermal resistance, r. The heat storage capability of each
node is represented by the thermal capacity, C of the cube connected
between the node and the “ground” [153] (see Fig. 6.1). This forms an
r-C network similar to the Transmission Line Matrix or Method (TLM)
described elsewhere [220-226].

The thermal resistance for heat transport by conduction, for instance, 7,

between a and d is given by: 7, = —Kg‘i}iz where dx, dy and dz are the

respective length of the “lump”. The thermal resistance for heat
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transfer between the wall and the gas, 7, = , h is the heat

dxdy

transfer coefficient between the steel surface and the gas.

) The thermal conductivity of the gas increases linearly with
temperature.

)] The average gas pressure within the chamber is constant.

&) The thermal mass is directly related to the gas pressure but depends

inversely on temperature.

Fig. 6.1 Three-dimensional nodal r-C network constructed for a nodal centre a, of a cube
with six neighbouring nodal centres (b-g). The thermal capacity of the cube 1s represented

by C, which is connected to the ground.
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By applying the time-domain FDM, Eq. (6.1) may be re-written in 3D using the forward

difference representation for each node as:

g =cL_ wdyde(T, -T,) _ rdydz(T, ~T,) _ xabedo(T, - T,)
" dt dx dx dy

kddo(T,-T) (T, -T,) sddy(T,-T,)
ay dz dz

(6.3)

dr _(T(a,1+dr)-T(a,1) ¢  CPMadsdyd:
t dt ’ kTN

where , M is the molecular mass of the

A

material, & is the Boltzmann constant and N is the Avogadro constant.

If the energy transfer function for each energetic particle in collision with the gas is H,
then energy lost to the gas is:
dE =-Hdp 6.4)

xdx + ydy + zdz
fo,

where dp =

The energy transfer function is obtained for each particle depending on its initial energy
as outlined in section 5.2. The total energy lost to the gas at each node is computed by

summing all the energy lost by each particle, which is given by:

9w =45 +49,+94. +9, (6.5)
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oP oPp
=¢E, ——exp| - —= |d,
9, =¢ 55T xv[ ij p (6.6)
o, P _c Pp

= r d 6.7

k7, )" v, \o.P { o.Pp
=n2kT| ——| e bas | Ze <=2 6.8
q.=n, ,(Zmej xp( o j = expL = Jp (6.8)

kT, \o,P o,Pp

=0.61n,V, Y -2 6.9
q n bxa:(mi j kT exp( kT ) p ( )

where ¢ is the sputtered particle flux of Eq. (5.20), £T., is the electron temperature, Vo is
the difference in potential between the plasma potential and the floating potential, », is
the electron density (non-maxwellian electrons are excluded due to their low densities),
Re and Ry are respectively the energy and particle reflection coefficients of the neutral
gas particles and Ej is the energy of the incident ion on the target. The dependence of

these parameters on the process conditions has been already expressed in chapter 5.

The temperature of each node is initialized to the foom temperature (300 K). In each cell,
the flux of sputtered atoms and reflected neutrals, and electron density are calculated, in
order to determine the input power density. The change in temperature of each node is
then calculated for each time step and the nodal temperature updated until the steady state

temperature is reached.
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In order to ensure stability, it is usual to choose the time step (3-D) such that [153]:

dt < Gjrc (6.10)

The rC time constant for the gas is by far smaller than that of the steel material (chamber
walls), hence it determines the time step required for the simulation. However, at the
surface of the walls, heat is also transported by convection (due to the temperature jump).

Thus, the effective thermal resistance of the boundary cells (3-D) is [153]:

3rr 1
Ca 3r.+r r(l + (1/3)(hdx/1c)} ©11)

Since this is smaller than 7, then the required time step for stability is thus:

c
dt < (l] Lo (6.12)
6) n

The constant, n is introduced as a scaling factor since some of the boundary cells may be

smaller than the non-boundary cells. Here, from the size of the cell used, the value of »

was generally found to be between 3 and 4.

6.2 Results and Discussions

It is expected that the maximum gas temperature would be dependent on the size of a cell

(determined by the number of grids). The cylindrical chamber of external diameter of 49
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cm and of the same height is chosen for the simulation space. This may be divided into
N® grids. Fig. 6.2 shows the effect of N on the maximum gas temperature for Cu

sputtering at a gas pressure of 11.25 mTorr, with the substrate plane located at 5 cm

above the target.

The temperature is observed to increase with the increase in N (decrease in dx). However,
at N greater than 80, there was only a small change in temperature. Thus, the simulation

space was divided into 100 x 100 x 100 grids.

1020 g G PPN
Q x X X
N’ X
.% X
= 970 -
Q X
2
5
£ 920 - x
5
= x

870 T T

0 50 100 150
N

Fig. 6.2 Effect of grid size on the maximum gas temperature for the sputtering of Cu at
11.25 mTorr, magnetron power density of about 40 W/cm? and a substrate plane located
at 5 cm above the target.
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The following treats the results in terms of the effect of the process conditions and

materials on the spatial temperature profile.

6.2.1 Effect of Pressure

Figs. 6.3 and 6.4 show the simulation results of the longitudinal and transverse spatial gas
temperature profiles respectively, for the dc magnetron sputtering of Al at argon gas
pressure of (a) 7.5, (b) 11.25, (c) 20 and (d) 30 mTorr, with a magnetron power density of
about 40 W/cm?, with the substrate plane located at 15 cm above the target. Similar
results for the sputtering of Cu are shown in Figs. 6.5 and 6.6 respectively. The results
show that the maximum gas temperature is pressure dependent. Gas temperature
increases with pressure. The higher the pressure, the more localized is the heating space
in front of the target. This is as would be expected since the source of the input power is
related to pressure through gas collisions. The mean free path (which determines the

number of collisions within a given space) of the particles relates inversely with pressure.

At low pressures, the particles have long mean free path and can reach far into the
chamber space with significant energy. As the pressure increases, they lose much of their
energy to the gas until they become thermalized. It is evident that most of the particles

are already thermalized after traversing a short distance in the case of the 30 mTorr of
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pressure in contrast with the case of 7.5 mTorr. The location of region of maximum

temperature tends to shift with pressure towards the target.

Gas temperature (K) Gas temperature (K)

1100

Fig. 6.3 Longitudinal gas temperature profile for the sputtering of Al at a magnetron
power density of about 40 W/cm?, pressure of (a) 7.5 (b) 11.25 (c) 20 and (d) 30 mTorr,
with the substrate plane at 15 cm above the target.
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Fig. 6.4 Transverse gas temperature profile for the sputtering of Al at 1.96 cm above the
target for a magnetron power density of about 40 W/cm?, for pressures of (a) 7.5 (b)
11.25 (c) 20 and (d) 30 mTorr, with the substrate plane at 15 cm above the target.

The transverse profiles were taken at about 1.96 cm above the target. As observed in
Figs. 6.4 and 6.6, details of the sputtered particles’ deposition profile have some impact
on the temperature profile close to the target. The extent of the effect from the target
depends on the amount of scattering. For instance, for both Cu and Al, the spatial area of
most heating (which of course depends on the size of target) reduces with pressure.

Therefore, this might be attributed to the scattering effect of the sputtered particles. Thus,
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the higher the pressure, the more localized the heating space, and the more intense the
heating. Of course the intensity of the heating depends also on the sputtering yield of the

target material, as noticed in the case of Cu compared to that for Al.
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Fig. 6.5 Longitudinal gas temperature profile for the sputtering of Cu at a magnetron
power density of about 40 W/cm? for pressures of (a) 7.5 (b) 11.25 (c) 20 and (d) 30
mTorr, with the substrate plane at 15 cm above the target.
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Fig. 6.6 Transverse gas temperature profile for the sputtering of Cu at 1.96 cm above the
target for a magnetron power density of about 40 W/em?, for pressures of (a) 7.5 (b)
11.25 (¢) 20 and (d) 30 mTorr, with the substrate plane at 15 cm above the target.

6.2.2 Effect of Target Material
There seems to be no significant difference in the relative shape of the temperature

profile for Al and Cu. Though, as observed in the results for Al and Cu, for instance at

7.5 mTorr, Cu tends to show more of the thermalization effect than Al. However, Cu
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shows more of an absolute gas heating effect than Al, as the gas temperature in the case
of Cu is consistently higher. These may be attributed to the fact that Cu has a higher
energy transfer efficiency in collision with Ar than does Al. Also the sputtering yield of
Cu is greater than that of Al, thus the flux of sputtered Cu would be higher than for Al
under the same process conditions. Hence, the total energy transferred to the gas would
be greater. Also, the mass ratio of Cu to argon is greater than that of Al to argon. Thus, it
has a higher probability of energetic neutral gas reflection at the target than Al. These

reflected neutrals in collision with the gas may also contribute some heating to the gas.

Since the effective gas pressure is assumed constant within the chamber, then the increase
in gas temperature may be assumed to translate into gas density reduction (rarefaction).
Thus, the relative gas density, RD may be obtained from the ratio of the room
temperature to the temperature of the heated gas:

300
T(K)

(6.13)

To attest to the validity of the results, the relative gas density is determined at the regions
of maximum temperature and compared to the experimental results of ref [63], as shown
in Table 6.1. The results compare favourably with the experiment results. Observed
differences may be attributed to differences in terms of the system geometry for the two
systems considered. It should be noted that the experimental data were obtained at a fixed

distance of 5.32 cm from a 15 cm target, and might differ slightly from maximum values.
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Table 6.1 Comparison between simulated relative gas density and the experimental
results of ref [63], for the sputtering of Al and Cu in argon gas at a magnetron power
density of about 40 W/cm?. The experimental data were obtained for a circular planar dc
magnetron sputtering system, with a target diameter of 15 cm. The target voltages were
typically between 300 and 700 V depending on the type of target material and gas used.

Pressure Al Cu
(mTorr) Simulation Experiment Simulation Experiment
1.5 0.50 0.52 0.33 0.37
11.25 0.38 0.39 0.28 0.28
20 0.31 0.29 0.23 0.23
30 0.28 0.26 0.21 0.20

6.2.3 Effect of Substrate Plane Location

The location of the substrate plane above the target for a given pressure determines the
ratio of the thermalized sputtered particles to the total sputtered particles that arrive at the
substrate. The further away the substrate is from the target, the higher the ratio of
thermalized particles. If the substrate plane were located very close to the target, then
most of the particles would arrive at the substrate with their kinetic energies close to their

ejected energies. The implication of this is that the particles would lose only a small
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amount of their energies to the background gas, and hence the gas temperature would not
be very high. Therefore, it is expected that as the substrate plane is moved away from the
target, more energy would be lost to the background gas. Thus, the gas temperature
would increase with the distance of the substrate from the target. However, when most of
the particles are thermalized, the maximum gas temperature would remain almost

constant with the substrate-target distance, since no significant additional energy is added

to the gas.
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Fig. 6.7 Effect of the substrate plane location on the on axis gas temperature profile for

the sputtering of Cu at magnetron power density of 40 W/cm® and pressure of 11.25

mTorr.
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Fig. 6.7 shows the on-axis temperature profile for the sputtering of Cu at a magnetron
power density of 40 W/cm? and pressure of 11.25 mTorr for different distances of the
substrate plane. The results show that maximum temperature increases with the distance
of the substrate plane. Between the distance of 10 and 15 cm for this pressure, the
difference in the gas temperature is very small. At distances 15 c¢cm and above, the
maximum temperature remains almost constant. Thus above 15 ¢cm at a gas pressure of
11.25 mTorr, the kinetic energies of most of the depositing Cu atoms would be close to

the thermal energies of the gas.

At short substrate plane distances from the target, the shape of the temperature profile is
almost symmetrical between the target and the substrate plane. The symmetrical nature of
the shape profile changes as the distance is increased, with the location of the peak
temperature being closer to the target than the substrate plane. It is also observed that the
peak location shifts slightly towards the substrate with increased in the distance of the

substrate plane up to when most of the particles are thermalized.
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6.2.4 Effect of Gas type

The amount of heat transferred from the heated gas to the ambient depends on the
thermal conductivity of the gas. Since different gases have different thermal
conductivities, the higher the thermal conductivity of the gas, the greater the amount of
heat that would be conducted away to the ambient, and hence the lower the maximum gas
temperature. To observe the effect of the different gas on the gas heating, argon, neon and
krypton were used respectively for the sputtering of Cu. The same process conditions
were maintained in all cases. Fig. 6.8 shows the longitudinal temperature profile
respectively for the sputtering of Cu at power density of 40 W/cm® with (a) argon, (b)
neon and (c) krypton as the background gas. The substrate plane was located at 5 cm

above the target.

The results clearly show the effect of thermal conductivity on the temperature distribution
of the gas. Krypton with the least thermal conductivity shows the highest maximum gas
temperature, while neon with the highest thermal conductivity shows the least maximum
gas temperature. The results here are consistent with the experimental results of ref [63].
From the above results, it clear that the problem of gas heating is mainly that of heat
conduction from the plasma region (local heat source) near the target through the gas to

the chamber walls.
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Fig. 6.8 Longitudinal gas temperature profile for the sputtering of Cu at a magnetron
power density of about 40 W/cm? and pressure of 7.5 mTorr using (a) argon (b) neon and
(c) krypton as the background gas, with the substrate plane at 5 cm above the target.
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6.2.5 Effect of Target Location

It is common to have the target of a sputtering system located along the central axis of the
chamber, if it has only one sputter source. However, in systems with multiple sources, the
target may be located at some distances off the central axis. For instance, the magnetron
sputtering system referred to as “Bob” in the University of Alberta Nanofab Facility, has
two sources located about 16 cm off the central axis of the 24 cm radius chamber. Since,
heat conduction has been identified as the main problem of gas heating, it is expected that
the location of the “local heat source” may have an effect on the maximum gas
temperature. To study this effect, the target was modeled at about 16 cm from the central
axis (similar to Bob). Fig. 6.9 shows (a) the longitudinal and (b) transverse temperature
profiles for the sputtering of Cu at 7.5 mTorr and 40 W/cm?, with the substrate plane
located at 5 cm above the target. The results show that the maximum temperature
increases slightly by about 10 K from the case when the target was located along the
central axis. This minor change in the gas maximum temperature shows that the
temperature does not change significantly, if the target location is changed under the
same system geometry and process conditions. However, as would be expected, the
temperature of the chamber wall close to the target is greater (about 50 K) than that for a

corresponding location away from the heat source.
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Gas temperature (K) Gas temperature (K)

Fig. 6.9 (2) Longitudinal and (b) transverse temperature profile of an off-axis sputter
source for the sputtering of Cu at 7.5 mTorr and magnetron power of 40 W/cm?, with the
substrate plane located at 5 cm above the sputter source.

6.2.6 Effect of Target Size / Width of Etch Track

In section 5.1.3, it was shown that the size of the target (width of the erosion track), and
the radius of the inner etch track have great effect on the on-axis deposition rate of the
sputter particles. It is thus expected that these might, as well, affect the gas temperature
profile. To simulate this effect, the radii of the inner and outer etch track were
respectively, increased to 2.9 and 5.7 cm (to give a larger etch track (LET)), with the
target modeled at the centre of the chamber. Fig. 6.10 shows the simulated results for Al
particles at an argon pressure of 7.5 mTorr. The power density was maintained at 40

W/cm?, and the substrate location modeled at 15 cm from the target. Fig. 6.10 (a) shows
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the longitudinal temperature profile. In comparing this with Fig. 6.3 (a), it is evident that
the gas heating space in this case (LET) is larger than in the case of the smaller etch track
(SET). Since, the heating space extends further to toward the substrate, then it is expected
that the energy flux towards the substrate would be higher than if a smaller target were
used under the same process conditions. Fig. 6.10 (b) shows the transverse temperature
profile at about 1.96 cm above the target. The profile indicates a lower on-axis
temperature compared to the nearby off-axis values. This effect was not observed with
the smaller target at this distance, though it is present at short distances from the target.
This is due to the filling of the sputtered particles, as the inner radius is far away from the
centre of the target. In Fig. 6.10 (c), the on-axis temperatures for both SET and LET are
plotted. This figure shows that the location of the maximum temperature shifts away from
the target with the inner radius of the etch track. The maximum temperature is slightly
greater (by about 25 K) as more of the particles reach this location than in the case of the
smaller track. The trend here correlates with that of the particle deposition profile. This

suggests that sputtered particles may have the most effect on the gas heating.
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Fig. 6.10 (a) Longitudinal and (b) transverse temperature profile of an on-axis sputter
source (with etch track radii of 2.9 and 5.7 cm - LET) for the sputtering of Al at 7.5
mTorr and magnetron power of 40 W/cm?, with the substrate plane located at 15 cm
above the sputter source. (¢) compares the temperature profile along the central axis for
both SET (etch radii of 0.9 and 3.25 — small etch track), and LET.
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6.2.7 Individual Contributions to the Gas Heating

In this study, sputtered particles, reflected neutrals, electrons and ions are considered as
the sources of the power input to the gas. However, to clearly understand the importance
of each as an energy source to the gas heating, the total input power was separated into
individual sources and the gas temperatures calculated. The contribution of the reflected
neutrals depends strongly on the ratio of the mass of the target to that of the gas. For
cases where the ratio is less than 1, such as the cases for aluminum and argon, copper and
krypton, etc, the particle reflection coefficient is negligibly small, and hence there is no
contribution to the total input power. However, in cases where the mass ratio is more than
1 (copper and argon, copper and neon, etc), the reflected neutrals may contribute to the

total input power. Thus, Cu is used here as a case study.

Table 6.2 shows the percentage contribution of sputtered Cu atoms, reflected neutrals,
electrons and ions to the maximum gas temperature for the magnetron sputtering of Cu at
argon gas pressures of 7.5 and 30 mTorr respectively. The magnetron power density is 40
W/cm? and the substrate plane is located at 5 cm above the target. The results show that
at a low pressure of 7.5 mTorr, sputtered atoms contributed about 99.0%, reflected

neutrals contributed only 0.9%, and electrons 0.1% to the maximum gas temperature. The
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contribution of the ions was almost 0%. This percentage contribution was found to
change considerably with pressure. For instance, at 30 mTorr, the contribution from
electrons was found to increase to about 12%, ions to 4% and that of the reflected

neutrals increased slightly to 2%.

Since the reflected neutrals are the neutralized ions, which rebound from the target
surface, they typically have energies of a few hundred eV. Because of this high energy,
the cross section for momentum transfer of reflected neutrals can be an order of
magnitude smaller than that of the sputtered atoms. This implies that reflected neutrals
have long path lengths and can traverse the plasma without any significant collisions. At
increased pressure, their path length reduces and they may under go some collisions, and
transfer some of their energies to the background gas, as evident from the result at 30

mTorr.

The contributions of electrons and ions depend strongly on their densities, temperatures,
as well as the “bias” potential (difference between the plasma and floating potentials).
The results of Langmuir probe measurements of magnetron plasma [215,227,228], show
that generally the electron density increases with pressure, while the electron temperature
decreases slightly with pressure. The absolute value of the spatial floating potential also

decreases with pressure. The increase in the electron density and the decrease in the
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absolute value of the floating potential with pressure imply that the flux of electrons away
from the magnetic confinement increases with pressure. This is evident in the increased
contribution of electrons at 30 mTorr. The ion temperatures are usually lower than the
electron temperatures, thus, the contribution of the ions to the gas heating would be

significantly smaller than that of the electrons, as observed in the result of the simulation.

Table 6.2 Percentage contribution of sputtered atoms, reflected neutrals, electrons and
ions to the gas heating for the magnetron sputtering of Cu at magnetron power density of
40 W/cm? and argon gas pressures of 7.5 and 30 mTorr, with the substrate plane located
at S cm above the target.

Factors Percentage contribution | Percentage contribution
at 7.5 mTorr (%) at 30 mTorr (%)
Sputtered atoms 99.0 82
Reflected neutrals 0.9 2
Electrons 0.1 12
Ions 0 4
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Chapter 7

Conclusions and Recommendations

7.1 Conclusions

In this thesis, the various energy sources to the substrate during a dc magnetron sputter
deposition are explored. A novel experimental approach to measuring energy flux using a
micro-machined temperature probe is demonstrated. A 3-D model is developed for the
estimation of deposition rate and another model for the estimation of the individual
contributions to the total deposited energy. The sum of these contributions is compared
with the experimentally determined total energy flux. The models compare quite well
with the experiment. The total energy per deposited atom is determined. The energy
model can be easily modified for a biased substrate. Gas heating has been identified to
have a significant effect on sputter deposition [63], thus a 3-D numerical simulation is
carried out to properly understand the factors that contribute to the gas heating. It is
expected that this thesis will provide useful tools for proper understanding, as well as

make a significant contribution to the field of sputter deposition of materials.
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The following is a summary of the various issues addressed in the study:

7.1.1 Micromachined Temperature Probe

The temperature sensors were fabricated using a 1.5 um CMOS process courtesy of the
Canadian Microelectronics Corporation with some post-processing. The sensor’s
behaviour was approximated well by a first order temperature response. The relative
change in the sensor resistance was found to depend linearly with power up to a certain
power limit. For the sensor used, the change in temperature limit was found to be about
250 K. The thermal characteristics of the sensor were found to be affected by that of the
package especially during the sputter deposition. Only a limited positive bias (< 10 V)
could be applied before the sensor was damaged by electron bombardment. The
sensitivity of the sensors was found to increase by etching the silicon undemeath the

polysilicon.

7.1.2 Deposition Rate

Two types of particle fluxes contribute to the total flux at the substrate. These are those

with ballistic motion and those with diffusive behaviour. The diffusive ones have been

thermalized as a result of loss of energy caused by collisions. In this work, in order to
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represent the broad pressure range that is used in magnetron sputter deposition, both
types are considered. The gas heating effect is incorporated into the 3-D deposition
model. The model compares well with experiments given the dc magnetron sputtering
system used for the study. The dependence of deposition rate with magnetron power

seems to be non-linear, and may be attributed to the gas rarefaction effect.

The deposition shape profile is greatly affected by the size of etch track on the target.
Magnetron power, target material and pressure do not significantly affect the deposition
rate profile. Uniform film over a large area (slightly less than the area of the target) can
be coated faster by placing the substrate at a distance greater than 2 times the inner radius
of the etch track, but not much greater than the outer radius, rather than place the

substrate at very large distances where the deposition rate is very low.

Since the scattering process depends on the process parameters and the target material, it
has been shown that for a given power, pressure and target-substrate distance, Al
particles show more of this effect than do Cu particles. The model is equally useful in
predicting the thermalization of sputtered particles in terms of the ratio of diffused

particle flux to the total flux as a function of power and pressure-distance product.

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



Chapter 7 Conclusions and Recommendations 181

7.1.3 Total Energy Flux at the Substrate

The steady state energy flux at the substrate was measured to vary from 9.6 to 46
mW/cm? at a substrate-target distance of 10.8 cm during the deposition of Al, depending
on the magnetron power (75 — 300 W) and gas pressure. The model predicts a non-linear
dependence of the total energy flux on the magnetron power. The deviation from the
linear dependence is as a result of the fact that not all factors contributing to the total
energy vary linearly with the magnetron power. Plasma irradiation and electrons are
shown to be the major sources of energy during the deposition of Al at a power of 200W
[127]. Thermal radiation from the hot shield around the target is also shown to contribute

to the total energy flux at the substrate.

The total energy deposited at the substrate during the deposition of Cu (25 to 114
mW/cm?) was found to be greater than that for Al at the same magnetron power and
pressure. This is as a result of the higher sputtering yield of Cu, and the contribution from

the reflected gas neutrals at the target.
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7.1.4 Total Energy per Deposited Atom

The total energy per deposited atom was found to depend on the discharge power and
pressure regimes (given the pressures under study). At low power regimes, it increases
with pressure, but decreases with power. At high powers, it trends towards being constant
and independent of both pressure and power. Values of about 28 and 25 eV were
obtained for Al and Cu respectively at regions not too far from the target. Away from the
target, they were found to increase with distance, this may be probably due to the scaling

of the radiation inputs with the deposition efficiency.

These results resolve the earlier contradictions, in terms of power regimes, between
Thornton [129] who observed a pressure and power independent energy per atom, and
Drusedau, et al [176] who observed an increase in the energy per atom with pressure, but
a decrease with power. The seemingly large values of the energy per atom observed at
low powers and large pressure-distance prcducts are attributed to the differences in the

dependence of all the factors on the process parameters.
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7.1.5 Simulation of Gas Heating

The problem of gas heating is mainly that of heat conduction from the plasma region
(local heat source) near the target through the gas to the chamber walls. Since different
gases have different thermal conductivities, the type of sputtering gas used determines the
maximum temperature of the gas. For a given power density, the maximum gas

temperature increases with pressure (in the range of pressures studied).

Sputtered particles are shown to be the greatest contributing factor to the gas heating,
especially at low pressures. Moving the substrate plane farther away from the target plane
causes an increase in the maximum gas temperature up to when most of the sputtered
particles are thermalized. The contributions of electrons, ions and reflected neutrals
depend very strongly on pressure. At low pressures, their contributions are very small.
The location of the sputter source relative to the chamber walls affects the maximum gas
temperature slightly. Target materials with high sputtering rate show more of the gas
heating than those with low sputtering rate. The location of the maximum gas

temperature depends strongly on the size of the target and to a less extent on gas pressure.
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7.2 Recommendations for Further Work

The general areas for further work so as to enhance the general applicability of the model
include the following. First, more experimental measurements could be carried out with
materials having high masses, such as tungsten, and under a wide range of pressures, and
the results compared with the model. Secondly, the energy model could be refined to
include variations of magnetron sputtering such as radio frequency (rf) and ionized
physical vapour deposition (IPVD). As well, improved models of the target shield,
substrate heating and reflectivity of the substrate surface could be developed to capture

more of the system behaviour and dynamics.
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