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There have been considerable dcvelopments in the field of hard carbon thun film
deposiion 1n the past decade The films show properues of extreme hardness, chemical
mermess and optical transparency and their use has been suggested for wear protecuve
coatings The results presented here concermn the use of Plasma Enhanced Chemical Vapour
Deposition (PECVD) to produce these films Details of the effects of the important
deposiion parameters on their mechanical properties are presented

The deposiion system design and 1mplementation are described  The resultant film
charactenstics are presented graphically as a function of the deposition vanables  Films
were produced which exhibited extreme hardness of up to 3000 Vickers  Their deposition
rate was found to decrease with substrate temperature and increase with induced bias and
pressure  The mntnnsic stress and wear resistance were found to increase with the induced
bias and substrate temperature but decreased as the pressure was increased The film
adhesion was found to improve at higher temperature and bias and also at higher pressure
but films 1n this region were found to be of reduced hardness

The mtrinsic stress and poor adhesion of carbon films were 1dentified as the main
difficulies 1n the apphicaton of these films as wear protective coatings Possible ways of
improving these film charactenstics were nvestigated

The main deposition vanables of substrate temperature, induced bias and pressure were

idenuified, along with the possible optimisation of carbon thin film charactensucs by control
of the deposition environment
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CHAPTER 1
INTRODUCTION

11 Introduction

Thin films can be used to protect or enhance the properties of the underlying
matenal called the substrate  They can be used for a vamety of reasons either
decorative, mechanical, electncal, optical or chemical [1-3]

The particular area of interest 1s in the plasma deposibon of hard carbon films as
wear protective coatings Due to the increasing costs of raw matenals, ways of
prolonging the lhife of matenal or attnbuting to cheap matenals the charactenstcs of a
expensive bulk matenal 1s becoming mcreasingly smportant. Researchers have produced
carbon films of hardness exceeding 3000 HV  Abrasive wear rate 1S inversely
proportional to the hardness of the matenal, so these films would make excellent wear
protective coatings The unusual combination of density, hardness, chemical inertness,
optical transparency and electnical charactensucs make carbon films a very interestng
arca of study as wear protective coatngs and other applicanons [4-7]

The aims of thuis project are to design and build a system capable of deposiing
these films Together with the deposiion system there must also be a film evaluation
procedure 1o relate the film qualiies with system parameter settings

Carbon thin films have been produced by researchers on a himted basis using
vanous methods such as Plasma Enhanced Chemical Vapour Depositon (PECVD)
[8-14], Direct Current (DC) and Radio Frequency (RF) plasmas [15-17], Laser induced
plasma [18], Electron beam assisted [19-20], Jon beam methods [21-28]) and Microwave
plasma [29] It is the mtention to produce "state of the ant" films and identify the
enfluence of the most mmportant deposihon parameters on the resultant film properties

1.2 Plasma-Enhanced Deposition Processes

A plasma 1s defined as an iomsed gas It 1s often descnbed as the fourth state
of matter Plasma Enhanced Chemical Vapour Deposition [30] facilitates the
deposiion of many types of films at much lower temperatures than would be possible
with chemical vapour deposition alone

Plasma-enhanced deposiion processing 1s done using electric discharge plasmas
which the energy to sustain the tomsed state 15 suppled by an externally applied
electnc field Most of the applications involve the use of low pressure (glow



discharge) plasmas  The energetic species in these plasmas are the free electrons
They gain energy from the electnc field faster than the ions do and are thermally
1solated from the atoms and molecules, as far as elasuc collisions are concemed, by
the mass difference  Consequently, the elecons accumulate sufficient kinetic energy
to undergo melastic collisions and to sustain the 1omsaton, while the heavy particle
(molecule} temperature remains low

In PECVD reactant gases are passed through an acuve glow discharge plasma
A typical deposiion arrangement [31] 1s shown in figure 11 which is a parallel plate
type This 1s most frequently used because of its ease of construction and good film
properes 1e coverage, umformity, etc The voltage division between the plasma
and the rf dnven electrodes depends to first order on therr relative sizes, the voltage
1s largest for the smaller electrode  Plasma bombardment can have an important
influence on the properties of the growing coatings
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Figure 11 Capaciive Coupling Type

The depositon process for carbon films can be divided into two categories those
that use hydrocarbon gases as a source of carbon and those that use solid carbon
iself  The latter involves a sputtenng techmque utihizing high energy 1on beams,
lasers, pulsed discharges etc The former techmque 1s by far more common and 1s
the one that concems us

Dense films have been grown from hydrocarbon gases using a vanety of rf and
dc discharge reactors  The hydrocarbon source gases that have been used are
methane, ethane, butane, propane, acetylene, ethylene, propylene, cycloyhexane, octane,
decane, benzene, xylene, naphtalene, and probably others Very little analysis has been
made of the plasma products Most researchers take the black box appro%:h to the
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reacton, concentraing on the vanables and relaing the resultant films to therr
selechon of parameters  The substrate 1s generally placed on the small electncally
powered electrode where 1t acquires a negative dc self-bias, and so preferentially
attracts positive 1ons and molecules [32]

13 Thin Films

The first evaporated thin films are often attnbuted to Faraday [33] in 1857, when
he exploded metal wires m an nert atmosphere Since then thin film technology has
become one of the fastest growing areas of technology Thin film apphcations can be
found mn opucal, electromcs, chemical, and mechamcal areas

Advantages of using a film on a substrate are either to protect the substrate from
external forces or attnbute to the substrate properies of a more precious or rare
matenial  The particular area of interest for this project 1s in matenals science It 1s
esumated that m the United States 100 billion dollars worth of damage s done to
equipment annually by wear alone ([34] Diamond-like films are extremely hard,
resistant to wear, waterproof and transparent. Machine tools, razor blades and beanngs
coated with a thin layer of harder matenal have lasted up to a hundred times longer
than ones without [35] Diamond—coated glass in windows or optical instruments
would not get scratched or degrade Diamond coatings have already been applied to
magnetic storage media to prevent damage from the reading head [1] Thin films are
typically of the order of tens of angstroms up to tens of microns with  average
thicknesses for wear protechve coatings bemng typically 5 pm

14 Categonsanon of Films

The extremely vaned methods of preparation have produced, as might be
expected, films with a very broad spectrum of properties This vanaton reflects
differences 1n structure and elemental composition, which 1n tum depend upon the
detaids of the method of preparation

Some authors such as Angus [36] proposed that carbon films be classed according

to theirr gram atom number densities, p, and their atomic composiion  The gram
atom number densities, pp 1S just the total number of gram atoms per umt volume

Pn = Pm/3XiA; amn

where pp, 15 the mass density, X, the atom fraction and A, the atomic mass of
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element 1 In figure 12 p, s plotted as a functon of the atom fraction of
hydrogen for a vanety of carbonaceous solids The matenals on the upper part of
figure 12 represent those films of number densities greater than 02 g-atom per cm?
and show the spread m densities from vanous researchers

The posiion of diamond (D) and adamantane (AD) should be noted m figure 12
Adamantane 1s a fully hydrogen-saturated microcrystal of diamond containing ten
carbon atoms  The dense carbon and hydrocarbon film fall in the region between
these two extreme cases The graph illustrates just how unusual this 18  There are
no other carbon or hydrocarbon structures with such high number densinies

The position of conventional "plasma polymensed” hydrocarbon films (PP) 1s also
of interest These appear to have a greater number density than conventional
hydrocarbon polymers and may be considered to be part of the dense hydrocarbon
grouping  The other solid carbon phases, which are based either on a graphitic,
tngonal structure or completely unsaturated carbon chamns, all fall at number densities
wellbelow02 g atom per cm3 The aromatic hydrocarbons (eg benzene,
naphthalene, and anthracene) the hnear saturated hydrocarbons (e g polyethylene and
dodecane) and the wunsaturated hydrocarbons (eg polyactylene, hexatnene, and
butadiene) fall together 1n groupings at number densities significantly less than 02
g-atoms per cm?

There has been no consistent nomenclature for descnbing these unusual
hydrocarbon and carbon films A vanety of names have been used eg diamond-like
films, hard carbonaceous films, hard carbon, a-CH, and 1-carbon Often different
names have been used to descnbe very similar matenals and conversely, the same
name used to descnbe very different matenals

The figure 12 provides a rational basis for the naming of the films Films with
pp> 02 are designated "dense carbonaceous films" Films containing significant
amounts of hydrogen are called "dense hydrocarbon films"  The abbreviation a-C H
will also be used to descnbe these latter films when 1t 1s clear that they are
amorphous Fums that are essentially pure carbon will be called "dense carbon" 1if py
> 02 g-atom per cm3
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Figure 12 Gram atom number density vs atom fracton of hydrogen [36]

In the above figure the numbers 1-6 represent the spread of "Diamond-like" solids
found by researchers Other phases AD, adamantane, AM, amorphous carbon, DO,
dodecane, AN, anthracane, BD, butadiene, BZ, benzene, D, diamond, GL, glassy
polyethylene, PL, polyyne, PP, plasma polymers, Si, siicon. The numbers correspond
to the spread 1n results from vanous researchers

The term "diamond-like" has been widely used by many authors because of the
obvious similanties m propertzes between the films and diamond If it 1s apphed, 1t
clearly should be restncted to films of p > 02 g-atom per cm3

The term ™-carbon" or "1-C" has been suggested by Weissmantel (37] The 1
refers to the fact that the films are usually made by depositon of accelerated 10ns
This nomenclature appears somewhat less appropnate For example, in sputter
depositon the impacting species are largely neutral Also, many authors claim
processes which do not wvolve significant numbers of 1omsed species

The term "hard carbonaceous” has also been suggested and used widely The
designation, while appropnate mn many cases, could also apply to the hard, tngonally
bonded films produced by evaporation. Also hardness 1s difficult to quanufy,
especially, for thin films



1.5 Histoncal Background To Thuin Film Preparation

Man has always tned ways of improving the physical propertes of the matenals
[38] he works with or just to enmhance theirr appearance In an age of ever ncreasing
prices for raw matenals and the search to push technology to its limit, new matenals
must be found so that the connhnued expansion of the human empire 15 possible

As mentioned, Faraday is clamed to have deposited the first film by evaporating
a tungsten wire 1 an mert atmosphere Thmn film technology has expanded rapidly m
the past 100 years  Chemical Vapor Depositon (CVD) has been around for many
years The process whereby gases are heated to very hgh temperatures, dissociating
and forming a solid phase which condenses onto a targeted area or substrate
Physical Vapour Depositon (PVD) 15 a process whereby a sohd or hqud s
vapounsed

Both of these thin film processes have hmutatons and advantages as will be
discussed 1n section 31 PECVD 1s a hybnd process taking the advantages of both
processes

Although the quest for diamond growth [39] from a low pressure vapour started
at least as far back as 1911, in Germmany, by W Von Bolton {40], 1t was not untl
1955 that thuis effort intensified Dunng that year the General Electnc {41] process
for making mndustnal diamonds at high pressures and high temperatures was announced,
and Bndgeman soon followed with an article in Scientific American [42], speculating
that diamond powders and films should be equally achievable at low pressures dunng
deposition

The first attempts by Eversole [43] in 1958 of Umon Carbide were extremely
slow and impractical and the evidence for diamond film growth was meager Ths
process was studied in detail in the 1960's and 1970’s by Angus [44] and co-workers
at Case Western Reserve Umversity Eversole’s findings were fully confirmed but the
low growth rates (0001 pm h') were not substantally increased The vanous
techniques developed rehed on a two-step process of first producing a layer with a
small percentage (less than 1%) of diamond bonds and second removing the much
larger percentage of graphmucally bonded matenal by a selective hydrogen reduction
process at a high temperature and pressure  The process was repeated many times to
produce a single film (on diamond powder) with enough matenal for analysis

Denaguin, Fedoseen, Spitsyn and co-workers [45] at the Insntute of Physical
Chemistry in Moscow also heeded the work of Eversole in conjunction with some
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earher predichons of growing diamonds by Lejnunsky and Frank-kameneckiy  Durnng
the course of their studies staring in the mud-1950’s, they investigated the kinetics of
the  pyrolysis of vanous  hydrocarbon-hydrogen  gas  muxtures, including
methane-hydrogen, and the mechausms of nucleaion and growth of diamond on
diamond seed crystals

During their research, the Russian workers began to realise the importance of
atomic hydrogen as a selective etchant, for removing graphite but not diamond, and 1ts
utlity to dissolve continuously any graphite that forms dunng deposibon It became
clear that to accelerate diamond growth, 1t was necessary to ntroduce even higher
concentrations of atomuc hydrogen than the equiibnum concentranon related to the
thermal dissociaton of hydrocarbon-hydrogen gases This important breakthrough came
about 1976 by Denaguin and Fedoseen. They published a book enuitled "Growth of
Diamond and Graphite from the Gas Phase" in which they outhned three different
methods for producing a superequlibnum of atomic hydrogen catalytic, electrc
discharge, and heated tungsten filament (HF)

They used a chemical vapour transport process m a closed tube to which an
unspecified electnc discharge was used to generate the necessary atomic hydrogen
They produced scanning electron micrographs of large crystals (up to 30 um) and
highly faceted thick continuous films were seen alongside the confinning electron
diffracton data This was followed immediately by an ac plasma discharge technique
m a flowing gas system used by Mama et al [46), and the HF chemical vapour
depositon (HF CVD) approach was taken by Matsumoto (1547] and co-workers 1n
Japan He showed m detal that the concentraion of methane 1 the
methane-hydrogen gas mixture must be about 1% to get opumum diamond growth
Most subsequent work confirms this cunous result use copious amounts of hydrogen
to produce diamond with very little, if any, hydrogen. This group of researchers have
published many papers 1n areas of HF CVD microwave plasma CVD and rf PECVD

The term "diamond-like-carbon” was coimned by Aisenberg and Chabot [48] 1n
1971, 1t covers a wide range of matenals mcluding both amorphous and
microcrystalline atomic structures and contamng anywhere from 0% to more than 30%
hydrogen  True diamond can only be considered when the hydrogen content 1s less
than 1%  Thus has recently been achieved by Spencer et al [21], which showed
TEM micrographs of fine graned diamond structure

There 15 a huge amount of interest in 1-carbon m the Soviet Umon. One claim
1s 10 have produced diamond film up to a centmeter thick [2] This would seem
impossible due to internal stress himitations



16 Review of Literature

In the past twenty years the wnterest in so-called diamond lke carbon or 1-C
films has grown enommously, at least 5,000 articles published in the past ten years
alone [3-5] These films are produced by 10mzing a hydrocarbon compound, which 18
possibly dissociated and accelerated i an electnc field towards the substrate where the
film 1s grown  The deposition takes place at a moderately low pressure  Carbon
films grown 1n this way have some remarkable propertes they are nsulating
(107-10'4 Q cm) and have a negative temperature coefficient of conductivity (1072
OC-1) [49), a high dielectnc strength (breakdown voltage of about 108 Vem'l), a
dielectnc constant of 8 - 12 [50), extreme hardness (a microhardness of 3000 HV or
more, chemical inertness towards acids and orgamic solvents [51], an opucal bandgap
of 1-2 eV [52], the possibiity of bemng doped with either n-type or p-type dopants
[53], a density of about 2 g cm™® and a refractuve index of 2 - 28 [54]

Such films have found applicatons as dielectrics in the electromes industry and
as protecuve coatings for metals, for other surfaces such as sihicon and for silicon
devices Hard coatings with a low coefficient of frniction have become increasingly
interesing 1n  mechanical devices where hgh wear resistence and dry lubncaung
properties make them well suited 1n applications where oils and greases cannot be
used Depending on the fabrication process, the properties of the film will vary from
ones suniar 10 those of bulk diamond to ones similar to those of amorphous carbon
The reader 1s referred to several excellent reviews namely that by Lars-Peter Anderson
[4] The vanous propernes of the films are outhned by Enke [55], with particular
reference to their use as metallurgical and protective coatings

The main area of Iterature searching was concentrated on the deposition process
and the film propernes dependence on expenmental parameters Along with the
process, evaluating the resultant films propernes 1s cntical mn establishing the best
parameter setting for an ideal film So, a large amount of papers have been wntten
on thin film evaluanon both structurally and charactenstically 1e adhesion, stress,
hardness

Most researchers use the two parallel plates arrangement and capacitvely couple
the rf power mnto the chamber A detailed reasoning for choosing this method will
be given later Rf power, bias voltage of the powered electrode, gas pressure and
deposiion temperature can all bc measured and controlled independendy These
propertes and additonal parameters that are fixed for a given system (geometry,
frequency), determine the deposiion process and the film properties The reactor
geometry, 1e basically the rano of capaciuvely coupled electrode surface area (Cathode
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Ac) to the grounded part of the system (Anode Aa), 1s of umportance for potential
distnbuton  The ratio of the sheath potentials over the cathode and anode hard space
(Vgc and Vg respectively) depends on electrode [30] areas as will be shown in
Section 26

This electrode area geometry develops an asymmetnic voltage distnbution between
the plates, which 1s important for the sheath potential between plasma and the powered
electrode, and 1s given by measunng the negative self bias The plasma 1s "focussed”
onto the small powered electrode, therefore deposition 1s almost totally onto this
electrode  Due to the lugh negative self-bias, the acceleranon potential 1s lower for
the electrons 1n companson to the posiave 1ons  Therefore, the electron contnbution
to the power dissipated on the substrate 1s neghgible Larger particles such as dust
charge up neganvely and so are repelled from the substrate, thus preventing pin-holes
developing m the film

There has been a wide spectrum of hydrocarbon gases used as a precursor
material  Anderson and Berg (56] used alkanes, CyH,m4,. from methane to butane
and found an almost lLinear increase of the deposiion rate with m  Methane has been
suggested because 1t can dissociate mto only a few types of radicals Also, simce no
double C bonds are present it will not form polymers so readly Two factors appear
to be responsible for this dependence With increasing molecular weight the 1on:zanon
probability increases Together with the larger carbon content per ion, this leads to an
increased carbon flux towards the substrate

D Nir and R Walsh [57] tned ways of reducing the hydrogen content of the
films which they said was the main cause of stress Since, graphite oxidises at 400
OC and diamond at 800 ©C, they heated the sample to greater than 400 ©C, and
added oxygen in the form of CO, to preferenually bum out the graphite which
replaced some of the hydrogen with oxygen. Hydrogen was also added to the
reacton to achieve low hydrogen content films

The impact energy 1s physically the most important parameter m the deposition of
dense hydrocarbon films It 1s nommally lower than the sheath potential Thus bias
potentials around 1000 eV are needed to provide the opumum impact energy for dense
hydrocarbon formation
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Figure 13 Influence of impact energy on type of film produced.

Bubenzer et al [58] demonstrated the dependence of the mean impact energy on
both bias potenttal and pressure In therr benzene rf discharge the proportionality
was found o be,

E ~ VgP/? 12

where

E = mean impact energy
VB = bias voltage

P = overall pressure

Since the 1on energy 1s not directly measurable in rf systems, most workers used
the discharge power and hydrocarbon pressure to control the deposition process and the
film propertes In fact, the negauve bias voltage and pressure have been shown to
effectfilm properties such as density, hydrogen content, and refracuve ndex
Parameter and film properties have an intncate interdependency

A possible area of development i1s in finding an optimum parameter level for the
best film Enke [55], camed out extensive tests on parameter interdependence
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Figure 14 Curves of equal compressive stress of i-carbon layers

From Enke’s resulis, he concludes that the decrease in stress towards the graphite
like region can be explained as due to the incorporation of less hydrogen, which 1s of
course alwayspresent n the plasma The ongmal motuvation for the stress
measurements was the hope that a region within the parameter space could exist where
the stress charges sign to become tensile, so that it would be possible to deposit
nearly stress-free carbon layers of any desired thickness

17 Possible Areas of Development Identified from the Literature Review

It 1s evident from the vast amount of research papers on carbon films, that these
films can be produced by vanous techmques and extubit very unusual properties as
discussed previously Why then 1s there not a range of commercial products
avalable with carbon coatings?” The answer would seem to be n 1denufying the main

problems with carbon films, namely the high intemnal stress and poor adhesion of these
films

These two factors are the limting cntena n the production of hard carbon films
Poor adhesion and highly stressed films are related in that stress forces can be so
great as to cause dehminaton of the film from the substrate, hence leading to poor
adhesion results Pnmary objecuves would be to deposit hard carbon films and
investigate the deposition parameters effect upon the film charactensics Reduction m

the film stress and improved adhesion are essential for the development of carbon
films into the areas of wear protective coatngs
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CHAPTER 2

PLASMA THEORY

21 Ongmn of Plasmas

Plasmas have been studied for many years, with the result that there are very
many excellent reference works on plasma theory [30,59] In 1879 it was well
established that a plasma [38], the state of i1omsed gases, descnbed by Crookes as “a
world where matter may exist in a fourth state” had attaned an important and more

recently a crucial place m research and industry world wide

Crookes developed the "glow discharge tube” In thus tube an electncal current
flows between the two electrodes, causing the gas to break down mto positively
charged 1ons and electrons

Thomson [60] in 1897 identified electrons as an inherent part of the atom, freed
under those condinons from 1its parent atom Man had at last opened up the atom

POSITIVE SEALED GLASS TUBE NEGATIVE
!LECTROD£7 / ELECTRODE
D O O & O
fro O 0 w0 w0
0O O O O
0 0
<O 0 +O_ «0

?
®
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ELECTRONS —i 'Z POSITIVELY CHARGED IONS

Figure 21 Crookes glow discharge tube

Hertz demonstrated that electromagnetic waves other than light can be created and
transtted over a distance without wires These so called "Hertzian Waves” were ten
million umes larger than hght waves, which are from 35 to 8 X 10 ~7 metres long
At about the same time mn history James Clark Maxwell was tying together gas
physics with electromagnencs and showed that electnaty and magnetism were two
facets of the same force and that lght and heat radanon are both forms of
¢lectromagnetic energy

It was not until 1928 when Irving Langmuir in hus basic studies of electnfied
gases n vacuum tubes comned the term "plasma”, that the "fourth state of matter” was
given a name of its own.

12



22 Glow Discharge Plasma

Glow discharge or low-temperature plasmas represent by defimtion plasmas that
are essentally neutral, 1e the number of negauvely charged particles equals that of
posiuvely charged species A local charge imbalance may exst, and 1ts presence 1s
established mm the vicimty of the confimng walls While free electrons represent the
bulk of the negatvely charged species, many plasmas also contain negauvely charged
atoms and molecules The plasma state may be descnbed in terms of charactenstc
scale lengths [61]

e ¢ n/2 ¢ Ap ¢ A @1)

Where .= q?/KT s the distance at which potential and kinetic  energles are
equal when two ke charges approach each other n/s s the average interparticle
separation, n 1s the number density of charges, and Ap 1s the "Debye Length”, 1e
the charactenstic distance over which the potentnal of a charge is shielded by
neighbounng charges A; 1s the mean collision length, 1e l/‘,ﬂ:rc?n (30} for simple
Rutherford scattenng Lp 1s a dimension of the plasma The main features 1 such a
plasma are

* Freedom of movement of the charged particles
* Interaction by virtue of the long-range Coulomb force

* Collecive 1nterachon of the charged parucles witin a Debye length of a given
charge, with Ap » n"'/?
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GLASS ENVELOPE

Figure 2.2 Discharge Tube

The first gas discharge to be used for purposes of sputter coating was the d.c.
glow discharge which develops when a high d.c. voltage (1.5 KV) is applied to a gas
at relatively low pressures. This type of gas discharge is known as a self-sustaining
discharge because the charge carriers responsible for conduction are generated by
collision processes which occur within the discharge. Argon gas is primarily used for
such purposes and the predominant collision process responsible for charge carrier
generation is that which occurs between a relatively fast electron and a neutral argon

atom. This results in ionization of the argon atom via the reaction [62]:

Ar + e' (fast) > Ar+ + e" (slowed) + e" (slow) (2.2)
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This reaction requires that the iomzation energy, 1576 eV for argon, be supplied
by the fast electron This electron therefore suffers an energy loss upon collision,
and 1s slowed In addition, a second electron 1s generated by the collision If both
these electrons were 10 be accelerated by an electnc field, then they could both gain
enough energy to engage mn further 1omzing collisions This process, therefore,
results in an avalanche effect which very quickly results in an abundance of positive
ons and electrons, which are able to migrate through the gas discharge and thereby
carry current  The imtial avalanche usually results quite spontaneously when a high
voltage 1s apphed to a low pressure gas, since natural radiation creates the imtial
electrons by iomizaton of a small fracton of the neutral gas atoms The avalanche 1s
known as a gas breakdown, and 1s marked by an abrupt drop in the voltage required
to carry a given current. After breakdown, the glow discharge 1s established which
typically appears as shown 1n figure 22

The glow discharge 1s seen to consist of bnghtly glowing regions which are due
to the excitation of the gas, and therefore show spectral lhines which are typical for
the gas The luminous regions are called the negauve glow and the positive column
The glow does not extend to any surface of the tube Near all surfaces, (including
cathode and anode surfaces) dark regions form which are called sheaths or dark
spaces

The sheaths present i glow discharges are all due to a basic charactenisac of the
discharge, namely, the much greater mobility and kinetic enmergy of electrons compared
with gaseous 1ons The electrons have a much smaller mass, and are therefore
accelerated more easily n the presence of any electnic field Furthermore, because
electrons have such a small mass, elastic colision between electrons and gas atoms
cause the electons to sumply "bounce off" the gas atoms without transference of any
kinetic energy to the gas atoms This property may be denved from the laws of
conservatism of momentum and kinetic energy which govem elastic collisions, and

yields the basic expression for the kinetic energy of the electron after collisson which
1S

E = Eo [™Mpm]? @3
Where E 1s the kinetic energy of the electron after collision
Eo 15 the kinetic energy of the electron before collision

m 1s the electron mass

M 1s the atom mass
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Since M » m, this shows that E = Eg, 1e wvirtually no kinetic energy 1s lost
by the electron, so long as the collision 1s an elastuc collision

On the other hand, if the collision 1s melastc, such that the gas atom 1s excited
or 1omized as the result of the collision, then kinenc energy can transfer from the
electron to the gas atom, and thereby be converted to mtemal energy (iomization or
excitation energy) of the struck gas atom, 1s given by

Un = [Mimsm ] Eo 24)

Since M » m, 1t 1s seen from this that the electron has the capability of
transfernng almost all of the kinetic energy to the gas atom, provided that the proper
conditions exist for the excitation or iomzation of that atom It 1s known that atoms
can recetve energy in only discreet amounts Thus, if the value of Um 1s less than
the mimmum energy that the atom can absorb, then the collision remans elasac and
energy transfer from electron to gas atom 1s very nefficient.

The mmumum amount of energy which an argon atom is capable of absorbing
corresponds to the energy required to raise the outer electron from the ground state to
the first excited state  This is called the first resonance potential, and n argon
corresponds to an energy of approxmmately 115¢V  The resonance energies for some
common elements are hsted in table 2 1

ELEMENT RESONANCE ENERGY IONIZATION ENERGY
ev eV
H 10 2 13 6
He 20 91 24 58
N 63 14 54
0 911 13 61
Al 313 5 98

Table 2.1 Resonance and Ionization Energies

The gas may be visualised as consisting of an aggregate of relattvely fast mobile
electrons, and relatively slow, immobile 1ons and gas atoms In the cathode dark
space (also known as Crooke’s dark space) it 1s noticed that this region consists of
an abundance of positive ions, combmed with a relauve sparsity of electrons In ths
region the negatve voltage apphed to the cathode has dnven out the hight mobile
electrons, leaving betund the slow massive 1ons As a consequence of thus condition,
most of the cathode voltage 1s screened off by the posiive 1on cloud The tube
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voltage falls off almost enurely across this dark space by virtue of this ion screening,
with the result that only a small voltage drop exists across the remainder of the tube
It 1s apparent that the glow regions are excellent conductors These glow regions are
known as plasmas They tend, on average, t0 be electrically neutral, contaimng an
equal abundance of posiive and neganve charge These plasma regions also tend to
be almost free of any electnic field A typical dc gas discharge used for sputtenng |
purposes will contain a concentration N1 of 10 ¢ to 10 ' jons per cubic centimetre
and an equal concentranon of electrons m the plasma regions At a 60 mullitorr
pressure, the unexcited gaswill contam ny, = 2 X 10 'S, atoms, per cubic
cenimeter; thus the fractonal degree of ionization 1s of the order of n/fng = 5 X

108 Hence, the plasmas are quite diute

The cathode dark space region 1s of vital importance to the sustenance of the
discharge as well as the sputtenng process The large voltage drop which occurs
across the dark space is responsible for the acceleration of ions which enter the dark
space by diffusion from the negative glow region  These ions impact upon the
cathode with considerable energy to give nse to the sputtering process The 10ons are
also neutralized by umpacting the cathode Important to the discharge ts the fact that
these 10ns also give nse to the hiberatnon of electrons from the cathode These latter
electrons are accelerated away from the cathode by the dark space field and quickly
gan enough energy to engage m 1onzing collisions with neutral argon gas atoms
For the discharge to be self-sustaming each argon ion which 1s neutralised at the
cathode must be replaced by another argon ion generated by an 1omzing collision
caused by a liberated electron If this were not the case, then the cathode would
sumply dramn 10ons from the negabve glow region, neutralise these, and the discharge
would quickly be extinguished This latter condinon can occur 1if the anode ts
brought very close 1o the cathode surface Under such circumstances, the electron will
reach the anode, before causing a sufficient number of iomzing collisions, and the
discharge will extinguish  The anode spacing needed to accomplish such discharge
extinchon 1s the dark space distance  Thus, if one desires to prevent a discharge
from formmng near some portions of the cathode surface, the placement of an anode at
a distance less than the dark space length, will accomplish this desire  This practice
18 common 1in plasma deposition systems, and the shielding 1s called dark space
shielding, for obvious reasons

The probability that a given type of collision will occur under given conditions is
often expressed mn terms of its collision cross section. A related parameter 1s the
mean free path or average distance traversed by parucles of given type between
collisions of a specified type The Mean Free Path A for Electrons and producing a
given type of reaction A of collision cross section o 1S given by
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Ap = INop @5)
where N = Particle density
ap = Cross sectional area for reacton A
Thus the dark space shielding must be less than the mean free path

23 Events which occur at the cathode
The sputtenng process [63] is the direct consequence of the 1on bombardment

which occurs at the cathode The sputtering process occurs by virtue of momentum
transfer between the impacung ion and the target lattice atom
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Figure 23 Collision Process of Atoms on Surface

The target face 1S a source of sputiered atoms as well as "fast” neutral gas
atoms Both of those particle type reach the anode which may also be the substrate

A second process which occurs at the discharge cathode is the emission of
electrons These electrons are responsible for discharge sustenance via tomzing
collisions with the gas atoms Cathode electrons are emitted pnmanly by two
processes  photoelectnc effect and positive 10on bombardment The former process 1s
the emission of electrons due to electromagnetic radiation from the nearby negative
glow
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24 Events which occur in the dark space

It will be recalled that the dark space 1S charactenised by an wtense electnic field
This field causes rapid acceleratton of the emtted cathode electrons, with the obvious
result that iomzing collisions with neutral gas atoms soon occur Less obvious 1s a
second consequence which results 1n hgh energy electron bombardment at the
substrate

The lack of obviousness of thus second process results from the fact that up untl
now, electrons, 1ons and atoms have been considered to be hard spheres This 15 not
really the case Consider, for example, the process whereby an electron moves
through a space occupied by a populaton of atoms Since electrons move much more
rapidly than the atoms, 1t can be assumed that the space through which the electron
moves 1s populated by stationary atoms Consider a slab of umt cross sectional area
and thickness ~x If the gas atom density 1s n atoms per umt volume, and the
effecive collision cross-section of each atom 1s ¢, then the probability that an electron
will suffer a collision 1s given by noax, as it passes through .x - the fracton of the
cross-section area, occupied by atoms having a target of area o

A hard sphere model of the gas discharge would predict that o 1s not a function
of how fast the electron 1s moving This 1s not the case, and 1t may be understood
if one considers that the atom 1s not a hard sphere but instead consists of a positive
nucleus and an orbiing cloud of electrons  An approaching electron will cause a
displacement of this electron cloud, hence the positive nucleus will not totally be
screened out Thus the approaching electron is diverted from its path and stnkes the
atom, 1e the atom appears "larger" than 1t actually 1s  The displacement of the
electron cloud takes ume however, and therefore a fast moving electron will not have
been i the viciuty of the atom for a sufficiently long ume to permut such a
displacement. Thus, an atom will appear large to a slow moving electron, and small
to a rapidly moving electron. This 1s quantitauvely expressed by means of the curves
shown 1n figure 24 [30]
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Figure 24 Jomzaton Cross Section
Here the cross section for 1omization type collisions between an electron and

vanous mert gases 15 expressed as a function of the electron velocity The electron
velocity 1s expressed in terms of electron kinetic energy, and the atom cross section is
expressed m units of w02, where og 1s the radius of the first Bohr orbit of
hydrogen moG2 has a value of 882 x 1077 cm?  From these curves, 1t 1s seen
that the higher the electron energy the smaller 1s the apparent size of the target atom
An appreciation for the magnitude of the effect can be obtained by means of equation
25, which expresses the mean free path Ao (cm) of an electron as a function of the
gas density n ( atoms/cm3) and the cross sectional area o

The events m the dark space can now be visualised as follows some electrons
purely by chance suffer an iomizing colhsion with an argon atom very early in their
travels through the dark space These electrons are slowed, and create another slow
electron The mean free path remamns short because these electrons are moving
slowly  Other electrons travel a long distance through the dark space, and thereby
gain a large amount of energy from the dark space field These electrons now do not
suffer any iomzing collisions because of their long mean free path, (1¢ atoms appear
small to these electrons), and bombard the substrate with the full energy ganed by
traversing the space field The events which occur in the dark space nvolving the
slow electrons consist of ioruzaton of the gas atoms accompamied by further generation
of clectrons, which arc accelerated by the dark space field  Thus, an electron
avalanche occurs, untul at the leading edge of the negatnve glow, an abundance of
electrons and 1ons exist  Here, the dark space field has fallen off to such a degree
that excitation rather than ionization collisions occur It s these latter excitation
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collisions which give nse to the luminescence of the negative glow, i1omzing collisions
do not give nse to luminescence

The dark space length mamfest by the gas discharge 1s a function of the pressure
as well as the nature of the gas  As the pressure 1s reduced, the dark space
lengthens, unul at some pomnt, the dark space length becomes equal to the
anode-cathode spacing At thus pomnt the discharge will extinguish.

Another effect which occurs i the dark space 1s a process of symmetnc charge
transfer This 1s a process whereby an ion stnkes a neutral atom, and charge 1s
transferred, leaving the 1on neutralized and the atom iomzed This process may be
written as

Art + A0 5 A0 + Art (26)
where Ar® designates the neutral argon atom

Ar* designates the argon ion.

The process 1s charactensed by a collision cross-secton which tums out to be
quite large As a consequence, an argon ion accelerating across the dark space travels
only a short distance before 1t 1s neutralised, and 1s therefore no longer accelerated
A neutral atom 1s left behund which 1s moving towards the target and in addinon a
new 1on 1s generated which 1s accelerated towards the target

A final process which occurs in the cathode dark space region 1s the collision
between sputiered atoms, and gas atoms A consequence of this process 15 the
scattering of sputtered atoms  These scattered sputtered atoms coat other parts of the

sputtering system, and may indeed, even be scattered back to the cathode from which
they ongated

25 The Neganve Glow

The neganve glow region of the discharge 1s the first region thus far encountered
which can be charactensed as a plasma A plasma 1s defined as follows [38]

"A plasma 1s a quaisineutral gas of charged and neutral particles which exhibits
collective behaviour "

This defimtion imphes that equal concentrations of electrons and ions exist i the
negative glow, thus concentraton 1s typically 10 '© per cm3®  Collecuve behaviour
results because of the fact that as these charged particles move, local concentrations of
posiive or negatve charge can develop which give nse to relanvely long range
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electric fields  Similarly, charged particle motion gives nse to long range magnetc
fields, which affect the motion of other charged particles far away

The motion of the charged particles as well as the neutral atoms i the plasmas
frequently have velocity distnbuttons very similar to an 1deal gas The velocity
distmbutions are therefore Maxwellian distnbutions which are charactensed by a most
probable velocity G, which 1s given by

Co = [Zr(l‘/m] 1/2 27

where
m = Mass of the atom or molecule of which the gas 1s compnsed
T = Absolute temperature of the gas

!
K = Boltzmann’s gas constant.

A plasma can be charactensed by means of three Maxwelhan distnbutons for
respecuvely, the electrons, the 1ons and neutral atoms making up the plasma  An
immedate 1mplication of equation (27) 1s the fact that C, 1s large when T 1s large,
or a lgh velocity particle can be charactensed as having a high "temperature® This
1s commonly done 1n descnbing 1its electron, 10n, and neutral atom temperatures

Quanutative descripions of these temperatures, require the defimtion of two
further velocities, which are commonly encountered when one discusses the Maxwellian
velocity distnbuton  The velociies are  the average velocity C,, and the root mean
square velocity C; The three velocines thus defined are interrelated in the following
way [59]

Ca = G2 Cy = 1224 C, 28)

Cr = 2Comyr/z = 1128 C, 29)

Pracucal forms of equatons (28) and (29) are found by substituting m for
Boltzmann’s constant

Co = 1656 X 108 (Tyy)1/2 cm/sec 2 10)
Cy = 2027 X 108 (Ty)/2 cm/sec @ 11)
Cr = 1868 X 108 (Ty,)/2 cm/sec 2 12)
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The energy content of a Maxwelhan gas resides in the kinetic energy of the gas
molecules The “average" kinetic energy of the gas 1s related to the absolute
temperature by the equaton

mC2 = 3 KT 213)

The equation therefore serves for the quantitative charactensaunon of the plasma
For example, if the mean kinetic energy of the electrons in the plasma 15 1 eV, then
the electron temperature 1s that temperature at which kT 1s equal to 1 eV A
convenient term to remember 1n describing plasmas 1s the fact that 1 eV corresponds
to an absolute temperature of 11,600 K

In plasmas electrons tend to bounce off atoms unul the electron energy 1s
sufficient to excite or 1omze the atom Also, even dunng excitation or 10mzing
colhsions transfer of kinetic energy to the atom 1s almost zero  Atom - atom, Of 10N
- atom colhsions result mn efficient transfer of kinetic energy  Thus, electrons tend to
move about with much higher velocities than the atoms or ions, and therefore have a
higher temperature

Another extremely useful equaton which can be dernived from the Maxwellian
distrubution 18 the rate at which paricles stnke a surface immersed in the plasma.
This ht rate, expressed in terms of hits per cm? per second 1s given by

T =3} nCy hits/cm 2 sec 214)

where C; = Average velocity
n = Particle concentration (particles per cubic centimetre)

This equation can be used to calculate hit rates by 1ons, electrons, neutral atoms
and residual impunty atoms, etc, provided that their velocity distnbutions follow the
Maxwellian distnbutions

The applicanon of equations (214) to an object immersed 1n the negative glow
mmedately allows for the denvation of the "floating potential” of the negative glow
The floating potential 1s that potential that any dielectrnic or electncally isolated surface
will achieve when immersed in the discharge  This potennal anses because of the
differing temperatures of the ions and electrons in the negatnve glow plasma  Thus,
since Nt = Ne 1n the negative glow, the apphcation of equation (2 14) predicts that
the hit rate by electrons Te, will be substantially higher than the hit rate by iwons Ti
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This anses since Ce » C  Thus any floating surface immersed on the negative glow
will rapidly acquire a negative voltage with respect to the plasma  This negative
voltage will now cause some of the electrons to be repelled upon approaching the
surface The negative voltage will continue to grow until T1 = Te at which point the
charge building stops, since now the charge transfer by ions equals that due to the
electrons  This equiibnum then charactenses the floaung potential

When a surface acquires a floatng potential, a sheath (or dark space) forms
adjacent to this surface  The sheath has many of the same charactenstcs as the
cathode dark space except that the voltage drop across the sheath 1s the difference
between the plasma potential and the floatung potential

The magmtude of the sheath volitage drop (difference between floating and plasma
potental) may be calculated by once again refemmng to the Maxwellian distribution

funcnon  This funcuon predicts that the fracuon N’¢/Ne of electrons which can
penetrate the sheath 1s

N'oNe = Exp (*Vikr) 2 15)

where V 1s the sheath voltage drop
J

Now the equiibnum between 1on and electron hit rates requires that

Ne Ce = N, C, 2 16)

Further application of the Maxwelhan distnbution shows that

Ce = Co = [BKTe/ppe /2 @17

and that

C = [SKTl/an 12 (2 18)

By combming equations (2 15), (2 16), (217) and (218)

% M,T, 219)



This equation now quanutabvely relates the sheath voltage drop, or the difference
between the plasma potennal and the floanng potential, to the electron and ion
temperatures This sheath voltage drop therefore i1s sufficient to repel enough electrons
from reaching the substrate surface, such that the jon hits equal the electron hits The
ions which reach the surface now are accelerated by this same potential and therefore
mmpact on the surface with considerably more energy than they possess wn the plasma

Another basic charactenistic of the plasma 1s 1ts ability to screen off any electnc
field which one attempts to apply to it This screening occurs at the cathode sheath
as well as the sheath which develops at any electnically floating surface  These
surfaces both develop sheaths, over which a potential change occurs, leaving the
plasma basically as a field free region. The plasma 1s field free for very much the
same reason that the intenor of an electncally conductive metal is field free

The plasma differs however, in that the number and mobility of charge carmes 1s
substantially less than m a metal Thus, small fields applied to a plasma tend to fall
off over a finite dimension known as the "Debye Length" This Debye length can be
denved by applying the standard electrostancs equation (Poisson’s equation) to the
plasma, which then predicts that a voltage perturbation Vo applied to the plasma will
fall off according to the law

V() = Vo e p (2 20)

where

Vo = Potennal apphed at a point

V(e) = Potennial at a distance 1 from the pomnt
AD = Debye length

The Debye length 1s therefore the length over which the applied voltage has
fallen off to 037 of its mnal value Agamn, if one assumes Maxwellian velocity
distnbunons, for 1ons and electrons, and an equal abundance of ions and electrons one
can express the Debye length as

[ KTe/4nNg 2 ]1/2 221)

Ap

By substitution

69 x (Te/No)'/2 (222)

AD

Where Te = Electron temperature K
Ne = Electron concentraton cm-3



Hence a plasma 1s an equpotenbal region, except for small voltage fluctuations
which fall off over a dimension Ap

An altematve way of studying the negauve glow plasma, 1s to reahse that the
plasma 1s hke a gas, having neutral atoms, ions and electrons It 1s known that the
veloaty distnbutions can be descnbed by three disinct Maxwellian distnbutions having
charactensnc temperatures To, T1 and Te, and that a high temperature sigmifies a high
particle energy or velocity  Also, Te 1s high and Ti and To are close to room
temperature  Suppose now that a plasma ball suspended in space 1s created and one
can examine what happens to the ball  Firstly, one mught expect that the electrons,
having a lgh velocity, would sumply race out of the ball and leave the slow ions
behind  However, this would generate a large electnc field which would restrain the
electrons In fact, the electrons do not have enough energy (Te) to get away from
the 1ons by more than approximately one Debye length. Thus the electrons are held
into the ball by the slow moving 1ons The ions on the other hand, feel that tug of
the electrons and are slowly dragged out of the plasma ball. Thus, the ball wall
dissipate by this tug and drag acton, known as "ambipolar diffusion" In a deposition
system mn which there 1s a cathode and anode, a plasma region exists between these
and then there 1s a large space surrounding these untul one amves at the system
chamber walls, one can conceptually appreciate the similanty between this situation and
the previously imagmned plasma ball suspended in space Thus, it 1s easy to visualise
that electrons and 1ons dnft out of the plasma, toward the chamber walls, at a rate
controlledby the aforementioned ambipolar diffusion process This causes a
concentration gradient of ions and electrons to develop in the plasma  This has
consequences 1n film sputtening rates across the cathode, and gives nse to lower
sputtening rates from those portions of the cathode near the edge of the glow

Considenng the plasma ball in space, one might ask "Why don’t the ions and
electrons simply combme to yield neutral atoms?” The plasma would then simply
disappear by recombination of the electrons and ions This process does indeed occur,
but it occurs slowly The reason for the slow recombination rate lies m the
energeics of the recombination process The recombinaton 1s the collision process
which requires the simultaneous satisfacton of both the law of conservaton of
momentumand kmnetic energy Thus, the 1omzation energy lberated by the
recombmation process would have to be absorbed by the increased kinenc energy of
the newly neutralised atom  This however would not allow for the conservaton of
the momentum for the entre collision process Thus, recombination requires a three
body collision such as

Art + Art + e o9 Art + A0 (223)
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Art + e + A0 5 A0 + A© 224)

For the simultaneous satsfaction of both the laws of conservabon of momentum
and energy Three body collisions are relatively rare in the plasma, and as a
consequence, electron-ion recombination rates are very slow  This, however, 1s not the
case near a chamber wall Here the electrons and 10ns can recombme and dissipate
their energy as heat to the chamber wall The chamber wall 1s thereby heated, and
the wons and electrons are neutralised For thus reason, the chamber acts as a
recombination sk for the plasma The plasma particles diffuse to the chamber walls
by the ambipolar diffusion process at which location they coalesce to form a neutral
atom Chamber walls, by acbhng mn this capacity, thereby have a very decided
influence over the plasma density gradients which develop, and thereby ulumately have
a decided influence on deposited film umformity

The negative glow plasma 1s a region which 1s nch m collision events between
electrons and the gas atoms  Analysis has been restncted to noble gases such as
argon, where the predommnant events are excitanon and 1omzaton If one now
considers a more complex molecular gas, then a wide vanety of other events occur
These events form the basis of plasma etching and plasma deposition processes
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26 Radio Frequency Gas Discharge

The uulity of rf methods [59,64] lies 1n the capability of sputtening dielectnc
matenals, greater ease in sputtering reachve metals, and the lower pressure operation
afforded by tus method R discharges are very smmlar to dc discharges, in that
sheath regions and plasma regions develop

Recalling figure 22, imagine now that a pair of diametncally opposed electrodes
are attached to the outside of the glass tube The placement of these electrodes 1s
adjacent to the negattive glow region of the discharge  The electrodes are further
connected to a battery through a switching arrangement which permits the penodic
reversal of the electrode polanty  The arrangement shown has electrode 2 connected
to the negative termmnal of the battery, and electrode 1 connected to the positive
terminal  The switch 1s closed at tme t,, and current flow occurs because the
plasma and tube walls, here assumed to be glass, it behaves as a large capacitor, with
a tume dependent polanization The dc current flows because the capacitor 1s
charging, as shown 1n figure 26 TUBE WALL (GLASS)

ELECTRODE (2)

AN
SHEATH NEGATIVE GLOW

SWITCH

-

BATTERY
Figure 25 Glow Discharge Tube with Extemally Attached Electrodes [59]
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Firstly, examiung what happens at electrode 2, the negative electrode The
plasma nside the tube feels the electnc field from electrode 2, and accordingly
responds  Positive 1ons are attracted o0 the tbe wall, and travel across the plasma
sheath  Upon stnking the tube wall the posiive ions sinp an eleciron from the glass
tube wall, and are converted to neutral gas atoms, leaving behind a posiive charge on
the wall surface This positive charge attracts electrons mn the extemal electrode 2,
and an electron current e to flow nto electrode 2 This current 1s illustrated mn
figure 26, as the current commencing at t, and ending at t, At t, the accumulated
posiive charge on the inside of the tube wall, completely screens off the field from
electrode 2, and no further 1ons are attracted to the tube
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Figure 26 Current Flow n the Figure 2.5 Circutt

At the site of electrode 1, the positive electrode, electrons are attracted across the
sheath causing a negatnve charge accumulation on the tube wall, which causes electrons
m the extemal electrode to flow out of the electrode as shown in figure 25  This
flow continues until the accumulation of negative charge on the tube wall completely
screens off the field from electrode 1, at which pomnt current flow ceases  This 1s
shown in figure 26, as the current flow which extends over the tme interval t, to
t, This yelds a total current flow i the extemal circuit shown by the solid
step-shaped curve  Nouce that the current flow to electrode 1 occurs over a shorter
time nterval t, to t, compared with electrode 2, where the current flows for an
mterval ¢, to t, Ths phenomenon is fundamental to the properies of the plasma
and 1s the basic reason why rf deposition 1s feasible

The sheath current opposite electrode 1 1s an electrode current  The sheath
current opposite electrode 2 1s an ion current. Since electrons are more mobile than
1ons, the current flow interval 1s shorter opposite electrode 1, because electrons travel

29



across the sheath with greater speced Nouce further that the total charge transfer (area
under the current-ume curves) 1s the same for each eclectrode If this were not the
case, the plasma would end up with a net excess of posiuve or negative charge which
would result wnn very large electnc fields  Nouce further that the tome period of
voltage applicaton t, to t, 1s sufficient for all current flow to cease, and equbibrum
conditions to be established

If the voltage 1s now reversed, and maintamed over the same tme penod, the
sheath currents as well as the electron current 1 the extemnal circuit will reverse At
electrode 2 a sheath ¢lectron current flows, and at electrode 1 a sheath posiive 10n
current flows At electrode 1, the posiuve 1on current first neutrahizes the accumulated
negative charge on the tube wall, and then continues, with an imagery electron flow
into the external electrode Similar events occur at electrode 2, resulting 1n an
equibbnum state which 1s just the reverse of the conditon shown in figure 25
Having an ac voltage source imnstead of the switch and battery will permit an ac

current to flow

If the frequency of polanty reversal on the extenal electrodes 1s 1increased, at
some powmnt one reaches a frequency (=1IMH;) , where 1ons are not given sufficient
time to travel across the plasma sheath to neutralize the previously accumulated
negative charge on the glass wall opposite each electrode Thus, each polanty reversal
results m a net residue of negatnve charge on the nside of the glass tube opposite
each electrode, thereby causing the glass tube to acquire a negauve dc bias with
respect to the plasma On the next polanty reversal sequence, the previously
accumulated negative charge causes a greater acceleration of the ions, and a retardation
of the electrons dunng their respecuve flows across the plasma sheath, with the result
that the net residue of negative charge on the glass has been increased to a lesser
extent after the second cycle compared with the first. The negative bias grows, but
to a lesser extent. Continuing this reasoning, one can understand that the dc bias
grows unul the respective 1on and electron currents reaching the glass surface become
equal, at which point no further charge accumulation will occur, and a tme invanant
dc bas offset exists  This situation 15 depicted in figure 27, which shows the
voltage wave form on the extenal electrodes (generation) versus the voltage wave
form on the glass tube wall opposite the electrodes (target) In both cases, the
voltage zero 1s taken to be the plasma potenttal It 1s noticed that dunng the bulk of
the sinusoidal cycle, the target surface 1s negative with respect to the plasma Tons
are extracted from the plasma, travel across the sheath and mmpact sto the target,
thereby causing sputtenng Duning each sinusoidal cycle the target surface goes
posiave relanve to the plasma for a very short time penod, dunng which time the

electron cument balances the previous ion current, such that, over the complete cycle,
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no net current flows to or from the target Figure 27 further shows that the dc¢
voltage offset which occurs is almost equal to the rf peak voliage The target
surface, in the case of figure 27, runs through a voltage range in which 1t vanes
from shghtly positive relauve to the plasma, all the way to a -2KV negaive  This
voltage falls off across the plasma sheath, leaving the plasma as an isopotental region
through the entire cycle (Thus is true except for a small ac field of the order of =
2-5 volts per cm which penetrates into the plasma)

+1-

Nawa
V)

t
DC Offset

Figure 27 Voliage waveforms at generator (V,) and target (V) m a convential
sinusoidally excited rf discabarge

With rf voltages of the magmtude described here, the need for an independent
dc cathode and anode such as were present in this discussion, become superfluous
The fields necessary to generate the mmnial gas breakdown are enuirely provided by the
two rf electrodes Simiarly, a par of metal electrodes, or one metal electrode and
one metal eclectrode faced with a dielectnc, will also accomplish the objective of
establishing the gas discharge and the symmetncal sheath configuranon which was
previously descnbed  Thus, one can sputter from a configuration such as depicted n
figure 28 Here one has a plasma (shaded region) which is at potential Vp sheaths
of length D, and D, opposite each of the electrodes, across which dc voltage drops
V, and V, occur In this configuration, equal sheath voltage drops occur and one
sputters from each of the electrodes As in the previous discussion, the plasma region

1S an equipotential region and 1s very sumilar to the dc neganve glow previously
discussed
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1s inconveruent, in that both electrodes sputter

type of configuranon

Thas

However, by the simple placement of a senes capacitor mto the rf circuit, one can

substantially alter the distnbutions of sheath voltages, such that sputtenng occurs from

A smple two electrode sputtenng

only one electrode, and depositon on the other

system thereby occurs whereby one electrode does not sputter, and thereby serves as a

convenient surface for placement of the substrates
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The understanding of how the sheath voltage redistnbution occurs may be
achieved by consideration of the law which relates the 1on flux through the sheath, to
the voltage across the sheath If one assumes a space charge lumited current then this
ion current flux J, 1s given by the Child-Langmuir equation

J, = C v
m'/2D?2 2 25)

where V 1s the voltage drop across the sheath
D 1s the sheath length
m 1s the 1on mass
C 1s a constant.

Ifonerequiresthat the current density of posiaive 1ons 18 equal at both
electrodes, then this equation predicts
Vv, af2 v, 3/2

D,? D, (226)

where D, D, and V, and V, refer to the respective voltage drops, and sheath
lengths associated with two electrodes having electrode areas A, and A,

As we recall, the sheath region 1s associated with a large voltage drop  This

mmplies a very hmited conductuvity across the sheath. The electrode sheath-plasma
configuration may therefore be regarded as a capacitor, having a capacitance given by

D 227

where k 15 the dielectnc constant associated with the sheath. Now 1t 1s known that

an rf voltage will divide between the two capacitances present here, according to

\'2 c, (2 28)

Using equation (227) and (2 28)

, A, D, (2 29)



and substituting this into equaton (226) gives

Vs D AV

v,3/2 D,? AV, 230)
vV, _ A, 1°

v, T [‘A‘f] @31)

Thus a larger sheath voltage will develop across the electrode having the smaller
area Now since the plasma 15 an 1sopotental region, these diffenng sheath voltages
imply that a dc¢ voltage difference will exist between the two electodes The power
supply cannot support these dc voltage differences, and for this reason a blocking
capacitor 1s placed 1n senes between the supply and the electrode as shown in figure
29 In practical systems for deposition the substrates are placed on the powered
electrode and the top plate and chamber walls act as the second electrode

In addibon to serving as a source of high energy electrons, the target n
sputtering systems and sheath regions also serve as a source of electro-magnetic
radiaton, fast neutral atoms, and negative 1ons, the generation of which was discussed
in the previous section on dc gas discharges  Simdarly, the rf plasma 1s very
similar to the dc plasma, and gives nse to random 1on and electron bombardment of
the substrate

A difference between the rf and dc discharges 1s the observation that an
equivalently dense plasma can be achieved at lower operauing pressures  Thus, rf
sputtering 1s usually accomplished at a pressure of 10 millitorr as opposed to the 40 -
60 mulhtorr pressures utiised with dc sputtennng The greater iomzation efficiency of
the rf discharge 1s not well understood It 1s believed that the most important
1omzation source 1S due to electrons oscillaing 1n response to the very weak rf field
which succeeds in penetraing the plasma This oscillaion coupled with properly
umed elastic collisions between electrons and atoms, permits the electrons to gamn
sufficient energy despite the weak field, to cause 1omzation events



CHAPTER 3

THEORY OF FILM DEPOSITION

31 Introduction to film depositzon

311 Vacuum Technology

In man’s quest for economy and perfecion, thin films have been deposited on
substrates for the enchancement of the mechanical, electrical, chemical, optical or decoratve
properties  The deposition of thin films with controlled properties requires an operatng
environment which interferes as little as possible with the process of film formanon  High
vacuums are attamned to mimmise the interaction between residual gases and the surfaces of
growing films

A vacuum [65) 1s defined as a region of space where pressure 15 below that of the
surrounding atmosphere Absolute vacuum 1s practically impossible m any system, the
nearest being that of Space, which 15 often descibed as an absolute vacuum The
terminology used for the varying degrees of vacuum, which are distinguished according to
pressure ianges are

Low Vacuum 760 - 25 Torr
Medium Vacuum 25 - 103 Torr
High Vacuum 1003 - 100r8  Torr
Very High Vacuum 100 - 1008  Torr
Ultramgh Vacuum Below 10re  Torr

312 Physical Vapour Deposition (PVD)

PVD technology [30] consists of the techmques of evaporauon, 1on platung and
sputtering It 1s used to deposit films and coaungs on self-supported shapes such as sheet,
forl, tubing, etc  Their use has been ncreasing at a very rapd rate, since
modemn technology demands muluple and often conflicing sets of propernes from

engineering matenals, eg combmation of two or more of the following - high
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temperature strength, mmpact strength, specific opuical, elecirical or magnetic properties,
wear resistance, fabncabilty into complex shapes, cost, etc A single or monolithuc
matenal cannot meet such demands in high technological applications  The resultant
soluon 1s therefore a composite matenal, 1e a core matenal and a coating each
having the requisite properties to fullfill the specificatons

In general deposition processes may pnncipally be divided mto two types 1)
those 1nvolving droplet transfer such as plasma spraying, arc spraying, wire explosion
spraying, detonation gun coating and 2) those involving an atom by atom transfer
mode such as physical vapour deposition processes of evaporation, ion platng, and
sputienng, chemical vapour deposition and electrodeposition. The chief disadvantage of
the droplet transfer process 1s the porosity mn the final deposit which affects the
properties

There are three steps in the formanon of any deposit
1) Synthesis of the matenal to be deposited

a) Transiton from a condensed phase (lhiqud or solid) to the vapour

phase

b) For deposiion of compounds, a reactton between the components of the
compounds some of which may be introduced into the chamber as a gas or
vapour

2)  Transport of the vapours between the source and substrate

3)  Condensahon of vapours (and gases) followed by film nucleation and
growth.

There are sigmficant differences between the varnous atom transfer processes In
chemical vapour deposition and electrodeposition processes, all of the three steps
mentioned above take place simultaneously at the substrate and cannot be independently
controlled  Thus, if a choice 1s made for a process parameter such as substrate
temperature, the resultant film microstructure and properties are predetermined On the
otherhandnPVD processes, these steps (particularly steps 1 and 3) can be
independently controlled and one can therefore have a much greater degree of
flexibiity m controlling the structure and properties and deposition rate
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313 PVD Processes

There are three physical vapour deposiion processes [59], namely, evaporation,
ion plaung and sputtennng In the evaporation process, vapours are produced from a
matenal located mn a source which 1s heated by direct resistance, radiatton, eddy
currents, electron beam, laser beam or an arc discharge The process 1s usually
camed out mn vacuum (typically 10°5 to 10°® tomr), so that the evaporated atoms
undergo an essentially collisionless line-of-sight transport pnor to condensatiom on the
substrate  The substrate 1s usually at ground potental (1e not biased)

It 1s noticed that the deposit thickness ts greatest directly above the centre-line of
the source and decreases away from it  Tius problem i1s overcome by mmporting a
complex motion to substrates (e g 1n a planetary or rotating substrate holder), so as to
even out the vapour flux on all parts of the substrate or by introducing a gas at a
pressure of 05 t0 10 mbar mto the chamber so that the vapour species undergo
multnple collisions dunng transport from the source to substrate, thus producing a
reasonably umform thickness of coating on the substrate  This techmque 1s called
gas-scattening evaporation or pressure plating

In the ion-plaimg process the matenal 1s vapounsed in a manner similar to that
in the evaporaton process through a gaseous glow discharge on 1s way to the
substrate, thus 1omsing some of the vapounsed atoms The glow discharge 1s
produced by biasing the substrate to a high negative potential (-2 to -5 KV) and
admiting a gas, usually argon.

In this simple mode, which 1s known as diode 1on-plating the substrate 1s
bombarded by high energy gas ions which sputter off the matenal present on the
surface This results in a constant cleaning of the substrate (1e removal of surface
umpunties by sputtering), which 1s desirable for producing better adhesion and lower
iumpunty content This 10on bombardment also causes a modificaton 1n the
microstructure and residual stresses 1n the deposit. On the other hand, it produces the
undesirable effect of decreasing the deposiion rates since some of the deposit 1s
sputtered off, as well as causing a considerable heating of the substrate by the intense
gas ion bombardment The latter problem can be alleviated by using the supported
discharge 1on-plating process where the substrate 1s no longer at the hugh neganve
potennal, the electrons necessary for supporting the discharge coming from an auxiliary
heating tungsten filament The high gas pressure dunng deposition causes a reasonably
umform deposition of all surfaces due to gas-scattering as discussed above

37



In the sputtering process, positive gas ions (usually argon 1ons) produced in a
glow discharge bombard the target matenal (also called the cathode) dislodging groups
of atoms which then pass mto the vapour phase and deposit onto the substrate
Sputtering 1s an 1nefficient way to induce a solid-to-vapour transthon  Typical yields
(atoms sputtered per incident 1on) for a 50 eV argon ion mncident on a metal surface
are umty Thus the phase change energy cost 1s from 3 to 10 umes larger than
evaporation Sputtering 1s a mechamcal action, where the coanng flux 1s not dependent
on the melung pomnt of the sputtered matenal The depositton 1s usually very

umform

There are several advantages of PVD [31] processes over competitive processes
such as electrodeposition, CVD, plasma spraying They are

1 - Extreme versanlity in composiion of deposit.

2- The ability to produce unusual microstructures and new crystallographic
modificanons e g amorphous deposits

3 - The substrate temperature can be vaned within very wide hmits from sub-zero to
high temperatures

4 - Abihty to produce coatings of self-supported shapes at high deposition rates

S - Deposits can have very high punty

6 - Excellent bonding to the substrate

7 - Excellent surface finish which can be equal to that of the substrate

8 - Ehmunations of pollutants and effluents from the process which 1s a very important
ecological factor

The present hmitations of PVD processes are

1- Inabihity to deposit polymenc matenals with certain exceptions

2 - Higher degree of sophisicaton of the processing equipment and hence a higher
mtial cost.

3 - Relanvely new vacuum technology, hence expensive
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314 Chemical Vapour Deposihon [38}

CVD 1s the process by which chemicals are mixed in a vapour phase i a
chamber and heated to very hugh temperatures, t0 cause chemical reactions

The compounds thus formed diffuse onto the substrates CVD 1s a reaction 1n
which two types of gas, C(g) and D(g), react about one atmosphere and high
temperature to0 form a solid phase A(s) and a gas phase B(g)

C(g) + D(g) » Heat » A(s) + B(g) 3D

3.2 Plasma Enhanced Chemical Vapour Deposiion
3.2 1 Introduction

The rapidly nsing application of plasma - CVD technology has led to there being
a need for the understanding of the basic reaction mechanisms

Ion-molecule and radical-molecule mechamusms are responsible for the dissociation
of organic and organic-inorgamc molecules and for the formation of polymensed
spectes 1n the plasma state There 1s sull a lot of uncertainty about reactions and
depositons  Most of the advances are through expenmentation rather than modelling
The complexity of the field 1s enomous and each advance in the art m one direction

must be considered 1n the context of all impacting parameters

All types of electncal discharges have three elements in common 1) They are
sustaned by a source of electnc power, 2) The electnc power 1s delivered by
means of a coupling mechamism, 3) It 1s dehvered to a plasma environment
associated with a particular design.

Plasma deposiion has for a long tme been used 1n the electromc 1industry,
plasma-deposited mitnde and oxide are utihsed as inter layer dielectnic films between
metalhsation levels In recent years, glow discharge-produced amorphous silicon has
attamned considerable importance as a new electromic matenal for fabncatung thin film
devices such as solar cells, transistors, sensors and photoreceptors Further
developments of PECVD techmques to prepare metal thin films or novel organic
matenals are expected 1 the near future, based upon better understanding of the
chemistry 1n the glow discharge
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As all CVD processes require hugh temperatures, this hmits their applicanon for
coatng temperature sensiive matenals Using a plasma source the thermal heat 1s

reduced so that chemical reactions take place at equivalently hgh temperatures due to
high 1on and electron temperatures

Plasma CVD 1s a gas-phase reachon mn a low temperature plasma that forms a
thin sohd film on a substrate,

C(g) + D(g) » Plasma > A(s) +B(g) 32)

For example, ordinary and plasma CVD of siicon minde films are expressed as

CVD 3SiH,(g) + 4NH,(g) » 700-300 OC » SIN(s) + 12H (g) (33)

Plasma CVD 3SiH ,(g) + 4NH,(g) » 300-500 OC » SIN(s) + 12H (&) (34)

With the use of plasmas, substrate temperature can be lowered and thermal
damage of the film reduced A companson of different reactions for CVD and
plasma CVD 1s given m table 31



Precipitation Temperature 1in atm. CVD and Plasma CVD

Compounds Reacting Material Atm CVD OC PCVD OC
Si,N, S1H, 700-900 300-500
NH,(N,)
510, SiH, 900-1200 200-300
N,0
Al.0, AlC1, 700-1000 100-500
02
Table 31

In a low-temperature plasma, the energy of the electron 1s larger than that of the
ons or neutral particles and are thermally mm a non-equiibnum state  Although the
energy of the ions or netural particles 1s relatively low, these particles become excited
by coliding with electrons This excited state 1s equivalent to a high temperature state,
and the effectve reaction can thus proceed at a low temperature Vanous states of
the species i the plasma depend on the generating plasma pressure, and other
parameters  When the plasma 1s generated by a high potential and low current no
dissociation of molecules 1s detected At a relatively low potental and high current,
however, some dissociation can be detected  When the reaction 1s thermodynamically
possible in the CVD method but has a very slow rate, the excited states can be
induced by the catalync acton of the plasma, and the reaction 1s accelerated When
atoms are formed by dissociation of the molecules in the plasma and participate m the
reaction, reactions that were previously thermodynamically impossible can occur
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322 General Features of Plasma Deposition.

Electron-impact dissociation of precursor gases 1 the glow discharge s the

pnmary step for chemical reactions in a plasma CVD system

Figure 32 [66] gives a schematic representation for the kinetic processes 1n a
methane plasma  We consider here a model based on a set of rate equations for
CH,, and vanous species produced, in the plasma Fifteen kinds of neutral species
and twenty kinds of 1omic species are considered in the model as shown
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RF power inpyt
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Tempercture
(H, fow
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f{e) lonisation Dissoriotion
/ H H,
.
lonic species H,H, Ne.‘ral species
{ C,H, \ C CoHy
K (4R, h Che
{H, CHy | ton—molecute | CH, CH,
CH, C3H, radical~molecule] (Hj { H,
CH, (K, reactions etc (H C H,
CH, C Hy (H (.H,
(R, { Ky C,H;
(,Hy [ He C,H
(o H, CeHg GH
Drift Diffusion
Surface reaction Eicting
Chemisorption Deso pion
Gos Bombordment i
Sohid

Figure 3.2 Schematic of the Kinetnc Processes in a Methane Plasma
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The neutral fragments (radicals), produced in the gas phase, diffuse toward the
substrate and chamber wall, and 1omic species move toward the electrodes under the
influence of the applied field Some of the neutral species are electronically or
vibrationally excited by electron impact and emit hght whose wavelength ranges from
UV o IR  Secondary processes such as 1on-molecule and neutral-molecule reactons
take place through collisions 1n the gas phase Finally, heterogeneous chemical
reactions among reactive atoms, molecules and ions mpinging onto surface may
proceed to form a deposit

323 Deposition Vanables

Many vanables must be controlled 1n plasma deposition, such as power, total
pressure, reactant partial pressure, gas flow rates, pumpmng speed, sample temperature,
electrode spacing, discharge frequency, electrode matenals and reactor geometry [31,67]
These vanables mutually mteract [58] i determiung matenal properties as well as
deposinon rates These vanables are shown schematically in figure 3 3

RF- Geometry
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Reactor
Negative
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Sybstrate
Temperature

Properties

Gas
Pressure

Gos Flow Pumping 1
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Figure 33 Parameters of the rf plasma deposiion process
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It should be noted that higher power or current results in higher electron densities
in the plasma, while lowenng of pressure leads to an increase of electron temperature
The decomposition reaction rate R; i1s given by Bell [68]

Rl = Ne kl [P] (3 J)
where ne = electron density, k; is the rate constant for the dissociation reaction, and
[P] 1s the concentranon of the reactant The rate constant k; 1s given by

k, = (2Mg)'/2 | EV2 f(B) o\(E) dE (36)
where Mg 1s the elecitron mass, E 1s the Electron energy, f(E) 1s the normalised
electrondistnbunon  funchon and o6;(E) 1s the cross secton for the reacthon
Therefore, a change n the pressure or electron temperature pnimarly affects the rate
constant of the reacton k; m equation 1, and hence the chemical reaction pathway 1s
often influenced by pressure, while applied electnc power 1s basically related to the
electron concentration n,  The partal pressure of the reactant gas determines the
magnitude of [P] mn equation (35) It 1s evident that the depositon rate, or R, can
be increased by increasing the power or partial pressure of the gas without changing
the major pathway of decompositon reactions when the total pressure 15 kept
unchanged  The gas-flow rate and pumping speed determmne the residence tme of
the reactve gas in the active region of plasma This strongly influences reaction of
the gasinthe achve region of plasma, which 1 tum strongly nfluences the
deposibon  kinencs Antainment of equiilbnum depends on whether or not the
residence tume 1s shorter than the charactenstic time of the reaction or the overall
reaction-time constant [69]

324 Plasma Volume Reactions
3241 Dissociation Reachons of Reactants

The photolync decompositon of the gas can provide useful nsights in the most
probable pnmary processes in the glow discharge The major reactive species [70] 1n
the plasma of methane are CH,, CH, CH and C

CH, + CH, » C,H,* » 2CH, s™» C,H, (37
M, C H, (38)

CH+CH, ,CH*>CH,+H (39)
sms C,H, -m> 12 CH,, (3 10)
C+CH,->CHY o C,H, +H, (3 11)

Methy! radicals, which are mamly formed by the reaction of CH, with CH, are
the precursors for the formaton of C,H, (reacton 37) At 77k the contnbuton of
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reacion (3 8) becomes also significant.  Ethylene 1s formed by the reaction of CH
with CH, (reacton 39) At 77k, a greater part of C,H_ species are stabilised by
the thurd body and n-C,H,, are formed by the recombination reactions of stabihsed
C,H, radicals The hfetime of C2H4* which 1s formed by the reaction of C with
CH,, 1s too short to be stabihsed, and it decomposes ummolecularly to acetylene and
hydrogen even at 77k

The basic reaction on the surface 1s given by
CH, + e - Bond Energy ,, CH, + CH, + C +y (3 12)

Existence of C must be greater than the hfeume T to deposit. The carbon atom

must be free from reachon and i the area of the substrate long enough for C=C
bands to form

3242 Electron Interacton with Atoms and Molecules

As seen 1t 1s the electrons which are manly responsible for the iomzation The
resultant products are active species, and radicals having much different chemical
acuvines than those of the parent gas  Electron iomzation processes are obviously
important mn the sustaiming of plasma discharges The excitanon and dissoctaton
processes are mmportant 1 plasma chemustry and form the basis for PECVD and
plasma polymensation An electron with a kinetic energy which exceeds the iontzation

energy of an atom, can either cause excitahon or ionization as 1t passes In close
proximity to 1t

ELECTRON | -0

1L
ZeB CRQOSS SECTION

L7 v22 4 p2)3/2

e —— :4 Lol
-0 TIME Eg ~4fg 172 mv2

Figure 34 Electron-atom collision from the pont of view of the virtual photon
model.
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The Coulomb force from the electron produces an electric field at the atom The
component of this field which 1s perpendicular to the direction of electron motion (E,)
produces a tme-varying "impulsive” electnc field which can act on the components of
the atom  This electnc field pulse 1s equivalent t a beam of photons having
frequencies comesponding to the Founer components of the pulse The point 1s that
an electron passing closely by an atom does not sumply knock an electron out of the
atom, but produces a perturbanon at the atom which 1s approximated by a beam of
white light that induces electromc excitation and 1omizanon m proportion to the optcal
oscillator strengths

The imporant factor [59] 1s the Average energy W spent by an electron in
creating an electron-ion pair It 1s seen in the table 32 that W/X = 2 1e almost
equal probability of iomizahon or excitaton in atmosphere, but slightly more excitation
in molecules, where X 1s the iomzaton potential

Atom/Molecule v X w/X
He 46 24 58 1 87
Ne 37 21 56 171
Ar 26 15 56 1 65
Kr 24 14 00 1 71
Xe 22 12 13 1 81
H, 36 15 43 2 33
N, 36 15 59 2 31
NO 29 9 25 313
Co 35 14 04 2 49
0, 32 12 15 2 63
o, 34 13 81 2 46
C,H, 28 11 4 2 45
CH, 29 12 99 2 23
C,H, 28 10 54 2 65
C,H, 27 11 65 2 31
C,H, 27 9173 2 77
C,H, 26 11 15 2 33
C.Hg 27 9 23 2 92

Table 3.2 Probahihity of iomzation
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Electron iteracton with molecules produce excitabon and 1omzation wvia
mecharusms essentially identical to those for atoms as descnbed above The difference
between the atoms and molecules 1s what ulumately happens to the excitation energy
In the atomic case, the excitanon energy 1s lost by radiation unless the transitions are

quantum-mechanically forbidden. In the molecular case, it may result in dissociation
of the molecules
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Figure 3.5 Production of Active Species

48



CHAPTER 4

NATURE OF THIN FILMS

41 The Free Surface

A newly exposed surface’s atoms relax [65] into an equihibrium configuration
which differs from their bulk configurabon, the surface plane often relaxes outwards,
with the atomic arrangement parallel to the surface remamning unchanged  Such effects
may result in the occurrence of a surface electnc dipole moment. Surface electronic
properiesinvanably differ from those of the bulkk smmply because the three
dimensional periodic potential vartation in the bulk has been disrupted  Electrons may
occupy energy levels in the surface which do not exist in the bulk and this may
have profound implications for the electron affimty and chemical reactvity of the
surface  Also, chemical bonds may be kept "danghng" from a free surface

Perfect surfaces are very difficult to preserve  Sputter etching, while samples are
situated 1n deposiion chamber, can be used to clean up contaminated surfaces but this
will cause surface damage

The atoms in a surface vibrate about their mean lattice posihons, they are far
from motionless In fact, surface atoms tend to vibrate with amplitudes larger than
those of bulk atoms because they have neighbours on one side only If an atom
requires an amount of energy W 1n order to move to a different posiion in the
surface, then the probabihity that it will make thuis move i1s given by

A exp (-W/KT) @1
As expected, surface diffusion occurs much more readily as the temperature 1s

increased  As will be discussed later, adatom mobility 1s mfluenced by pressure and
temperature, for a good film coverage high temperature and low pressure are needed
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42 Film Growth

421  Adsorpuon and Nucleaton Processes

Adsorption of atoms onto a substate surface may occur either with or without the
transfer of electrons, processes which are called chemisorpnon and physisorption,
respecitvely

Physisorpuion 1s the most basic phenomenon, binding energies are typically 025
eV and attachment 1s by virtue of relatvely weak Van der Waals forces, which are
both undirected and nonspecific

|
Repuisive | Attractive

|
5 ! .
] ( ]
® l E.
| 0 2
€
]
°
o

Figure 41 Change of Potential Energy of Physisorting Atom.

The above diagram of figure 41, shows the decrease in potential energy of an
atom undergomng physisorption, the atom will not remain on the substrate unless at
least its kinetic energy 1s transferred to the surface Such behaviour, which 1s
reversible, 1s typical of nert gases absorbing onto metals Physisorbed species tend to
desorb readily, unless very low substrate temperatures are employed

Figure 42 below depicts potential energy vanations duning chemusorption. It can
be seen that physisorpton occurs as a preliminary siep and that an acuvauon energy
(Ep+Ec) determines whether this will be followed by chemusorpuion. In such a
process which is basically the formation of a surface compound, the bonding electrons
are generally thought of as occupymng orbitals between the film and substrate
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Although 1n extreme cases pure iomc bonding may occur Binding energies are much
larger than in physisorpton, eg 84 eV for oxygen on tungsten, and the process 1s
seldom reversible The condensation of metal atoms on metallic substrates also
requires electron transfer, and leads to the phenomenon of metallic bonding through the

sharing of free electrons
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Figure 42 Change in Potential Energy of a Chemusorbing Atom.

The probabiity of an atom sucking to a surface depends usually upon the
proportion of the surface already covered by adsorbates The situation exists i which
as the surface sites become filled, the probabiity of an impinging atom finding 1ts
own site gets smaller, and mult-layer formation does not take place This 18

demonstrated i figure 4 3
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Figure 43 Sucking Coefficient Vanaton with Coverage (¢ g gas on metal)
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Altematively, figure 44 shows a different type of behaviour, here the sticking
coefficient [67] remamns constant until a monolayer has formed, when 1t changes to a
different value as adsorption conunues upon this monolayer

The basic theory of homogeneous nucleaion was developed by Gibbs [72] for the
case of hqud droplet condensation from a vapour The theo/ry shows that for
molecular clusters greater than a cntical size, the total free energy decreases with
Increasing size, so that continued growth 1s energetically favourable This approach 1s
applicable to the case of condensation on a surface provided that desorption and
surface diffusion are taken nto account and that only nucler with more than 100

atoms are considered
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Figure 44 Sncking Coefficient Vanation with Coverage (¢ g metal on metal)

Systems contaiung small numbers of molecules can be described only in terms of
dynamic,as opposed to thermodynamic, vanables Since some cntcal nuclel
apparently consist of two or three atoms, a more elaborate theory of heterogeneous
nucleation must be resorted 0 The atomistic model of Walton and Rhodin [72,73]
predicts that the rate of formaton of cntical clusters depends mainly on this factor

Exp [(ne+1E; + E¢ - Eg¢/kT] (42)
where n; = number of atoms m a cntcal nucleus

E, = activation energy for desorption
E; = dissociation energy of a cntical cluster
Eq = activation energy for diffusion

From plots of the log of nucleation rate versus T ~' discreet changes mn n; have
indeedbeen mamufested at certain temperatures The model also predicts an
expenmentally verified dependence of nucleation rate upon deposition rate
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422 The Four Stages of Film Growth

The general picture of the sequence of the nucleaton and growth steps [65] to
form a continuous film which emerges from nucleation theory and electron-miscroscopic

observations 1s as follows

1- Formation of adsorbed monomers

2 - Formation of subcntical embryos of vanous size

3 - Formation of cnuically sized nucler (nucleation step)

4 - Growth of these nucler to supercntical dimensions with the resulting depletion of
monomers in the capture zone around them

S- Concurrent with step 4, there wil be nucleatton of cntical clusters in areas not
depleted of monomers

6 - Clusters touch and coalesce to form a new island occupying an area smaller than
the sum of the ongmal two, thus exposing fresh substrate surface

7- Monomer adsorbs on these freshly exposed areas, and "secondary” nucleation
occurs

8 - Large 1slands grow together, leaving channels or holes of exposed substrate

9- The channels or holes fill via secondary nucleation to give a continuous film
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Figure 45 Schematc of the stages of film growth.
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Four distinct stages [73] of the growth process can be clearly idenufied
a) The Island Stage

First stage observable of film growth 1s the sudden appearance of nucler of
similar size  This 1s probably because growth occurs largely by the surface diffusion
of monomers on the substate, rather than by direct impingement from the vapour
phase

b) The Coalescence Stage

The figure 4 6 illustrates the manner of coalescence of two rounded nucler  The
coalescence occurs 1n less than 01 sec for the small nucler and 1s charactensed by a
decrease 1n total projected area of the nucler on the substate (and an increase i their
height)

CO-0-0

Figure 46 Schemanc of the shape changes durng coalescence

In addiion nucler having well-defined crystallographic shapes before coalescence
become rounded dunng the event After coalescence the 1slands assume a more
hexagonal profile and are often faulted

Thehquid-likke character of the coalescence leads o enlargements of the
uncovered areas of the substrate, with the result that secondary nucler form between
the 1slands  This effect becomes noticeable when the pnmary islands have grown to
about 1 pm, and continues until the final hole-free film 1s formed A secondary
nucleus grows untill it touches a neighbour, and 1if this happens to be a much larger
island, the secondary nucleus coalesces very rapidly and becomes completely
incorporated 1n the large sland  The coalescence behaviour 1s best explaned by
surface diffusion

¢) The Channel Stage

As the 1slands grow, there 1s a decreasing tendency for them to become
completely rounded after coalescence  Large shape changes sull occur, but these are

54



confined mainlyto the regions 1n the wvicimty of the juncton of the 1slands
Consequently, the 1slands become elongated and join to form a continuous network
structure 1n which the deposited matenal 1s separated by long irregular and narrow
channels of width 005 to 02 pum As the slands coalesce bare regions are exposed
The hquid-like behaviour of the deposit persists unul a complete film 1s obtaned In
the channel and hole stages, secondary nucler (slands) are pulled mto the more
massive regions of the film

It 1s clear that both the hqud-like behaviour of coalescing nucler and the rapid
elmmation of channels are manufestaons of the same physical effects, namely the
minimization of total surface energy of the overgrowth by the ehmination of regions
of mgh surface curvature

d) The Continuous Film

Dunng the coalescing stage, onentations are set and islands align to each other
The continuous film stage sigmfies that end of the nucleation stage The film

continues to grow at a rate determmed by the sucking coefficient of the deposited
matenal

43 Surface Reactions

Surfaces 1 contact with plasmas are bombarded by electrons, 1ons and photons
The electron and 1on bombardment 1s particularly important The relauve number of
ions and electrons which are incident on a surface depends on whether it 1s biased as
a cathode or anode or 1s electnically isolated

431 Jon Bombardment

The momentum exchange associated with 1on bombardment can cause
rearrangement and ejecton (sputter) of surface atoms  The rearrangement can have
dramatic effectsonthe structure and properues of a growmng film, and 1s of
importance 1n the processes of ion plahng and bias sputtening The ejection 1s
important m the processes of sputter cleaning and deposition

Ion bombardment can greatly influence the processes imvolved 1n the adsorption of
molecules 1nto surfaces and their subsequent reactions These processes are of
obvious importance n plasma—enhanced CVD and eiching and in  plasma
polymensation  The process of molecular adsorpton and surface compound formaton
are directly influenced by ion bombardment
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Figure 47 Schemanc representation of surface chemisorption and volatile compound
formation 1n gas phase etching.

The CVD case with the formanon of a non-volatle product is obviously very
simlar  Physical adsorption is due to polanzation (Van der Waals) bonding It 1s a
non-activated process and occurs with all gas surface combinations under appropnate
condiions of temperature and pressure  Adsorption energies are typically less than 05
eV Chemuisorption mnvolves a rearrangement of the valence electrons of the adsorbed
and surface atoms to form a chemical bond It involves an activation energy and has
a high degree of specificity between gas surface combinations Adsorption energies
are typically 1 to 10 eV  Molecules may be chemisorbed in their molecular state or
may dissocitate wnto atoms  The latter case 1s known as dissociaive chemisorption
Dissociaive chemusorption 1s generally a precursor to compound formation, which is
also an activated process Vanous types of chemisorpuon bond sites can exist on a
solid surface Thus both molecular and dissoctauve chemisorpton can occur
simultaneously on the same surface Ion bombardment can nfluence these processes
in the following ways

1- Jon bombardment can cause adsorbed molecules to dissociate, thereby overcoming
the acuvanon energy for this process lon bombardment dissociation 1s expected to be
a sputter-type momentum transfer

2- JIon bombardment can create surface defect sites, which have reduced activaton
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energies for the occurrence of dissocianve chemisorption or for the formaton of a
solild compound

3- Ion bombardment can remove (by sputtenng) foreign species from a surface
Such species may interfere with the dissociative chemisorption of a preferred species

432 Electron Bombardment

Electron bombardment of atoms and molecules adsorbed on surfaces 1s beheved to
produce excitanon and tomzation n processes which are similar to those which occur
in the gas phase Thus atoms are iomzed and also excited into states from which
there 1s a probability of dissociabon or bond rearrangement.  Electron bombardment
can dissociate molecules and cause them to pass mto a form that has a high
probabihity of desorption (electron-stimulated desorption) Finally, electron-induced bond
rearrangement can cause polymensation of adsorbed surface species

433 Preferental Sputtenng and Imtial Etching n an RF Plasma
I Imnal Substrate etching

As long ago as the 1950’s Holland and Ojha {89,74] among others reported on
the possibility of growing diamond like carbon films by cracking a hydrocarbon gas in
an RF discharge and by extracting the 1omsed hydrocarbon fragments on to a
negatvely biased substrate  Yet stll, no model of the reaction between the mcoming
hydrocarbon and substrate can be fully developed as the process 1s extremely complex
In the process of normal sputtering , the sticking coefficient for the impinging carbon
fragments 1s greater than the sputtering yield for the same fragment This means
that the cracking products of the butane plasma have a larger possibility to condense
carbon on the substrate surface than to sputter off carbon from the substrate surface

In order to venfy this descnption, Andersson and Berg ([75,76] studied
expenmentally the interaction between the butane plasma and different substrate
matenials It was found that the iomzed cracking products of the butane plasma, n
fact, mnally sputter etched the substrate surfaces The etch rates correspond closely
to what could be expected from the sputtenng yleld values of the substrates  The
sputtenng yield from carbon, however, i1s low, and thus the substrates afier some time
will be totally covered by a carbon film that prevents further etching of the underlying
substrate  The results of such a process are drawn schemaucally in figure 4 8
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Figure 48 Subsequent etching of substrate matenals and the deposiion of a carbon
film,

The substrate contain three regions of different matenals A, B and C, with
sputtering  yields Sp Sp and Sc, respectively  After some time the surface will be
covered with a carbon file of thickness l,, evenly distributed all over the surface
However, dunng the immtial growth of 1, sputter etching of the surface took place,
thereby etching dp, dg and dc away from regions A, B, and C The thickness da,
dp. and dc of the matenal removed depends on the sputtering yeld Sp Sp and Sc
of the substrate material A, B, and C

H Norstrom and R Olarson [77] found similar results They related the partial
pressures and gas type to the munal etching The rato oxygen/hydrocarbon gas and
argon/hydrocarbon gas that resulted in zero deposiion/etching was determined  The
ratios obtamned clearly indicate that chemucal reaction 1s the dommaung mechamsm n

the case of oxygen-mixture but pure physical sputtenng 1s dommant i an argon
mixture
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11 Preferennal Sputtenng

The preferenttal  sputter hypothesis was first advanced by Spencer et al [78]
Tetrahedrally bonded (Sp3) structures are assumed to be more resistant 1o sputtenng
then tngonally bonded graphitic precursors The won flux to the growmg surface
serves both as a source of new matenal and as an agent for re-sputtering non-Sp3
structures e g graphitic, olefimc and cumulene nuclet This hypothesis 1s supported by
the relative energies of the vanous processes

The energies of importance to carbon film growth [32] are listed m table 41 It
15 noticeable that the typical impact energies, from 50 to 500 eV, are just above the
sputtennng  threshold for carbon, at the reported displacement energies, and very
significantly below the energy where the sputter yield 1s greater than umty  These
considerations ndicate that both sputtenng and deposition take place simultaneously
dunng film growth.

ENERGIES OF VARIOUS PROCESSES

ITEM ENERGY
(ev)
Ton energy for C when self sputter yield = 1 2000
Ion energy for C, sputter yield = 0 15 with Art 600
Displacement energy of carbon atoms 1n Diamond 80
Approximate Energies of incident ions 50-500
Displacement energy of Carbon atoms i1n graphite 25
Threshold energy for graphite sputtering 15
Intraplanar bond energy 1n graphite 7 43
Bond energy of diamond 7 41
C-H bond energy 35
Interplanar bond energy in graphite 0 86

Table 41

Furthermore, the bonding energy of graphite precursors to the surface would be
closer to the interplanar bond energy (086 eV) than to the intraplanar bond energy
(743 eV), making the probability of sputtenng of these nucler more likely Typical

59



sucking coefficients of approximately 013 => 0S5 found by expenmentors [44,49] are
consistent with a mechamsm involving simultaneous sputtenng and deposition

Also of interest 1s the C-H bond energy, which 1s significantly less than the C-C
bond energies Furthermore, low mass atoms are sputtered more efficiently than high
mass atoms Hydrogen should therefore be preferentially sputtered from a carbon
surface Mon and Namba [79] found that when 1on beams denved from methane
were used at mmpact energies greater than 200 eV, the hydrogen content could be
reduced to low values Carbon has an anomalously low sputier yield compared to
other materials This unusual behaviour permits a wide range of condinons under
which preferential sputtenng of hydrogen and hydrocarbon structures can be expected
to occur

434 Role of Hydrogen

The trend throughout the literature seems to be toward the addiuon of hydrogen
gas to the hydrocarbon gas It has been suggested [80,81] that at least 95% of the
gasmixtureneeds to be hydrogen for two man reasons 1) Reduction of
hydrogen-carbon groups with a lower concentraton of CH, 2) Chemical erosion of
graphite by hydrogen impact

Classically the hydrogen atoms can attain lugh speeds within the plasma  The
collision of these H atoms into the hydrocarbon molecules can cause C-H bonds to be
broken  There 1s evidence that hydrogen incorporation lowers the density of carbon
films [87] Ths 1s not pnmanly a mass effect, but reflects the reduction of cross
Inking due to hydrogen incorporation.

The main scientific instrument to determine C-H groups on films grown on
siticon wafers 1s Infra-red Spectroscopy [52,54,74] which has revealed that dense a-C H
films [82] (amorphous Carbon-Hydrogen) contan mamnly CH groups with a lower
concentration of CH, In less dense films addinonal CH, groups have been observed
Angus and Jansen [83] defined "Diamond-Like Films" as films with hydrogen atom
fractons from 05 to 06 which select a structure with an average coordination number
close to the theorencal value at which stabilisanon by bonding and destabilizaion by
strain energy are balanced This coordination number 1s achieved by the incorporation
of the hydrogen and by the presence of tngonally (Sp2?) bonded carbon in the carbon
skeletal network  The question of opumum cross lmking 1 a covalent random
network has been treated by Phillips (84,85] He considered the mismatch between
bonding constramts and the degrees of freedom 1n three dimensions, showing that an
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average coordmnation number of

m =62 =245 @43

represents the best compromise between mechamical stability (due to cross linking) and
stress mummisation (due to muumal bond length and bond angle disorder)

A significant quality of hydrogen 1s its ability to chemically erode graphite [86]
Although graphite 1s more thermodynamically stable m a PECVD system diamond
growth 1s made possible because hydrogen erodes graphite and 1s less likely to erode
diamond The displacement energy of carbon atoms 1s substantially higher than the
carbon atoms in graphite (80 eV), compared to 25 eV respectively The process of
hydrogen etching the graphite 1s complex and not fully explammed In most diamond
growth environments, hydrogen gas must be kept above a certain concentraton (95%)
to deposit films with nearly no graphitic component.
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44 Structures of Carbon Forms
441 Introduction

The term "structure” [88] encompasses a variety of concepts which descnibe on
various scales, the arrangement of the building blocks of a matenal On an atomic
scale, one deals with the crystal structure, which s defined by the crystallographic
data of the umit cell These data contain the shape and dimensions of the umit cell
and the atomic positions within 1t They are obtamed by x-ray diffraction

expernments

On a coarser scale, one deals with microscopic observations of the microstructure
which charactenses the sizes, shapes and mutual arrangements of individual crystal
gramns It also mcludes the morphology of the surface of the matenal

An ntermediate range 1s occupied by the defect structure, which 1s concemed
with devianons of the regular arrangement of umt cells within one crystal gran,
examples are powmnt defects, dislocahons and stacking faults In studying the defect
structure, one makes use of both direct mcroscopic (mawmnly electron microscope)
observaton and diffraction evidence In addition, one can utilise measurements of
structure sensiive propernes which are related to defects in crystals, e g resistance due
to pomnt defects and impunties

442 The Carbon Atom and the Nature of the Carbon - Carbon Bond

To determine the structure of carbon [89], one needs to look at the ways in
which carbon atoms can be connected together to form a solid matenal There are

three possible configurations of the outer electrons when a carbon atom 1s bonded to
others

1) Tetrahedral or Sp, state In tlus state all four electrons are bonded into four
evenly spaced hybnd orbitals The most probable positions for the surrounding four
atoms would then be at points which form a tetrahedron with the carbon nucleus at
the centre  The o bonds formed with four neighbours will then be at 1090 28’ to
each other There are no electrons avalable to form subsidiary 1 bonds

An example of tetrahedral carbon atoms bonded together would be mn the gas
ethane (H,C-CH,) which 1s at the start of a homologous senes culminating in the
long chain polymer polyethylene, consising of a chain of methylene (-CH,-) groups
Such carbon atoms can be bonded n three dimensions to form the cubic diamond
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lattice, thus producing a hard crystalline sold.

2)Tngonalor Sp, state In this state three electrons are bonded m a
symmetrical hybndised orbital system  The most probable posiions for the orbital
axes are coplanar and mutually at 120° The extra electron 1s 1n the free p state and
1s available for forrmng a subsidiary n bond

An example of carbon atoms bonded together in the tngonal state would be the
gas ethylene CH,=CH,

All graphinc matenals consist of extensive paralllel sheets of such carbon atoms
arranged 1n such a pattem  Polymenc carbons are also made up of Sp, atoms but
arranged to form networks of long , narrow, entwined graphitic nbbons

3) Diagonal or Sp state This 1s the state with symmetncal hybndised orbitals
whose electrons are capable of being bonded 1n a molecular orbital bonding system
The only possible arrangement for neighbounng carbon atoms 1s on either side of the
nucleus, the ¢ bonds being colinear and the co-ordination number being two  The
remamung twoelectronsare 1n the free p state and are avalable for forming
subsidiary = bonds

Examples of molecules contaimng carbon atoms in this state are the gas acetylene
(HC=CH) and "carbyne" (C=C), which consists of chams of Sp carbon atoms

The bond energy between carbon atoms and thewr separation depend on the
number of electrons contmbuting The bond energy between two carbon atoms in the
Sp, state 1s 83 kcal mole™?, and the distance between 1s 154 Angstroms This is so
in such widely diffenng molecules as ethane, polethylene and diamond

With carbon atoms in the Sp, state the extra p electrons increase the bond
energy and decrease the atomic spacing  These changes are attnbuted to an increase
in "percentage double bond character” Thus the C-C distance 1 ethylene 1s 1353
Angstroms  There exists a range of possible nteratomic distances from 154 to 135
Angstroms depending on the degree of participation by the extra electrons The bond
energy 1s increased to 147 kcal mole’ for the case of ethylene With atoms in the
Sp state, there 1s a further increase in bond energy and reduction in interatomic
distance

There exists a vanability in bond distance within a molecule contamning carbon
atoms in the Sp, and Sp states This 1s mmportant wn that carbon - carbon bond
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distances are not necessarly charactenstics of the presence of carbon in any one of
the possible states

An mportant factor 1s the ability of carbon atoms to rotate about a C-C bond
If the partners are m the Sp, state and the bond 1s purely ¢ in character, rotation 1s
easy and a high degree of flexibility in molecular onentation i1s possible If the bond
has any m component, however, rotation 15 severly hampered and a much more ngid
inflexible structure 1s 1nevitable

The bonds between the molecular umts ( the mntermolecular cohesion) can only be
weak Van der Waals forces since no electrons are lefi over to form strong pnmary
bonds The small molecules or umts will therefore be gases and liquds at room
temperature  Polyethylene chains can be sheared past each other and onented easily
by cold work at room temperature  Perfect graphite sheets shide over each other
easily at room temperature and will do so even down to 10 K Diamond incorporates
Just one extended unit and so 1s extremely hard  Polycrystalline graphites and carbon
must also have covalent cross-links between graphite sheets m neighbounng crystals n
order to exist as covalent matenals of significant strength

443 Structure of Carbons
There are only two crystallme forms of carbon - graphite and diamond  Graphite

consists of sheets of carbon atoms in the Sp, state, each sheet being stacked m a
hexagonal ABA sequence above each other as m figure 49

Figure 49 Atomc structure of a perfect graphinc crystal [88]
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The bonds n the basal plane are extremely suff and strong and so the modulus
in a-directions 1s very high, the matenal can withstand temperatures of 33000 ©C
before breaking up by thermal degradation alone The bonds between the planes are
of weak Van der Waals type and so the crystal can be sheared and cleaned easily m
the plane perpendicular to the c-axis even at very low temperatures The distance
between carbon atoms 1n the sheets 1s 142 Angstroms while between perfect sheets
the interlayer Spacing 18 3 354 Angstroms Graphite can be distorted permanently with
ease by simply bending or shearing the sheets

When carbons are formed at low temperatures they contain many grown-in defects
because thermal energy 1s not then sufficient to break carbon-carbon bonds once
formed The presence of such defects increases interlamollar cohesion considerably and
so such carbons are generally hard The overall morphology of the graphite sheets 1s
also laid down during carborusation. Simple annealing at high temperature does not
destroy this morphology

Diamond consists of carbon atoms in the tetrahedral state bonded to accommodate
all electrons without distortion, the carbon atoms fiting nto the classic diamond type
cubic lattce, consising of two interpenetraing cubic (F) latnces based on 000 and
344 Since all the bonds are equally strong and stff, distornon 1s very difficult. It
1S possible to introduce dislocatons and plastic flow at high temperatures but the
structure will not tolerate the Mhigh degree of distortion possible 1 the graphite
structure Hence, diamond 1s only found in the crystalline state and the lathce
constants never vary This contrasts with graphite in which the interlayer spacing can
be vaned easily and with the quasicrystalline states of some carbons which are quite
stable

Because of the strong covalent bonding which prevents easy ghde on all possible
planes, diamond is hard and bmttle It reverts to graphte merely by heanng above
1800 ©C in an inert atmosphere It 1s concluded that at such temperature the Sp,
state 1s much more stable than the Sp, state Small distorted volumes of carbon mn
the Sp, state will clearly revert at much lower temperatures than large perfect crystals

444 Structure of Polymers

Polymers [90] consist of long chans held together by intermolecular forces of
different amounts and mntensines depending on the nature of the groupings attached to
the chains and their abihty to he parallel to each other to form crystalline regions

Some polymers, such as atactic polystyrene lack symmetry so that it becomes
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impossible for the chains to pack closely they can only exist as polymenc glasses
with no crystalimty whatsoever  The chains are arranged completely randomly
space and can, in fact, be descnbed quite adequately by three-dimensional random
walk theory [88] Above the glass point, such matenals are rubber-like - a condition
in which chain segments are free to move by thermal actvation to allow the free
chains 1o assume a hmitless number of configurattons between fixed pomts, which are
generally physical entanglements in thermoplastic matenals and chemical cross-links m
thermo-seting matenals  Others, such as polythene, with a symmetrical arrangement of
hydrogen atoms, crystallise easily Crystaline regions consist of straight chan
segments of polymer lying parallel to each other and separated by 4 constant distance
They are thus lghly amsotropic, the strong and suff covalent bonds only affectng the
strain response in one directon (along the chaimn length) The strength and stffness n
all other directons are governed only by weak ntermolecular cohesion In high
tensile polymer fibres all the crystaline regions lhie approximately parallel to each other
with the chains lymng parallel to the fibre axis, and thus show a hgh degree of
preferred onentation In 1sotropic polymers the onentation of these essentially
amsotropic crystallites 1s completely random and there 1s contnuity of C-C bonding
from one crystallite to another, usually via an “amorphous" zone

In recent years 1t has been demonstrated that in many crystalline polymers, the
polymer chains cluster together to form "fibnls" or "microfibnls" The crystalline
regions detected by X-rays are merely parts where fibnls happen to be taut The full
extent of a fibnl 1s therefore not revealed by X-rays but only by the new techmique
of high resolution electron imaging
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4S5 Structure of Thin Films

The muscrstructure of thin films [65] depends on many factors Some of the
most important are

*  Rate of Deposition of condensing atoms

*  Pressure of working gas

*  Temperature of substrate

*  Substrate surface roughness

*  Bombardment of substrate with 1ons or electrons

451 Deposition Rate

It may be expenmentally very difficult to isolate the wnfluence of deposition rate
per second from the influences of other deposibon vanables For example, increasing
the RF power to the chamber will raise the energy of atoms on the surface Hence
they will be more mobile on the substrate surface, which 1s equivalent to raising the
substrate  temperature It has been found that the occurrence of voided structures is
less likely at low deposition rates, because the adatom surface mobility i1s adequate to
prevent holes from forming [91]

Under normal conditions, pure metalic films invanably have a crystalline
structure This may not be true of alloys and compounds, however, since the
mpinging atoms and molecules have considerably reduced surface mobilites  The
influence of deposition rate on crystalhmty [92] 1s difficult to predict. The texture of
metallic films 1s known 1o be related to the kinetic energy of the incident particles

452  Pressure, Temperature and Surface Roughness

The nfluence of pressure, temperature and substrate surface roughness on film
structure was considered mn a famous arcle by Thomton (93] Basically, higher men
gas pressures are thought to Iimit the mobility of adatoms upon the substrate surface,
mert gas atoms are themselves adsorbed and hence Lmiut the surface diffusion of
arnving species  Increased substrate temperature, on the other hand, enhances surface
mobilityand also conventional bulk diffusion Thomton's model 1s deprcied
schematically in figure 411 In zone 1, protuberances on the adsorbing surface
preferennally collect incident atoms which, because of low substrate temperature, do
not have sufficient thermal energy to diffuse away and form a continuous structure
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Film growth in Zone 1 tends to yield open, 1¢ porous, grain boundenes In Zone T,
the temperature 1s stll too low to pernit diffusion at significant rates, but the surface
here 1s considered smooth because enough diffusion has occurred to overcome the
mawmn surface 1rregulantes, the dense fibrous structure 1s the same as that within the
open grans of Zone 1 At low deposition temperatures an increaseé m mert gas
pressure promotes the growth of a more porous structure through the detrimental effect
on surface mobility descnbed above Inert gas adsorpion and its consequences are
lower temperature phenomena. Zone 2 1s dominated by surface diffusion processes, 1n
this region the film generally consists of columnar grams with fully dense boundares
The high temperares defimng Zone 3 produce substantial bulk diffusion,
re-crystallisation and grain growth may, therefore, take place mn this regime
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Figure 4 11 Influence of substrate temperature and argon pressure on the
microstructure of thin films. [93]

Changes in substrate temperature dunng the deposition process may cause the
formation of "hillocks" These features occur as a result of differences in thermmal
expansivity between the film and substrate matenals They consist of small projections
normal to the film surface, or in the case of ’negative’ hillocks, of holes  For
example, 1f deposinon commences on a cold substrate of relatively low expansivity and
heaung takes place as deposition continues, the mtial deposit will 'want to’ expand
more than the small expansion of the substrate perrmis, the outcome s a rehef of
the compressive stress mn the film by the "pushing up" of hilocks  Figure 412
illustrates precisely this situation for the case of aluminum or siicon  Addition of
copper to Al growth can reduce hillocks Also, penodically introducing oxygen
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during film growth produces alternate layers under tensile (pure aluminium) and
compressive (alumimum oxide) stress, and hence leads to an overall reducion m film
stress
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Figure 412 Influence of argon pressure on stress in sputtered tungsten.

453 Influence of Substrate Bias

If thin film deposition 1s accompanied by high energy electron bombardment, an
increase 1n the density of nucler on the substrate surface 1s found to occur  This
phenomenon 1s apparently due to the creation of defects which act as nucleation
centers, since electron bombardment has no effect on substrates for which the energy
required to create surface defects 1s very high
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Thin films are often subjected to ion bombardment dunng growth, pnmanly for
redistnbution of deposited matenals to areas that would otherwise be difficult to coat.
Of course, increasing the energy of bombarding ions will eventually produce a net
sputter erosion of the film, but sputtering ytelds are generally so low with 10n
energies below 100 eV that the deposited mass will remain virtually constant Bias of
the substrate may also affect the crystal onentation [65] and preferentual sputtenng of
certain planes

For a parcular film morphology it has been recogmsed that substrate temperature
and bias voltage play inverse roles [94] "High temperature” deposits may be obtained
at low temperatures provided that substrate bias 1s employed  Also, at high bias
conditions large levels of inert gas entrapment may occur
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46 Stresses i Thin Films

Stresses 1n thun films result from two basic causes

1  Dustorton of the crystal lattice leading to so called "wmntnnsic stress”

2 A difference in thermal expansivity between the film and substrate matenals,
leading to the development of stress upon cool-down from the deposition temperatures

The ongin of thermal stresses 1s easy to comprehend Intnnsic stresses, on the

other hand, are more complex 1n nature and may be due to a vanety of causes

a) Latice msmatch between the substrate and film inevitably leading to interfacial
distortion

b) Incorporation of impunties i the growing deposit which precludes the growth of
a perfectly ordered, strain-free lathce

¢) Rapd film growth, which does not allow sufficient time for the formation of a
defect-free lattice

d) In the sputtening-off of already deposited atoms by impinging atoms and 1ons

Highly stressed films are generally more susceptible to corrosion and are more likely
10 exhibit poor adhesion. Film stress may be compressive (1e the film would like to
expand, parallel to the surface), so that in extreme cases it may buckle up on the
substrate  Alternatively the film may be in tensile stress (1e the film would like to
contract), and 1n certain cases the forces may be high enough to exceed the elastic
hmit of the film so that it breaks up A tensile stress will bend it so that the film
surface 1s concave, and a compressive stress so that it 1s convex Ways of measunng
this stress depend mostly on this fact and include disk techmiques, bending-beam, etc
Many factors influence the stress developed and the most important of these are [95]

I Deposihon Rate

Relevant data 1s rather ambiguous, but defects caused by rapid deposition are the
defimte causes of stress
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II Pressure

It has been postulated that one of the main contnbutions to the tensie stress in
an evaporated film s the annealng and shnnkage of disordered matenal which has
been buned dunng further deposition.

deposited matenial more closely by a type of compressing "atomic peerung” interaction

Figure 4 13 [96] shows the kind of behaviour which i1s mvanably observed, 1e a
transiion from compressive to lensle stress as the pressure 1s increased through a

cntical point.
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The mechanism proposed to explan the
increasing compressive stress with reducing pressure 1s based upon the higher mean
free path of sputtered atoms and energetic neutral nert gas atoms at lower pressures
It 1s proposed that such energeuc particles amve at the substrate and pack the



D Thickness

It 1s well known that the stress n a tun film vanes with depth, a phenomenon
well evidenced by the fact that films frequently curl upon removal from their
substrates  Such behaviour may reflect a change 1n the film structure with depth
The film may begin to grow with the lattice constant, of the substrate and with
gradually accumulating stramn energy, untd eventually a thickness 1s reached at which
dislocations are mtroduced and the film relaxes to assume the lattice constant of the
bulk

IV  Substrate Bias

Negative substrate bias would seem to have the same general effect as reducing
the working gas pressure, namely of mtroducing more and more compressive stress as
the voltage 1s made more negatve The application of negauve bias usually influences
the amount of gas incorporated in the growing deposit.

Gas species film composition and incorporation of argon and hydrogen have all
been investigated and effects on mternal stress studied In an article by D Nir [95]
the compressive stresses 1n the films were attnbuted mamly to the bombarding energy
of the 10on beam An additonal coninbution to the compressive stresses probably
came from the complex species in the discharge The contnbution of the hydrogen to
the stresses mn the films did not seem to be obvious

V Other Influences

Other factors which may influence the stress in a thin film in a complicated way
are, contamination of the film dunng growth and vanatons 1n substrate temperature
Interstinal 1mpunties may migrate to regions of high strain energy (vacancies,
dislocations and gramn boundanes) and relieve the stress i those regions Indeed, 1t
has been shown that oxygen co-deposited with evaporated alumimum nugrates over
long periods at ambient temperatures to the film substrate nterface [97] The
incorporated oxygen conferred compressive stress on the aluminium

Higher substrate temperatures may cause diffusion If one matenal diffuses nto
another such that vacancies flow in the reverse direcnon, then one side of the
interface will gain - mass while the other will gain porosity the former will
consequently develop compressive stress and the latter tensile stress  This situation
may result in plasuc deformation within the interface, and to recrystalbsation and grain

73



growth

Higher substrate temperatures may also result in a larger gramn size and a lower
level of intninsic stress The reduction in stress when higher temperatures are
employed 1s beheved to be related to the higher rate of annealing of disordered
matenial, for mimmal stress, this obviously must be greater than the rate of deposition

47 Adhesion of Thin Films

Adhesion [65] may be defined as the sum of all the mter-molecular interactions
between two different matenals placed side by side  These interactons [89] may be
metallic 10onic, covalent, Van der Waals, etc, and are a functon of the separation of
the adhenng surfaces [98]

If the work functions of the opposing surfaces are different, charge transfer from
onc to the other will occur upon contact. This will result 1n an electrostatic
attracion, which actually vanes much more slowly with distance than the attraction
due to Van der Waals forces It has been demonstrated expenmentally that m some
cases charge transfer has a substantial effect on adhesion and 1t is felt that the long
range nature of the electrostatc force may be particularly significant

Substrate surface roughness may also be important Increased roughness may
promote adhesion because of the larger surface area mvolved as well as through the

type of nterlocking illustrated in figure 4 14  Excessive roughness on the other hand
can result m coating defects which may promote adhesion failure

FiLM

TN

SUBSTRATE

Figure 4 14 Mechamcal intedocking of film and substrate
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In many film coatings, intermediate layer adhesion is used This may chemically
match film and substrate This may be in the form of an oxide coatng or, for
example, with ttamium mnutnde (TIN) films a thin layer of utamum 1s first apphed to
the substrate An mntermediate layer of mid-way thermal expansivity coefficient
matenal 1s often used to index match film to the substrate

471 Control of Adhesion

Factors which are known to strongly influence thun film adhesion [65] are the
intnnsic stress 1n the film and the cleanliness of the substrate surface pnor to
deposition

As far as substrate cleaning 1s concemed, weakly bound species such as oils and
grease may impair adhesion, as matenals which act as a bamer to diffusion when
diffusion 1s necessary, for example, an oxide coating

Contaminants may be removed by conventional chemical means and by sputter
etching techmques It was found that best surfaces for adhesion were 1) Polished
mechamcally to a surface fimsh of at least 6 um, 2) Ultrasonically cleaned for
half an hour; 3) Argon plasma sputter etched in the chamber for at least
forty-five minutes

There may be a connection between the stress to which a thin film 1s subjected
and us adhesion to the substrate  Generailly, however, the wntnnsic stress m a thin
film 1s not adequate to cause delamination unless the film is very thick. Failure will
occur at the weakest pomnt, which may alternauvely be a breakdown of the substrate
or film cohesion

75



CHAPTER 5

DESIGN AND IMPLEMENTATION OF PLASMA DEPOSITION SYSTEM

51 Types of Deposition Reactor

A typical PECVD system (31] consists of a plasma generaung section, a gas
introduction  section, a vacuum Ssystem, a power source, and a control system with
adequate metering to establish the vanous parameter values R f plasma CVD
equipment can be classified into inductive and capaciive coupling types, based on the
method of excitating the reactive gas

The inductive coupling method consists of a tube of quartz glass wrapped m a
col, to which the rf signal 1s apphed, thus generaung a plasma within the tube
This structure has the following properties
1) The structure 1s small and simple
2) Contaminauon from coil to plasma 1s manumised )

3) Power is concentrated and a2 hgh density plasma s formed, although it 1s difficult

to mamtain this density across the complete substrate

1 Reaction gaa

Quartz reaction
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% g RF col
©

Plasma

Subetrate
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Subetrate stage

Vacuum
pump -

Figure 51 Inductively Coupled Reactor
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The capaciive coupling method was shown in figure 11
that of both coating distnbution and high productivity The parallel plate reactor
most commonly used for matenal processing
first constructed by Remberg [67]
parallel to an rf electrode
substrate and off the sides
gradient from the centre of the electrode toward the edge by the gas concentration

distibution and thus obtamn a unuform film
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52 Components of PECVD System

There are many deposition varniables which need to be controlled or monitored
Very many of these parameters have direct film charactenstic relationships A general
rule of thumb used in the design was to momtor as much as possible and as
accurately as possible Close attention was paid to the practical considerations for rf
plasma deposition systems and to possible future apphcatons in the research laboratory
The rehability of the umit must be lmgh for mamntenance of quality This means that
the capacity of each component element should be stable and the rehability should be
high

() Pumping System

The pumping system must be able to evacuate the chamber down to 10°® mbar
to ehminate any mmpunties, especially water moisture  Reactive and decomposed gases
can be either corrosive, flammable, or toxic Since a large quantity of diuted gas or
carner gas 1s used, exhaust gas after the reaction contains a large amount of unreacted
gas Hydrogen gas for instance can lodge m pipes and pumps and forms an
explosive mixture with air  Exhaust pipes should be of non-permeable type and nsing
from the chamber, with no drops or bends

a) Type of Pump The type of pump used vanes with the pressure range and gas
load A rotary oil pump backing a diffusion pump 1s the usual arrangement

b) Protecion of Pumping System 1) Foreline Trap, In order to prevent damage to
the pump by granular matenals or condensable matenals, a filter, a trap, or a baffle 1s
used between the pump and the system 2) Oil Replemshment, When an o1l rotary
pump 1s operated for a prolonged penod, microparticles or nonreacted matenals enter
the o1, gradually increasing its viscosity and rendenng it useless Regular checks and
penodic changes of the o1l can prevent this 3) Back-streaming of o1l and
contammnation of chamber; If the ol rotary pump or diffusion pump are operated for
extended periods below 01 mbar, the pump oil can back-stream toward the high
vacuum region  Measures must be taken to prevent this, such as not operating on
rotary pump alone below 01 mbar and using a hquid mtrogen trap at the top of the
diffusion pump 4) Removal of Pollutants, If toxic gases are involved they should be
suitably scrubbed before release to atmosphere  If highly inflammable or explosive
gases are used the gases should be diluted with an inert gas such as mitrogen, before
release to the atmosphere
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(i1) Electrodes and Substrate Holders

The electrode 1s used to form the plasma, and the substrate support 1s used to
hold the substrate n place and mamntain 1t at a given temperature  The shape and
structure of the substrate support determune the operability of the umt and 1ts
production capacity  The substrate support should have the following properties and
functions [31]
1) Support samples beneath top electrode
2) Supply rf power to the cavity
3) Concentrate plasma by the use of Debye Shields
4) Externally heat the substrate
5) Be adjustable in height and position.
6) Made of a matenal that does not absorb too much heat or interfere with the
plasma
7) Made of a noncorroding matenal
8) Dimensional integnty should be maintained during thermal cycling
9) Sputtenng yield should be small
10) Made of a cheap and machinable matenal

In most carbon deposiion systems the self iasing techmque of the  substrate
electrode 1s wused This means the electrode must be elecincally 1solated All
deposiion techmques require external heat t0 be applied to the substrates, this can be
done by hot filment, infra-red or radient heat sources

As was mentioned m section 22, the electrodes must also incorporate dark space
shielding, to confine the plasma and to prevent loss of power

(in) R.F Power Source

This 1s probably the most difficult part of the apparatus to design and install
The rf source consists of three main parts [100] (1) Oscillator (2) Power Amplfier
and (3) Impedance matching network.

The film charactenstics will be directly effected by 1ts plasma density Important
aspects of the rf design are A) Power of rf source B) Transmission of rf to
electrodes C) Cable and Chamber attenuation and D) Effecive tumng to the
mpedance of the cavity The generator must be able to supply sufficient power to
dissociate the gas  The frequency chosen 1s 1356 MHz The signal must be clear
and reproducible, with mimmal reflected power The stability of the power source 1s
cntcal, since between runs of varyinng parameters, only one vanable must change and
absolute control over all other vanables must be maintained
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A fully equipped power source will have the followng controls/functions
AC on/off
* Vanac for vanable power control

*

*

Manual switches for tunung, one for each phase and load

*

Forward/reflected power 1ndicators
* Appropnate protection circuitry

* Power meters

(iv) Gas Introduction System

The supply of the reactive gas and its control are important The parameters to
be controlled {(101] are 1) gas composinon 2) flow rate 3) pressure and 4)
temperature  The number of reacthive species in the gas plasma 1s related to the gas
density of the system Gas density 1s a function of volume, pressure, and temperature
In order to hold the quality of the film constant, 1t 1s necessary not only to maintain
contant pressure, but to prevent changes mn the flow rate  The system must be
accurate and reliable for all deposinons Reproducibihity of the exact gas flow
conditions are cnical

(v) Control and Monitoring Systems

The control can be divided nto two separate areas One part momtors the
vanous parameters necessary for deposibon 1e  pressure, flow rate, substrate
temperaturecetc  The other part may momtor each process of deposition and
sequencing It would be the former type that will concem this design. Due to the
rf interference with electromic momtors 1t was found that analogue controls offered
1solation, independence and mmumty to stray rf It 1s necessary to know exactly the
stages of system dynamics related to film growth

(v1) Pressure Measurement

The PCVD reaction 1s usually in the range 01 mbar to several mbars  Single
gases or a mixture of gases may be used at any one ume The sensinvity of vacuum
gauges utibsing thermal conducton or iomsation changes may vary with the type of
gas Also the gauge can corrode due 10 a comosive gas atmosphere  Rehability of
the pressure gauge 1s very poor [102] as often the pressure 1s just below atmosphenc
level where gauges are maccurate Ideally a diaphram gauge would be used which 1s
independent of gas used and gives an absolute pressure reading
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53 Design Cntena for Depositon System

Before the design [103] can be drawn up the lhmutations of the project along
with the goals must be specified

Frequency The lLicensed internatonal standard for rf plasma deposition 1s 1356 MHz
Any operation outside of this frequency 1s m breach of the broadcast and Lcensing

authonties act

Rf Shielding Along with the need to protect the system’s own electronic circuitry
There 1s a legal obligaion not to pollute the airwaves or electnc mans with rf

noise

Flexibility Any research apparatus must be capable of adapting to a change wn project
direchon  This 1s particularly important when the technology 1s unknown and several
mmor projects may also use the pnmary appartus in fulfilling the overall project
objectives, for example spectral monitonng of the plasma reactions requires that special
optical ports be provided to the chamber

Simphcity of Design Ideally the design should use standard components and fittings
This allows the easy additon of equipment and reducton m cost Generally complex
designs of components and fithngs to the system should be avoided

Load size The system should be able to take a range of substrates so that several
different film tests may be camed out eg glass, steel, sihicon etc Also the area of
the top electrode should be much larger than the substrate holder, so that plasma and
hence the umformity 1s mamntamed This lumits the size of the substrate holder

Process Cycle Time Cycle tme for a plasma system 1s limited by the temperature
stabilisation which 1s the ume required for a large thermal mass (the electrode
assembly) to reach deposiion temperature Plasma deposition systems must incorporate
specially designed heating systems that can rapidly heat the electrodes to the process
temperature, or use electrodes that are never thermally cycled

Depositon Rate Deposition rate increases with applied power The deposition rate 1s
hmited by the gas phase reactions with acceptable rates being about 500 Angstroms
per Hour For a given spacing, electrode geometry and frequency, there 1s a unique
power at which the plasma ntensity across a parallel plate will provide umform
deposinon  Deposiion times should be at most six to seven hours for practical use
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Within-substrate  Unuformity In plasma enhanced CVD systems this is controlled by
plasma uniformity across the surface of the substrate  With electrodes much larger
than the size of the subsirate, within-substrate umiformity 1s easdy achieved  With
electrodes of a size comparable to the substrate, the field 1s higher at the edges of an
electrode when high frequency rf power 1s used This mcreases deposition rates at
the edges and leads to nonuniformity m film coverage

Reproducibility of Deposinons In order that conclusive resulis can be drawn from
operating parameters, the parameters must be stable and reproducible from deposit to
deposit.

Cost As with all high technological arcas, components and equipment are very
expensive This increases the need to make the system as flexible and durable as
possible  The costs may also limit the designer’s choice in matenals and labour
available

The raw matenals for carbon films are very cheap 1e methane and hydrogen,
which makes the process very attractive in the long term for large-scale commercial
production

54 Imtial Tnal Reactor

In facing a new technological field of science, the best knowledge 1s gained by
tnal and error, so it was decided o bulld an mtial deposihon system  This proved
most beneficial for the following reasons

* Rf generator could be developed on a capacitive load

* Substrate holder could be developed

* Inlet gas nozzle and top electrode plate was perfected

* Rf shielding techmques and filtenng proved necessary

* Range of parameters and degree of control needed was gained

* Effect of different gases on film properties

* Confirmation that the rf generator was capable of dissociating the hydrocarbon gas
* Idea for the range of parameter setungs for hard films
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Figure 5§53 Tnal Reactor
541 Depositon Apparatus

The chamber consisted of a 8" diameter glass tube, 6" m height, with polished
steel plates on either end as shown wn figure 53 The pumping system consisted of a
four stage rotary pump directly coupled beneath the chamber The gases were
controlled by mn line needle valves and meters and piped directly into the top of the
chamber, through a 1/4 " stamnless steel tube  The top electrode, was a circular
alumimum of 50 mm 1n diameter The substrate holder was an alumimum plate with
insulating supports and a high ntensity lhight bulb cradled beneath to provide substrate
heating Additonally an electncal and thermocouple feed-through enabled substrate
temperature to be applied and controlled, respectively
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5.5 R. Power Generator
5.5 1 Speaficahons

The functon of the generator 1s 0 supply rf power to the chamber in order to
excite the gas into a plasma state The generator, at a rf frequency of 1356 MHz,
has an electncal power mput of 100 watts to the power amplifiers This low power,
1s compensated for by the fact that the substrate area 1s small ( 196 x10 “3 m?2),
hence the power density 18 quite high

The rf generator consists of the following parts 1) Power supply 2) Oscillator 3)
Dnver Circuit 4) Power Amplifier and 5) Impedance matching network.

Oscillator F——>——— Pre-amplifier

Power FET S

Protection
Circuit

Power Source

\

Impedance Matching
Network

v

Output

Figure 54 RF Generator Components
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552 Impedance Matching

Electncal theory [104] reveals that maximum power mm dc carcuits will be
transferred from a source to 1ts load if the load resistance equals the source resistance
In dealing with ac or time-varying waveforms the maxumum transfer of power, from
s source to 1ts load, occurs when the load impedance (Z1) 1s equal to the complex
conjugate of the source immpedance  When the source 1s said to dnve its complex
conjugate, 1t 1s sunply the conditon m which any source reactance is resonated with

an equal and opposite load reactance

5 —1110
ANAN Impedance
1] Matching
Network
-36
RF Power Source 2

l]l

Figure 55 Impedance Transformation

There are many possible networks which could perform this task  The best
known 1s probably the L network  This network receives its name because of its

component onentation which resembles the shape of an L

29 [of
F, .

:

RF Power Source Z1

Figure 56 The L Network
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The fixed wnductor, L, 1s connected mn senes with two vanable capacitors  This
allows the varying of L by adding or subtracung an opposit¢ reactance

553 Complex Loads

In designing the matching network [105] of an rf generator to a load, one
assumes ideal resistive loads for example 50 ohms In practice the load may not be
a real impedance The plasma cavity’s impedance 1s a funchon of the pressure, area,
power,gas type, etc and can change dramancally depending on the process
parameters Transistor nput and output impedances are almost always complex, that 1s
they contain both resisuve and reacave components (R + jX)  Transmussion lines,
sources and loads are no different mn this respect.

There are two basic approaches in handling complex loads
1) Absorpton To absorb any stray reactances into the impedance matching network
nself This can be done through prudent placcment of each matching element such
that element capacitors are placed mn parallel with stray capacitances, and element
inductors are placed in senes with any stray inductances
2) Resonance To resonate any stray reactance with an equal and opposite reactance at
the frequency of interest.

The impedance matchung network utihses both approaches In its implementaton
a lot of the refinement 1s through a process of tnal and error The L network was
usedtomatchparts of the internal circuitry of the generator The matching
arrangement that was chosen between the generator and the chamber [106] 1s shown
in figure 57

|

Rin =
50 Ohms Ll {2 {i) RL

=

Figure 57 Unbalanced Bandpass Network
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This network utilises the advantages of harmonic suppression charactenstics and 1s
descnbed as a tunable transfomer arrangement The tunable transformer network was
used to maich the output to the chamber, which has extemal switches on the generator
cabinet for manually tuung to the plasma impedance This circuit was chosen
because 1t gave a wide band of tunable mmpedances and offers the faciity of
grounding the output, 1f so desired

554 Matching to Coaxial Feedlines

At the transmitter end of the coaxial feedline, the impedance that the output
transistor actually sees 1s not only a function of the chambers resistance, but also 1s a
function of the length of the coaxial feedline It 15 extremely difficult to estimate the
actual mput wmpedance of any transmission line unless the line 1s terminated n its
charactenstc impedance 1e¢ 50 ohms  This i1s hardly ever the case when dnving
practical plasma discharge cavities, so the matching network must be tunable over a
wide range of impedance values

The attenuation of the signal through a coaxial will increase when the line
terminates into a load other than S0 ohms The increased attenuation 1s given by [92]

Ag = Ap? + 112p) @1)

A = Imtial Attenuaton
A, = Fmal corrected value of attenuaton
p = Voltage standing wave ratio VSWR

The power losses can be dramanc and have unpredictable changes in system
power calibration It 1s most important to use the appropnate cable of low attenuation
to rf signals
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56 Design of Components in Carbon Film Deposiion System
561 R.f Shielding

In order to prevent loss in plasma power [107] and mterference with electncal
equipment great care must be taken to properly screen the rf signals [108]  The

following are the steps taken to achieve thus

1) Rf generator was enclosed 1n a suitable metal box, with no gaps greater than 3

mm

2) All coaxial cables to the chamber were grounded, and the length of these cables
was as short as possible

3) Rf filtenng was nescessary on the electncal mains to prevent mawns contamination
If possible an independent mamns source should be used for the rf power generator

4) A true ground source was used.

S) All ground lines were arranged 1n a star network with the common earth at the

centre  This was done to prevent an electncal spike going to ground via a piece of

RF Generator Chamber

equipment

Other Equiprment Computer

Figure 58 Ground Line Network
6) All exposed rf connectors were screened with earthed aluminium tape

7) All dc signal and power lines were passed through rf chokes before entening
equipment. These Lines were also screened
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8) A Faraday cage enclosing the complete system proved necessary, because of stray
arrbomn rf from the chamber This consisted of a tight steel mesh walled room, 8' x
8 x 4’ with a door at one end

562 Pumping System

The pumping system must be able to pump to 10°¢ mbar for imbal purging of
the system and sustain the chamber pressure of 10°2 mbar when the deposition
through put of the system 1s about S0 sccm

The system chosen was the base of the Edwards 306A vacuum evaporation
system The pumping mechamism consisted of a two stage ( 8 cubic htres per
munute) rotary pump backing a 6 " diffusion pump with a liqud mitrogen cooled
stack

563 Inlet Gas Control and Mixing

Three gases mn all were needed to be controlled and mixed together before entry
into the chamber They consisted of a reacuve gas eg CH,, a catalyst gas to help
the deposiion e g hydrogen and a carner or pre-etch gas eg argon

The three gases were controlled by needle valves with a glass beanng meter It
was realised that fine control over the reactive gas flow rate would be needed so a
mass flow controller was installed imline A schematic representatton of the gas input
system 1s shown in figure 59

MFC Flow Meter
1

Methoneca

Hydrogen@zi_:;ﬁ
Argon F=—— ¢ '

Chamber

Figure 59 Gas Input System

The reactive and catalyst gases were mixed immediately after the control valves
The carmer gas was not mixed untl the inlet to the chamber This was done to
allow flexibibity of gas mixes
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564 Chamber Geometry

The chamber was an Edwards pyrex glass cylinder, 12" diameter and 14"
height, with L-shaped gaskets The top plate was a polished disk of alumium, 14"
mn diameter and 3/4 " thuck Ths plate’s preparation and design are mmportant for the
present depositon and for future applications of the apparatus

The top plate had five ports machined mnto it The central port was 25 mm 1n
diameter for the insulanng PTFE feedthrough for the gas wnlet pipe  Symetncally
about the centre were four other holes, three of which are 26 mm n diameter with
outer "O" nng grooL\/es These ports are for future optical emission Spectroscopy
expenments of the plasma [109] and can be blocked off with commercially available
blanking plugs when not in use There are also avalable a wide selection of
feedthroughs that will fit into these ports The other port was a large 40 mm
diameter hole with the associated screw holes for a blanking cap This port was
intended for use as a plasma probe [110] access pomnt, presently being developed
within the college

The bottom plate of the chamber was the base of the Edwards depositon system
as shown schematcally n the diagram 510 It had fourteen possible access ports
Installed were a themocouple, rf , electnal and an intenal movable am
feedthroughs ~ The remammng ten ports are avalable for further development using
standard feedthroughs



1.| short tripod leg @
2.] Fixing bracket
3.| Baffle plate

4.| Long tripod leg

Figure 510 Vacuum Chamber’s Base Plate [102]
56.5 Substrate Holder and Heater

The substrate holder 1s shown figure 511 It was made of sheet alumumum,
with a crew connector for the rf supply The holder rested on ceramic tubes
beneath which at a distance of S mm was a perforated sheet of alumimum to act as
the Debye shield Perforated alumimium was chosen to reduce entrapment of gas and
improve even gas flow over the substrate holder It also was of a lower mass hence
absorption of conducted heat was reduced [111]

A stanless steel tube camed the rf power line within to the bottom electrode

and also supporied the whole assembly This support was adjustable vertically and
honizontally

The heat was supphed by tungsten wire filaments The wire was fed through

high temperature ceramic tubing in parallel Lines beneath the substrate plate which
rested upon these tubes
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566 Gas Inlet Nozzle

It was found from expenment on the mmnal depositon system that that the mput
flow pattern of the gas over the substrates was crucial for good film coverage In
the mmmnal systtm no film was formed directly under the wlet pipe and ndges of
varying thicknesses of film radated out from the centre

In order t solve thus problem and achieve an even flow of gas over the
substrates a "shower-head" type nozzle was designed This was made of aluminium 1n
a cone shape which allowed a back pressure of gas to form behund a sintered glass
filter which dispersed the gas evenly over the substrate

The nozzle was made m two pars to facihtate filter replacement and clearung
The area of the top electrode could be easily changed by the addition of vanous sizes
of circular disks around the top of the nozzle The gas inlet nozzle 1s shown in
figure 511

56 7 Parameter Control and Momnitonng

The main parameters to momtor are the gas flow, pressure, substrate bias, peak
to peak voltage of rf waveform, substrate temperature and rf power It 1s important
to momtor as accurately as posssible the above parameters Most can be simply
monitored using vanous meters  The subsirate temperature 1s very important for the
film quahnes, but presents a difficulty in 1ts measurement because of rf interference
with the themmocouple The thermocouple cannot measure the temperature or be 1n
contact with the electrode, when the rf 1s on. In order to over come this problem a
thermocouple was fitted onto a movable arm, as shown in figure 511, which could be

moved over onto any part of the substrate surface momentanily when the rf source 1s
turned off
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Figure 511 Plasma Deposition System
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57 Substrate Preparation
571 Introduction

Although the substrate [65] 1s a mandatory part of any depositon system, without
which the concept of films 1s lost, the substrate 1s often forgotten about or obliquely
referred to  Specific applicabon and film tests require different substrate matenals
which offer an acceptable compromise for the purpose on hand Ideally, the substrate
should provide only mechanical support, but not imnteract with the film except for
sufficient adhesion Main factors 10 be considered when choosing substrates would be
their usefulness 1n a range of mechamcal, optical, chemical and electrical tests on the
films

572 Thermal and Mechanical Considerations

When films are bemng deposied the substrate 1s placed under thermal and
mechanical stran  Heating of matenals 1s always followed by expansion  Upon
removal of heat the substrate and film will cool at different rates depending on theur
thermal conductivity

The basic properties which must be considered n this category are  coefficient
of expansion and the thermal conductivity There are two types of situations in which
a substrate encounters temperature changes One occurs dunng processing when the
entire substrate 1s heated - for example, to deposit a film - and subsequently cooled
The other ume 1s when the film heats due to mechamical or electnical effects
producing local regions of heating This can be a greater stress as some regions will
expand while others retain their dimensions This 1s a problem with 1-carbon films, in
that theirr coefficient of thermal expansivity 1s very different from that of the steel
substrates

573 Choice of Substrates

High Speed Steel HSS Steel substrates were chosen because 1t was
ultimately hoped to be able to coat dnll bits The samples were 1" square by 1/8"
thick  These could be easily polished to a fimsh of 3 um  This polish 15 necesary
for adhesion of film to substrate  Also polished samples are necessary for hardness

tests using a diamond indentor and wear abrasion tests using a rubber wheel abrasion
tester

Silicon was selected because it s transparent to nfra-red hght down to
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approximately 600 nm ' Ths allows the determination of CH bonding structure and
whether bonding 1s SP, or SP, type, through infra-red absorption spectroscopy

Glass  avalability of smooth clean surfaces and also the fact that it was easier
to deposit on glass than on steel  Usefull thickness tests, colour, transparency and
optical absorption can be conducted on glass samples

Glass cover shp  very thin glass disks of 19 mm imn diameter were used as a
means of determmng the stess mn films  Depending on the radius of curvature of
these disks the induced film stress force can be determined

574 Substrate Cleaning

The adhesion of a film to a substrate 15 effected greatly by the cleanliness
[65,112] of the surface Oil, dust, etc, can act as a boundary layer between film and
substrate [113] The surfaces must also be flat and smooth to faciitate even film
coverage The following procedure was adapted in the cleaning and preparation of
samples

1- Solvent cleaning suitable reagents for substrate cleaming 1include acqueous
solunons of acids and alkalies as well as orgamic solvents such as alcohols, ketones,
and chlonnated hydrocarbons The cleaning effect of acids 1s due to the conversion
of some oxides and greases into water-soluble compounds

2- Substrate Polishing  applicable to steel only, since glass and siicon wafers are
both pre-polished The process 1s a tedious one of step polishing down the surface to
a 3 pum fimsh on rotating desk polishing disks

3- Ultrasomic Activanon all samples except the silicon can be placed in a bath of
alcohol and placed mn an ultrasomic activator for up to two hours Particularly
mmportant for the polished steel samples as it removes o1l and swarf

4 - Substrate heaing a convenient i situ procedure of heating the samples using
the substrate holder heater assembly This should be done when the system 1s being

pumped down to 1ts lowest limit  Parucularly good at expeling water vapour and
residual gases

5- Glow-discharge cleaning  again, a convenient mn situ cleamng using an argon
plasma The heavy argon atoms crash onto the surface heaung it, expelling loosely
bound atoms and etching the surface, removing any oxides or grease
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The pre-etch has been well documented for enhanced nucleation dunng subsequent
film deposition Ths etch 1s partcularly important for film adhesion. In fact, without
an argon pre-etch film adhesion 1s found to be extremely poor [114]
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CHAPTER 6

RESULTS

61 Growth Rate of Fims

The growth rate of films 15 an important process parameter It may also affect
the structural and compositional propertics of the film due to the vanations in the ion flux
arnving at the substrate surface

Figure 61 shows the effect of substrate temperature on deposifion rate A monotonic
decrease with ncreasing temperature was observed Above 190 OC no film growth
whatsoever occurred  This suggests that a surface reaction 1s taking place whereby volatile
species from the gas phase condense on the substrate surface and are then mcorporated mto
the growing film with desorption of by-products Increase in substrate temperature decreases
the residence time of these species on the surface and thus reduces the likelthood of their
mcorporation mnto the film

Figure 62 shows the effect of substrate bias voltage on the deposiion rate  Bias
voltage 1s related to the rf power supplied to the plasma - increasing rf power increases
the substrate bias voltage Increasing power will increase iomsation and therefore increase
the acuve spccies m the discharge Increase i bias will also increase the energy of ions

armving at the substrate and thus will probably increase the reaction rate of adsorbed
species

Figure 63 shows that the deposiuion rate increases with gas pressure A higher gas
pressurc will provide a higher concentranon of reactant matenals

Figure 64 shows the effect of top electrode diameter upon deposiion rate At pownt
(A) on the graph the deposition rate 1s low because of high power density which leads to
a large sputtering cffect, therefore the net deposition 1s low At pont (C) there 1s a low
power density hence the gas 18 not being dissociated effectively in the plasma  This leads

to a low depositon rate At pomnt (B) condiions are optimal and a good net deposition
rate 1s achievable
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6.2 Stress of Thin Films

Plasma deposited films are particulary susceptible to intminsic stress [65] As will
be shown the stress 1s dependent on many of the deposiuion parameters such as the
induced bias, substrate temperature, pressure, etc The film stress 1s the limiting factor
in the growth of films to thicknesses greater than around one micron because the
forces can be strong enough to exceed the elasuc hmit of the film or substrate and
can cause the film 1tself or the substrate to shatter Intnnsic stress i1s dominant and
must be controled for film applications Total stress observed S 1s given by

S = Sexternal + Sthermal *+ Sintnnsic 61

When a stressed film 1s deposited upon a thin substrate, 1t will cause 1t to bend
Most measuning techmques use this phenomenon.  Others utlise x-ray or electron
diffrachon, but these techmques give the strain and hence the stress mn a crystallite
latice This 1s not necessanly the same as that measured by substrate bending since
the stress at the grain boundanes may not be the same as that in the crystallites

The mechamcal methods for stress measurement are the Disk and Bending Beam
methods [65) The disk method 1s prefered because of its ease of use In this
method the stress of a film is measured by observing the deflecion of the centre of a
circular substrate when the film 1s deposited on 1it.

N

t j

Figure 6 5 Bending of cover-sip under deposited film

The approach taken was to use a optical microscope with a travelling stage The
fine focus was used to determine the deflecuon from the muddle of the disk to the
edge The disks were glass cover slips of 19 mm diameter and 06 mm thuck From
the centre shiftd and the properties of the glass cover shp the stress S was
calculated [95)

S= d Y(g) T(g)?

OrY 3(1-v) T (62)
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where D = diameter, T(g) = thickness of glass, Y(g) = Youngs modulus of glass, v =

Poisson ratio, T(f) = Thickness of film.

All the films exhibited compressive stress. The films were limited to thicknesses
of below lum to avoid film shattering off and so avoid confusing film adhesion and
film stress.  Figure 6.6 is a photograph of a stressed film taken with an optical
microscope. It shows clearly the buckling of the surface under compressive stress.

Figure 6.6 Photograph of stressed film

Figure 6.7 shows the effect of bias on film stress. Increasing the negative bias
causes the stress to increase.

Figure 6.8 shows the decrease in stress with increasing pressure. This is due to
the fact that at higher pressures more polymer-like films are produced.

Figure 6.9 illustrates the surprising result that as the substrate temperature is
increased the stress of the films is also increased.  Higher temperature would be
expected to increase the surface mobility of adatoms and facilitate their incorporation
into optimum bonding configuration and hence reduce film stress. A possible
explanation is that at higher temperatures the film is less polymer-like with fewer
graphitic carbon bonds and more tetrahedral bonds which provide less scope for stress
relief due to the greater average number of interatomic bonds per atom.

101



Foes L
I
h 20 L {
S 15 L :% -
T
E 10 I
S
0s 1 -
X ¥
109 ot 4.
POSCQ[SJ||r|||||111|||
|2 N N A B B s BN B B By By B sy
-100 -110 -120 -130  -140 -1S50 -160 -170
INDUCED BIAS <¢VOLTS)
Figure 6 7 Film Stress vs Induced Bias
35
F ‘{
I 30 —4-
L
M 25 -
% 20
: : %
E 15 L % L
S
S
10—+
X
10° o5 L X X
Pascals
| | | | | | ! | g }
T oS I A | 15 20 23

TOTAL PRESSURE (mBARD

Figure 6 8 Film Stress vs Total Pressure

102




25

20 _L

1]

653 L

01 L

—
O X IIMA—HY X
o
|
|
|
e
|

Pascals

!
A i i I |
70 S0 110 130 N 130

SUBSTRATE TEMPERATURE &

Figure 69 Film Stress vs Substrate Temperature

103




63 Adhesion of Films

This 1s the most important attnbute of a deposited film without which all other
film charactenstics [113] are meamngless If the adhesion of films 1s adequate, the
mamn obstacle to therr use n mechamical components 1s overcome Many parameters
affect the adhesion such as temperature of the substrate, induced bias, cleanliness of
the substrate, surface fimsh and pressure

Tape measurements were used because of ease of use, quickness and availability
In thus techmque adhesive tape 1s stuck to the film and pulled off, removing the film
parially or wholly This method 1s only qualitauve and gives no indication of the
relave magnitudes of the adhesive forces 1f the adhesion of the film to the substrate
exceeds the adhesion of the tape to the film A standard masking tape was used
This allowed easy viewmng of stnpped film as results were stored on acetate sheets
The tape was peecled off at a similar angle and speed by the operator

A senes of expenments were conducted to determine the effect of substrate
temperature, pressure, bias and electrode area upon adhesion of the film to the
substrate

The temperature did not have a drasuc effect but adhesion increased with
substrate temperature It was necessary to have a mimumum substrate temperature for
best deposits  The coverage and smooth fimsh of the film were also improved by
heatmg Figure 611 shows the percentage improvement in adhesion as a function of
the substrate temperature

The adhesion of the film was greatly enhanced by increased neganve bias Low
bias (<100V) films peeled off substrates These films were also soft and resembled a
sort of polymer film There would seem to be an optimum bias for adhesion as at
high bias rates the film was powder-hike This may be as a result of high stress
Figure 612 shows the percentage improvement in adhesion as a function of the
induced bias  The graph 1s devided in to two parts, as it was found that above a
neganve bias of 160 volts the film removed from substrate due to stress factors

As the pressure 1s increased the adhesion of the film improves At very low
pressures of less than 04 mBar film removed totally from substrate  Figure 613
shows the percentage improvement in adhesion as a function of the pressure

The area of the top electrode could be easily changed This meant that a senes
of expenments could be conducted to imnveshgate its effects on film properties From

104




\

this 1t was seen 1n figure 64 an optimum rauo was aclueved This was probably due
to the fall-off in plasma density with large electrode area  Figure 6 11 shows the
percentage improvement i adhesion as a function of electrode diameter

In an effort to improve the adhesion of carbon films to the steel Polished steel
samples were coated with 2 pum of tungsten. As can be seen, in figure 610, the
adhesion was dramatically improved This was attnibuted to the formation of tungsten
carbides [32] at the interfacial layer This result also suggests a possible reason for
the good adhesion of the films on siicon and glass substrates due to the formation of
sihcon carbides The dark areas of the photograph are the removed film

COATED UNCOATED

Figure 6 10 Effect of coahng the steel with tungsten, before deposibon of carbon film
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64 Effect of Deposiion Parameters on the Mechanical Properties of
Thin Carbon Films

Accurate measurement of the hardness of thin films 1s extremely difficult
Diamond tipped indentors commonly used for such measurements should not indent
more than one tenth of the film thickness [115] otherwise the measurement 1s substrate
dependent. Films may also demonstrate elasuc properties giving musleadingly high
hardness values  Qualitatively, one finds the films difficult to scratch with a steel

pont.

A Leitz Mm-Load 2 mdentor was used to obtain hardness values on films of
several micron thickness  These hardness values were approximately 3000 Vickers,
uncorrected for film elastcty  Films of thus thickness are very highly stressed and
disintegrate 1n a short penod It 1s difficult to grow hard carbon films greater than
one micron thickness for thus reason It was decided to produce films of thickness
less than one mucron and to test these films for their wear resistant properties

Avalable for the wear abrasion test was a rubber wheel abrasion tester built to
ASTM 665 specificaions [116] The purpose of this machine 1s to reproducibly rank
different coaungs 1n  order of therr resistance to abrasion From these wear
measurements 1n  revolunons per micron, approxunate hardness values can be
extrapolated by knowing wear amounts for matenals of known Vickers hardness

In wear applications the hardness of the wear coatings 1s naturally of pnme
interest.  For abrasive wear applications the hardness of the coating has to be higher
than the hardness of the abrasive particles themselves The abrasive wear rate
decreases very fast with increased coating hardness and even small hardness increases
have significant effects

The procedure nvolved mounting the sample in the arm of the machine The
speciman 1s immersed mn a slurry of abrasive particles (AlpO3 parucles) and pressed
against the rotating wheel at a specified force by means of a lever arm and weight
system, as shown in figure 6 15

Wear 15 inversely proportional to the hardness of the abraded matenal [117,118]
Wear a 1/Hardness 63

Figure 616 shows the wear resistance 1 revolutions of abrasion wheel per
micron (rev/um) of film plotted as a function of substrate temperature A lhnear
Increase n wear resistance 1S found with substrate temperature At the lower
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temperatures the adhesion of the films is poor Hence 1t 1s difficult 1n this region to
separate poor adhesion with wear resistance Low wear rates signify a falure n the
adhesive force of the film rather than the cohesive wear which 1s obvious at high

wear rates

CONTROL

PANEL
RUBBER WHEEL

SAMPLE

LOADING

SAMPLE HOLDER

SLURRY

Figure 615 Schemanc Drawing of Wear Abrasion Tester

Figure 617 shows the wear resistance as a functon of the induced bias, a
dramatic increase in wear resistance 1S observed with increasing bias  Again it 1s
difficult to separate poor adhesion and wear as 1t was found from adhesion tests that
below -120 volts mduced bias, adhesion was very poor and the films were soft and
dusty like 1n appearance

Figure 618 shows the wear resistance as a function of total pressure of the
depositon system It reveals a sudden increase in film wear rate above 15 mBar
The films in this region were found to be polymer-hike Bunshah [59] found that
films produced at high pressures and low power were polymer-like in structure
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65 Summary of Results of the Mechamcal Properties of Thin Carbon Films

For any large throughput of coated iems 1t 1s necessary to have a high
depositton rate Clearly by increasing the bias the ion flux 1s increased which
produces a sigmficant ncrease 1n the deposinon rate  The process and resultant film
charactenstics are interdependent in a complex way Opumising the film growth along
with the properties 15 extremely difficult  The propernes required for a particular
applicaton dictate the process parameter values For example, although the depositon
rate 1s increased by increasing the bias so also 1s the intninsic stress of the film
A summary of the effects of increasing the three mamn parameters on film properties

1S given below

Parameter Dep/rate  Stress Adhesion Wear Resistance

Bias Increase Increase Improved Increased
Pressure Increase Decrease Improved Decreased
Substrate Decreased Increased Improved Increased
Temperature

Table 61 Effect of Depositon Parameters on the Film Properties

The mtnnsic stress 15 the main disadvantage of carbon films This stress must
be mimmsed dunng the film growth It s thought to be caused by the high hydrogen
content of the films It has been found that the additton of hydrogen to the plasma
actually reduced the hydrogen content of the films [75] All the above deposits were
done at a methane to hydrogen ratio of S1 This 1s not to suggest that this 1s an
optimum ratio, but was one which produced high quality hard films
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6 6 Composition and Structure of Carbon Films

Important cntena for the understanding of the films unusual properues 1s their
bonding and structure, and their vanaton dependmg on the deposition parameters

661 IR. Spectroscopy

Infra-red spectrometery [119] works upon the pnnciple of exciting molecules at
the resonant frequency of the molecular bonds  This instrument scans through the
wavelength range from 4000 cm™' to 250 cm'' The resultant transmission spectrum
shows the absorpnon peaks of the vanous molecular species 1nteractions This
phenomena 1s simlar to the simple harmomc oscillator, where 1t can be shown through
quantum mechamcs, that the vibratonal energies, hke all other molecular energies are
quantized, and the allowed vibratonal energies for any parucular system may be
calculated from the Schrodinger equanon  For the simple harmomc oscillator these
tum out to be

Ey = @+ '/,) h Woge  Joules (64)

Where v 1s called the vibrational quantum number An extension of this theory
into three dimensions and polyatomic molecules allows an understanding of the spectra
There arc many possible vibrational modes of the molecules As an example, the
water molecules three fundamental wvibrations are shown n figure 619

o o o
’H/ \H\ \H/ \H/ ’H / \H
Figure 6 19 a) Symmetnc Stretching b) Symmetnc Bending c¢) Antisymmetric Stretch

The bonding structures of many molecules can be observed by their absorption
peaks 1n IR analysis

Funcuonal group spectroscopy provides information on the existence of CH, CH,,
or CH, groups [22,120] This can yeld nformation on the reduchon of
carbon-carbon cross-inking by hydrogen decorated atoms can be inferred

In order to determimne the effect of deposition parameters upon the film bonding,

a piece of sihcon wafer was included with the substrates as the vanous systematic
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parameter changes were conducted The silicon samples were then placed n a dual
beam Perkin-Elmer 983 infra-red spectrometer

A typical spectrum 1s shown n figure 520 Strong absorpnon bands were
observed near the 2900 and 1450 cm™' lines and are unambigous evidence for C-H
bonds, most probably in methyl and methylene groups  Other peaks were observed
with the addition of oxygen, as shown in figure 620 1t increased the C=O absorption
peak at 1785 - 1755 cm -', or mitrogen to the system [121] The broad O-H near
3300 cm™?', the N-H or NH, bands between 3200 and 3500 cm™' all appeared
depending on the gas mixture In general these contaminants had detnmental effects
on the film growth
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Figure 6 20 Typical IR. Absorption épcctmm of a Carbon Film

The IR spectrograph’s features did not vary substantially with variations 1n the
deposiion parameters In order to determine the the parameters effect upon the
bonding within the film The absorption coefficient for the C-H peak at 3000 cm !
was plotted as a funcuon of the mamn deposition parameters

[\

DA

The transmutted intensity I’, ts given by the equation [122]

Fim (1) I," = I Exp <(a + P) X, (6 5)

where o is the absorption coefficient for the substrate matenal
B 1s the absorption coefficient of the absorption mode of interest
X 15 the thickness of the film
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I, = Ip Exp -a X, 66)

1, 67)

Hence,
B =1/x Ln Iyl (6 6)

This coefficient will be proporuonal to the amount of C-H bonds present at a
particular wavelength  This equauion also takes nto consideration the thickness of the
deposited film

In figure 621 the absorption coefficient 1s shown as a function of the applied
substrate temperature A hnear fall-off with substrate temperature 1s observed  This
suggests that there 1s a decrease in the proporton of C-H bonds in the film Ths is
as expected, more hydrogen 1s expelled from the film at high temperatures

The absorption coefficient as a function of the induced bias 1s shown in figure 622
The proporuon of C-H bonds s found to decrease with the apphed bias This 1s
evidence that the gas molecules are being dissociated more effectively at higher bias
voltages It i1s important to note that the deposiion rate and wear resistance also
increased at higher bias voltages

The absorpton coefficient as a function of the total pressure 1s shown 1 figure
623 As was predicted from the films mechanical properues, there was a large

increase m the proporuon of C-H bonds with pressure  These films are certainly
polymer-like 1n nature
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662 X-Ray Diffraction

A selecion of films were also subjected to tests of X-Ray Diffracion XRD
[123]  Thss techrnuque utihses the phenomena of diffracton of lght waves as they
pass through gaps in a crystal lathce Using the Bragg equation for the diffraction of
light, the lathce spacing d, which 1s a unique property of every crystalline matenal
can be found

Bragg Equaion nA = 2d Sin 6 67

where n = Fringe Number
A = Wavelenth of X-rays
0 = Angle of Daffraction

This istrument consists of a sample stage at the centre of a circular drum,
which has a travelling X-ray detector around its circumference The instrument rotates
the detector about the drum yielding a plot of light intensity versus diffracton angle

From the XRD tests no crystal structure was observed This itself 1s a result n
that now an amorphous structure is 1dentfied The IR and XRD results would
together suggest that an amorphous carbon structure, consisting of mamly C-H bonds
1s present  The structure was descnbed as a network of random covalently bonded
molecules by Angus [83,84] This could explamn their unusual strength, being a
closely packed structure of strong C-H bonds

Graphinc hke films were easily recognisable because of therr ease of wear and
soot likke appearance It 1s more difficult to separate amorphous and polymer-like
films, but certainly at high pressures and low power a polymer was formed Ths
polymer had very good coverage and surface fimsh and exhibited very lttle film
stress  Unfortunately these films were soft and easity removed The amorphous type
were very hard and wear resistant, but very highly stressed and could be not grown to
thicknesses greater than 1 pm without film shattenng—off the substrate  There was a
vast difference m the wear abrasive propertes of these two films but their deposition
conditons were quite simmilar  This suggests that at cntical level the films change
from a hard amorphous to a soft polymer-like with increasing pressure This can be
seen 1n figure 6 18 as the pressure 1s increased above 15 mbar the wear resistance
falls off sharply
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67 Plasma Gas Species

A sumulanon under the typical deposiion conditions was performed on another
system to which a mass spectrometer was attached This instrument tells the atomic
mass units of the vanous gas species present and the proportion of these in a plasma
gas {57,95,124]

The spectrum was taken with the rf power tumed on and with the same
condiuons but with the rf tumed off This was done to identify the ioruzation effect
of the gas caused by the analyser itself

Shown in figure 624 1s a spectrogram of methane without rf plasma activation
The peaks of CHyx denvanves at 13 and 16 amu can be clearly seen  When the
plasma 1s activated the spectrogram changes too that of figure 625, here the methane
denvanves are clearly visible between 13 and 15 amu A large hydrogen peak 1s
also observed at 2 amu  These spectrographs confirm the results from the IR that
the films contain carbon-hydrogen bonded molecules and the methane gas 1s not being
dissociated intopure  carbon  atoms The mtensines of the CHy peaks were
substannially tncreased due to the extra 1omization caused by the plasma All the C-H
denvauves are present in the plasma, with a noticeable increase in the proportion of

CH, and CH peaks 1n the activated gas
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CHAPTER 7
DISCUSSIONS
7 1 Introduction

A range of films were deposited under vanous expenmental conditons — The
range of film properties and their complex dependence on deposiion parameters make
speclalising 1n certain fundamental properties necessary The three parameters of
substrate temperature, induced bias and pressure were identified as the most mmportant,
the other vanables such as electrode area or reactor geometry etc are peculiar to any
one system, hence their effects, although important, cannot be generalised

The optimisation of film qualities 1s extremely difficult Many of the effects of
the varyng parameters are inter-dependent, so conclusive results are 1mpossible
Presented here are the process trends, which identnfy clearly the areas of difficulty in
the process and properties of carbon films

72  Effect of Substrate Temperature

In order to achieve good adhesion of the film to the substrate, the substrate must
be heated to a certain level This increases the surface adatom mobility, which leads
to a better coverage on the surface and a more densely packed structure It s
extremely difficult to separate the effects of the vanous parameters from each other, as
increasing the induced bias will also increase surface adatom mobihity

Assuming all other parameters are held constant and only the parameter of

interest 1s changed then we can analyse the effect of this one parameter change
As shown in figure 61 the deposiion rate falls off linearly with the substrate
temperature This 1s due to the reducton in sticking coefficient with increasing

temperature It can be shown that the mass condensed at time t 1s given by [65]

M) =M t+ exp (I'Dry) - 1

1*Dr, (71)

It 1s seen that the mass deposited M(t) strongly depends on the total impingement
time t, the substrate temperature Ty, the diffusion coefficient of monomers on the
substrate D, the mean residence time of adsorbed monomers T, and the impingement
rate I*¥ This i1s shown graphically in figure 71
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Figure 71 Mass deposited vs. tme at vanous substrate temperatures

All the samples were deposited for the same length of tme, hence at higher
temperatures, less film matenal was laid down

It can also be shown that there 1s an exponential dependence of the nucleaton
frequency on AG* (free energy) The rate at which supercntical aggregates are created
will decrease rapidly with increasing temperature This means that at higher substrate
temperatures 1t will take longer before a continuous film 1s produced [72]

[8.G*T] > 0 (72)

The film’s physical properties are of utmost importance As stated already
substrate heating was necessary for good adhesion. As can be seen in figure 68 a
miumum substrate temperature of 100 OC 1s needed, and above this level adhesion
improves with temperature  Without good adhesion 1t 1s impossible to determine such
properties as wear resistance or film stress In performing the range of tests a
compromise must be made with the substrate temperature, that 1s to have good
adhesion and yet good deposition rate

The film stress was found to increase with increasing substrate temperature The
increased stress can be attnbuted to two effects  Fustly, the hydrogen content of the
films was reduced with increasing temperature This 1s seen in figure 621 that the
absorption cocfficient of C-H peaks decreases with subsirate temperature  Less C-H
bonds are formed at high temperatre adding to the evidence that a surface reaction
was incorporaing more carbon atoms and expelling volatile hydrogen 1n atom and
molecular form  This leads to a purer carbon content film, which does not have the
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bonded hydrogen to relieve stress  Secondly, as the substrate temperature 1s increased
the microstructure will be more densely packed as was shown in figure 411 This
compactmg of the carbon structure with substrate temperature will cause increased
stress of the film The wear resistance as a function of substrate temperature would
indicate that these films were more resistant and therefore harder

73 Effect of Induced Bias

The induced bias 1s found to be determined by the rf power to the chamber,
the gas pressure and the gas type It reflects the 1omzanon state of the plasma and
18 a measure of ion energy amving at the surface By knowing the induced bias and
the peak 1o peak voltage of the rf the mmportant parameter of plasma potenuial can
be found which 1s typically of the order of about 20 volts

The higher the induced bias the more 1oruzauon, hence more dissociation of the
gas molecules which leads to a higher deposinon rate as seen in figure 62 The gas
molecules are being broken up more effecuvely, so one would expect that the
deposited film would contain less C-H bonds Figure 622 confirms this showing that
the absorption coefficient of the C-H peak decreases with increasing bias voltage

Although 1ncreasing the bias voltage helps the adhesion, this has a threshold
level and because the film stress increased with bias, a stage was reached when the
film spontaneously shattered off the substrate This himited the thickness of the films
to less than one micron, so that adhesion tests could be conducted without the effect
of stress This bias effect on the adhesion 1s shown in figure 612 It 1s clear that
a cnucal level 1s reached where film adhesion falls off dramatically

As the induced bias 1s increased so also 1s the wear resistant property of the
film Thisisseen in figure 617 At low bias levels the film was sofi,
polymer-lhke  This, as stated, can be summansed as follows Low bias voltage gives
bad dissocianon of the hydrocarbon molecules, hence incorporaion of many
polymer-like structures and a low deposition rate At high bias a high ion flux 1s
aclueved, deposinon rate 1s higher, dissociation of the molecules i1s more efficient,
hence the film 1s of a higher carbon content This 1s shown by the IR data that the
absorption coefficient of the C-H peak decreases as a functon of bias voltage 1n
figure 622 Unfortunately, at high deposition rates and ion flux energes, more
impunty atoms are ncorporated and defects in film structure occur, which lead to
highly stressed films
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74  Effect of Total Pressure

The chamber pressure directly affects the deposinon process and the film
properues Increasing the pressure reduces the adatom surface mobility, just as
lowenng the substrate temperature will do  The pressure of the chamber was changed
by increasing or decreasing the flow-rates Yasuda [125] suggested the parameter of
W/FM where W 1s the power, F is the flow rate and M 1s the molecular mass
Hence, the effect of pressure 1s related 0 power and type of gas dissociation
Pracucally the approach taken was to adjust the power to repeat the same deposiion
conditions such as the induced bias  Increasing the pressure also caused a higher
substrate temperature to be achieved This was due to heat convection effects within
the chamber In order to compensate for thus effect the substrate heater power was
reduced at high pressures

By increasing the flow rates the "residence tme” of active species at the
substrate and the supply of fresh monomer to the discharge are increased  Which
means that there are more species and they have a longer tme to be incorporated into
the film growth  As was seen mn figure 63 the deposition rate increased with
pressure  Above a pressure of approximately 15 mbar the depositon rate was three
times that of the low pressure region  The process at high pressure 1s a plasma
polymenzation phenomena [126]

Several models have been proposed to explain plasma polymenzaton In early
studies of ac discharges the mam emphasis was on the process of monomer
adsorption on the substrate, but in later work the effects in the gas volume were
taken nto account [127]

Lam et al [128] analysed four main possibiities m the case of rf discharge n
styrene and again found that the adsorption of monomers on the substrate 15 very
mmportant.  They claimed that the best descnpuon of the behaviour was that the
monomers were activated in the gas phase by electron bombardment and were diffused
to the substrate where they propagated and terminated Yasuda [125] suggested a new
terminology, and accordingly proposed that, m general, polymenzaton wn a glow
discharge compnses both of plasma-induced polymenzation (essentially conventional
polymenzaton tnggered m an electnc discharge) and plasma (atomic) polymenzation
In the latter case the onginal monomer molecules serve as the source of the reactive
species (fragments or even awoms) which form large molecules by repeated stepwise
reactions In the former case, plasma-induced polymenzation, this proceeds via
utihsanon of polymenzable structure and no gaseous byproduct 1s created The
formation of the polymer and the properies of the coatings are controlled by the
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balance between plasma-induced polymenzation, plasma polymenzation and ablabon of
the polymer [129]

Further, jusuficanon for descnbing the films at high pressures as polymers, 1s
given by the very low stress levels of these films, shown in figure 68, and the
extremely poor wear resistant properties, shown in figure 618 In fact, these films
resembled a polythene-like coverage and adhesion to the substrates

The IR spectrograph showed a significant change in the absorption coefficient as
a function of the pressure, indicaing an increase in the mncorporaton of C-H bonded
molecules mn the film The adhesion of these films improved linearly with pressure
This 1s musleading in that these films resembled a polymer coating rather than a hard
film

In conclusion, at higher pressures polymer-like films were produced These had
good coverage and adhesion and where virtually stress-less The structure showed a
large incorporaton of H bonded molecules These films were soft and easiy
scratched away In fact, some were so soft they were below wear resistant
measurement on the abrasion tester

Three disunct film types were observed 1) Hard carbon type, 2) Graphite
carbon-like and 3) Polymer-like film

7.5 Chamber Geometry

The specific deposibon results are dependent on the chamber geometry and
design It has been discussed 1 secton 26 that the induced bias 1s dependent on
the relative electrode areas by equation (2 31)

A senes of expenments were conducted using different top plates 10 1nvestgate
this effect The resultant films can be best explamned in terms of plasma ion density
An ophmum region exists where the deposiion rate 1s high, stress 1s not excessive,
adhesion 1s good and films exhbit good wear resistant properties In this region a
net film deposiion occurred, the induced bias was high enough for hard carbon films
to be formed and not the polymer-like which occur at low bias voltages
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76 Fommation of Carbides

The adhesion of the films 1n general was better on siicon and glass, than on
steel This was attnbuted to the formation of silicon carbides at the mterfacial layer
The adhesion was very bad on the polished steel samples, when hard carbon films
were deposited

Pohshed steel samples were coated with a tungsten layer of approximately 2 pm
thick and coated with carbon. For companson polished steel samples without a
tungsten coaung were included with these samples i the deposition system  The
result was conclusive  Carbon films of up to one micron could be grown on the
tungsten coated steel These showed excellent adhesion as seen in figure 6 10 and the
wear resistant properties of the film went from virtually none, to one which was

capable of resisung more than 300 revolutons per micron on the abrasion tester

Other workers [32] have found similar charatenstics coatng the substrate with
ttanlum or tungsten helps carbide formation and also produces a thermmal expansivity
coefficient matching layer

77 Optmum Conditions

The requirements of a particular film determimne the deposttion conditions There 1s
a wide range of "carbon" films, having very different propertes from very hard
diamond-hke to soft polymer-like films Although these soft films were thought to be
a nuisance new apphicatons such as refrachve index matching within opncal
instruments have meant that these films may be of use

The most desirable film property for this project was the wear resistive aspect of
the films The process 1s one of a compromise between the vanous film properties
such as a high ias produces hard films but also increases the film's ntnnsic stress

The three main vanables are substrate temperature, mduced bias and pressure
By adjusting these, other parameter effects such as geometry, or electrode design, can
be compensated for The opttmum conditions for a hard carbon film would seem to
be an environment as active as possible, that i1s high bias, high substrate temperature
and low pressure It 1s the practucal factors that limit this such as high stress and
low deposition rate
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CHAPTER 8
CONCLUSIONS
8 1 Conclusions

Rf plasma deposiion 1s an adaptable and rehable way of producing hard thin
carbon films The process parameters have a complex relationship with each other
and their effects on the resultant film properties

The three most mportant process parameters are substrate temperature, mduced
bias and system pressure In terms of the film‘s growth environment, these affect the
adatom surface mobulity, dissociation efficiency of the gas, ion impact energy on the

surface and the residence ume of atoms or molecules in the reaction zones

The resultant carbon films vaned dramancally depending on the deposition
settings  They ranged from soft polymer-hike to hard films of a strong amorphous
structure, which demonstrated hardness qualities of 3000 Vickers

The deposion rates and properties of these films were graphically related to the
deposiion parameters in order for the advantages and disadvantages of each parameter
to be exammed It 1s beheved that optimum deposition condiions will depend on the
desired film properties

Expenmentatton was concentrated on the three most important parameters to effect
the film properues  Some other parameters such as electrode area, gas mnxture and
interfacial layers were also 1nvestigated i an effort to achieve hard carbon film
growth on steel samples

The effect of increased bias voltage can be summansed as causing an increase in
the gas dissociation leading to increased deposion rate and an increase n the wear
resistant propernes of these films  The disadvantage of high biased conditions was
found to be the increase in the film stress The film stress was so high in some
cases that the forces exceeded the elastic limit of the films and caused them to shatter
off the substrate  This intnnsic stress was found to be the limitung aspect m the
growth of thin carbon films Due to this stress, the thickness of the films was hmited
to less than one mcron, so that analysis could be conducted

Film induced defects and the hgher carbon content of the films are the main
cause of this intnnsic stress For a parucular film morphology, 1t has been recogmsed

127



that substrate temperature and bias voltage play inverse roles High temperature
deposits may be obtamned at low temperatures provided that substrate tias 1s employed
These high biased produced films were much more wear resistant than low bias films
This was attnbuted to the purer carbon content of these films as was observed by the
IR analysis These films may be classified as "hard amorphous thin carbon films"

The main consequences of increasing the substrate temperature was the
improvement 1n film adhesion to the substrate and the increased wear resistive
properies of the films  Increased temperature deposits caused the deposiion rate to
fall off below practical deposiion levels The nucleanon rate 1s a function of the
substrate temperature and falls off according to equaton (71) Intnnsic film stress
increased with increasing temperature  This result was unexpected, but has been
observed in other depositon systems [61] and suggests that a surface chemical reaction
1s mvolved 1 the surface phase of the depositon

Theeffectof the deposiuon pressure on the properttes of the films was
mvestugated by varying the gas flow rates to the chamber but keeping the gas ratios
constant. The induced bias 1s a funcbon of gas type and pressure, so 1n order to keep
condiions as reproducible as possible from deposit to deposit while varying only one
parameter the rf power to the chamber was increased with increasing gas pressure

The deposiion rate was found to increase with increasing pressure  These films
were found to be of very low stress and good coverage  Unfortunately, they were
soft, with virtually no wear resistant properties whatsoever These films were certainly
polymer-like 1n strucure This was confirned by the IR analysis which showed the
increase i C-H bonding present 1n the films This film formation was attnbuted to a
"plasma polymenzaton” [127] process The increased pressure, caused the "residence
ume” of the molecules to increase, thus more molecules were available for film
growth on the surface  The increased pressure would also cause the dissociation of
the hydrocarbon gas to be less efficient so that a higher proportion of the surface
molecules have a higher amount of hydrogen atoms bonded to the carbon atoms

The tests conducted on the relative areas of the top electrode to bottom electrode,
indicate clearly the effect of plasma density on film depositons An optimum ratio
was found where net deposinon of the film occurred  Basically, with large surface
areas, the plasma 1s dispersed so a lower concentration of dissociated species amve at
the surface With very small areas, the plasma density 1s high and the film 15 being
sputtered off the surface as quickly as it 1s being deposited For any particular ratio
of eclectrode arcas, the film charactenstics can be understood in terms of ion flux and
surface adatom mobility A range of thin film properties can be produced by varying
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the three primary parameters But for any particular system an opumum condition
will exist.

It was extremely difficult to deposit carbon films upon steel substrates In an
effort to improve this adhesion, samples were coated with a 2 um thick coatng of
tungsten, which readily forms tungsten carbide bonds with the deposited film  This
proved most successful achieving adhesion rates as good as those deposited upon glass
and sihcon The importance of thus interfacial layer 1s likely to be more beneficial
for the pracucal applicanon of these carbon films on to steel dnll tits  These
tungsten layers could be used through the coating in a layenng process to help reduce
the film’s intnnsic stress
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CHAPTER 9

RECOMMENDATIONS

91 Introduction

Inany new and innovatve technological research field, there are always
improvements and modifications to be made both to the deposition system and process
Some of the following recommendations were not possible due to limitations in time
or resources available The recommendations have been divided up into three sections
1)  Deposiion System - pieces of equipment that would enhance the system or
possible improvements to the existing apparatus 2) Depositon Process -  possible
new deposiion techmques or ideas on achieving vanous types of films, and 3)
Film Analysis - a bnef suggesnon as to analytical techmques that would be very
useful in determiming film properties

92 Deposihon System

The present system 1s lacking two pieces of important equipment. Firstly, the rf
generator and tuming mechanism, although capable of producing hard films at current
operaung pressures, 1f lower pressures are desired, which may well be when one
considers the Thomton diagram mn sectton 452, 1t will be unswitable for these low
pressures and will not be able to stnke a plasma Also, the lterature would suggest
that hugher powered plasmas produce hard diamond-lke films This range of different
powers 1s yet to be explored As important as the power source, a commercial rf
tuning mechamism would also be necessary, as thus would couple more power into the
chamber and reduce the nsk of back power spikes destroying the generator

Secondly, the gas flow control nto the chamber In order to achieve low
chamber pressuresa very low flow rate 1s requred This flow must also be
reproducible and accurately measurable To thus end, mass flow controllers, cahbrated
for low flow rates, 1e less than 50 sccm are necssary for all inlet gas lines It 1s
also mmportant to mux the gases before entry into the chamber There are several
commercially available steel drum-like apparatus for this use

One cannot speculatc on other additions to the system, such as a mass spectrum

analyser, or ion beam gun These developments are dependent on the area of
wnterest of the project and on the resources available
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93 Deposiion Process

The main obstacles in carbon tun film growth have been clearly identified as
minnsic stress and adhesion of the films to the substrate Many researchers have tned
vanous techniques to reduce this stress They mclude the addition of hydrogen to
plasma in large amounts, additon of other gases to selectively etch the surface as the
film grows, to produce a hard pure carbon form  The addition of nterfacial layers
showed very significant improvement to the adhesion of the film This may requre a
modificaton on the system for i situ coatng of the samples, with tungsten for
example, which would chemically bond the carbon 1n a carbide form to the surface

The film may also be grown in a layered structure of composite matenals or by
changing the deposiion parameters so as to create layered structures of stress-free
regions The above may be applied together or in vanous combmnations As can be
seen, the list of possible techniques for depositon films is virtually endless  Ths
would prompt the use of an expenmental techmque such as the Taguchi Method [130]
to help in optimising the growth conditions

94 Film Analysis

There are an endless vanety of possible tests that could be conducted on the
films In selecung several of these one has to ask which tests will yield the most
informanon  The tests can be divided up nto two categones 1) Charactenstcally,
such as hardness, adhesion, wear resistance, etc, and 2) Structurally and
Compositionally

The thuickness of thin films 1s extremely difficult to measure The nterferometnic
method used here depends on measuning the line spacings on the resultant photograph
This can be extremely difficult to gauge as often the lnes are very close and fant
A better technque would be to use a elipsometer or a profileometer for this
important measurement

The hardness of thin films 1s usually done on a mucroindentor using a Knoop or
Vickers diamond indentor If the indentation 1s more than a 1/10 of thickness of the
film, the measurement 1s substrate dependent  Knoop mdentors do not indent as
deeply mto the surface so are often used in thin film applicatons

A summary of possible thin film charactensation techmques [131] is shown n
table 91
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Structure Determination

X-Ray Duiffraction

Morphology

Scanmng Electron Microscopy
Stress

Newton’s Rings
Microscope
Bending Beam

Adhesion
Tape Methods
Scratch  Methods

Hardness

Indentation Tests

Composiional Analysis

Auger Electron Spectroscopy AES
Auger Depth Profilling ADP

X-Ray Photoelectron Spectroscopy XPS
Electron Probe Microanalysis EPM
Secondary Ion Mass Spectroscopy SIMS
Rutherford Back-Scattenng RBS

Table 91
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Abstract

Hard carbon thun films have been investigated intensively in the past decade They
show properties of extreme hardness, chemical nertness and optical transparency and their
use has been suggested for wear protective coatings This paper descrnibes the deposition
of such films by PECVD and details the effects of the most important deposition
parameters on their mechamcal properties

Films were produced which exhibited extreme hardness of up to 3000 Vickers
Their deposition rate was found to decrease with substrate temperature and increase with
mduced bias and pressure The intnnsic stress and wear resistance were found to
increase with the induced bias and substrate temperature but decreased as the pressure
was mncreased The film adhesion was found to improve at higher temperature and bias
and also at higher pressure but films m this region were found to be of reduced

hardness

The deposition conditions which must be maintained 1n any scaing-up of the system
to commercial size were 1dennfied



1 INTRODUCTION

The wearmg and corrosion of machine parts 1s the main cause of mechancal
breakdown This costs tens of millions of pounds every year in replacements and lost
producion  Ways to reduce this wear loss include coatng the surface with an extremely
hard matenal to improve wear and corrosion resistance  The unusual combmation of
density, hardness, chemical nertness and electncal mnsulation make hard carbon films a
possible contender for such coatings!

There has been a large and continual increase over the past sixteen years in interest
in carbon films since the work of Aisenberg and Chabot2 Over five thousand articles
have been pubhished in the past ten years alone The produced films are called
1-carbon, diamond-like carbon, a-C H, carbonaceous carbon or plasma polymensed carbon,
according to their properies or the techmques by which they are produced3 These
films have been produced by many vaned expenmental techmiques encludng DC and
RF plasma, 1on beam, laser induced and microwave plasma.

The method of Plasma Enhanced Chemical Vapour Deposition PECVD 1s employed
m this study This allows a chemical process to be conducted at relatively low
temperatures compared to0 normal CVD  The process involves dissociating methane gas
(CHy) n a capaciively coupled RF plasma operating at 1356 MHz

A descnpuon of the expenmental apparatus and the effects of the deposition
parameters on the process and film charactenstics 1s given. The implicanons of the
umportant aspects of carbon film deposition with regard to the manufactunng industry are
discussed



2 EXPERIMENTAL APPARATUS

The Carbon thin films were deposited by the dissocianon of methane m an rf
plasma A schematic diagram of the depositon system 1s shown in figure 1 The
chamber was borosilicate glass pumped by diffusion and rotary pumps The rf power
was supphied by an 1356 MHz generator with an output of 100 Watts

Gas mnlet
Y
— - —Top Plate

™~ Feed-through

: : Top Electrode g
| Filter

k:; _I
N —TThermo—couple
Bottom T /e J/ Substrate holder &
Electrode i A B Tungsten wre
Heoter
Rf Feedthnr|

Lol

Exhaust out
Figure 1 Deposition Chamber

The power was supplied to the bottom electrode and the top electrode was nomnally
earthed but could be floated to any desired potennal The reactant gas was fed m via a
"shower head” arrangement which incorporated a sintered glass filter to ensure even gas
flow over the substratt  The methane flow was controled by a Tylan mass flow
controller and the other gases were controled by flowmeters The substrate temperature
was measured by contacting the surface with a moveable thermocouple

A rf capacitively coupled reactor 1s advantageous mn the manufacturing situation
from the viewpomt of both coating distnbution and high productvityt  The arrangement
1s mntended to compensate for the electnc field gradient from the centre of the electrode
toward the edge by the gas concentration distnbunon, and thus to obtamn a uniform film
The gas mixture used dunng deposition was a mixture of methane and hydrogen n the
rato of 51 The addiion of hydrogen was found necessary to mmprove the film
properiies i agreement with other studies!0  Before loading the steel substrates were
polished to a 3 micron fimsh and ultrasomcally cleaned 1 dichloromethane Before
deposition the substrates underwent an argon bombardment for atleast 40 minutes to
reduce surface contamination.



3 RESULTS

31 Growth Rate of Films
The growth rate of films 1S an important process parameter from the

manufacturning pomt of view It may also affect the structural and composibonal
propertics of the film due to the vananons in the on flux amving at the substrate
surface

Figure 31 shows the effect of substrate temperature on deposition rate A
monotonic decrease with increasing temperature was observed.  Above 190°C no film
growth whatsoever occurred This ndicates that a surface reacton 1s taking place
whereby volatlle species from the gas phase condense on the substrate surface and are
then incorporated imto the growmng film with desorption of by-products  Increase n
substrate temperature decreases the residence time of these species on the surface and
thus reduces the likelihood of their incorporation nto the film

Figure 32 shows the effect of substrate bias voltage on the deposition rate  Bias
voltage 1s related to the rf power supplied to the plasma - increasing rf power
increases the substrate bias voltage Increasing power will increase iomization and
therefore increase the actuve species in the discharge Increase in bias will also increase
the energy of ions amving at the substrate and thus will probably increase the reaction
rate of adsorbed species

Figure 33 shows that the deposition rate increases linearly with gas pressure A
higher gas pressure will provide a higher concentranion of reactant matenals

Figure 34 shows the effect of top electrode diameter upon deposition rate At
pomnt (A) on the graph the deposihon rate 1s low because of high power density which
leads to a large sputienng effect, therefore the net deposition 1s low At point (C) there
1s a low power density hence the gas 1s not being dissociated effectuvely in the plasma

This leads to a low deposibon rate At pomnt (B) conditions are optumal and a good net
deposiion rate 1s achievable
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32 Stress of Thin Films

Plasma deposited films are particulary susceptible to ntrinsic stress  As will be
shown the stress 1s dependent on many of the deposition parameters such as the induced
bias, substrate temperature, pressure, etc The film stress 1s the hmiting factor n the
growth of films to thucknesses greater than around one micron because the forces can
be strong enough to exceed the elastic limit of the film or substrate and can cause the
film uself or the substrate to shatter  The stress may be compressive or tensile mn
nature

Stress can be caused when the coefficients of thermal expansion of the film and 1ts
substrate are not the same  This conmbution 1s known as thermal stress  Even
accounting for this many films have a residual stress known as mntrinsic stress  Intnnsic
stress 1S dommnant and must be controled for film applicabons Total stress observed S is
given by

S = Sextenal + Sthermal + Sintnnsic

When a stressed film 1s deposited upon a thin substrate, 1t will cause it to bend
Most measunng techniques use this phenomenon Others utilise x-ray or electron
diffraction, but these techniques give the strain and hence the stress mn a crystallite
latuce  This 1s not necessanly the same as that measured by substrate bending since the
stress at the gran boundames may not be the same as that in the crystallites

The mechanical methods for stress measurement are the Disk and Bending Beam
methods> The disk method 1s prefered because of its ease of use In thus method the
stress of a film 15 measured by observing the deflection of the centre of a circular
substrate when the film 1s deposited on 1t

N TR ———

( J

Figure 4 Bending of Cover-ship under deposited film



The approach taken was t0 use a optical microscope with a travelling stage The
fine focus was used to determine the deflecton from the muddle of the disk to the edge
The disks were glass cover skps of 19 mm diameter and 06 mm thick From the
centre shift d and the properties of the glass cover shp the stress S was calculated®

S= __d Y(g) T(g)2
ORr)2 3(1-v) T()

where D = diameter, T(g) = thickness of glass, Y(g) = Youngs modulus of glass, v =
Poisson ratio, T(f) = Thickness of film

All the films exhibited compressive stress The films were Iimited to thicknesses of
below 1lum to avoid film shattenng off and so avoid confusing film adhesion and film
stress

Figure 35 shows the effect of bias on film stress Increasing the negative bias
causes the stress to increase

Figure 36 shows the decrease m stress with increasing pressure  This 1s due to
the fact that at higher pressures more polymer-hke films are produced

Figure 37 illustrates the surpnsing result that as the substrate temperature 1s
increased the stress of the films also 1s increased Higher temperature would be
expected to increase the surface mobility of adatoms and facilitate their incorporation into
opumum bonding configuration and hence reduce film stress A possible explanation 1s
that at higher temperatures the film 1s less polymer-like with fewer graphitic carbon
bonds and more tetrahedral bonds which provide less scope for stress relief due to the
greater average number of interatomic bonds per atom
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33 Adhesion

This 1s the most important attnbute of a deposited film without which all other film
charactenstics are meaningless Adhesion 1s defined as the sum of all the intermolecular
mteractions between two different juxtaposed matenals

If the adhesion of films 1s adequate, the mamn obstacle to their use mn mechanical
components i1s overcome Many parameters affect the adhesion such as temperature of the
substrate, induced bias, cleanliness of the substrate, surface fimsh and pressure

Tape measurements were used because of ease of use, quickness and availability
In this techmque adhesive tape 1s stuck to the film and pulled off, removing the film
parnally or wholly  This method 1s only qualitaive and gives no indication of the
relative magnitudes of the adhesive forces if the adhesion of the film to the substrate
exceeds the adhesion of the tape to the film A standard masking tape was used This
allowed easy viewing of stnpped film as results were stored on acetate sheets The tape
was peeled off at a similar angle and speed by the operator

A senes of expenments were conducted to determine the effect of substrate
temperature, pressure,bi1as  and electrode area upon adhesion of the film to the
substrate

The temperature did not have a drastic effect but adhesion increased with substrate
temperature It was necessary to have a mimmum substrate temperature for best
deposits  The coverage and smooth finuish of the film were also improved by heating
Figure 38 show the percentage improvement in adhesion as a function of the substrate
temperature

The adhesion of the film was greatly enhanced by increased negative bias  Low
bias (<100V) films peeled off substrates These films were also soft and resembled a
sort of polymer film There would seem to be an opumum bias for adhesion as at
high bias rates the film was powder-hke This may be as a result of high stress
Figure 39 shows the percentage mmprovement in adhesion as a function of the nduced
bias  The graph 1s devided in to two parts, as above a negative bias of 160 volts the
film removed from substrate due to stress factors

As the pressure 1s imcreased the adhesion of the film improves At very low
pressures of less than 04mBar film removed totally from substrate Figure 3 10 shows
the percentage improvement 1n adhesion as a function of the pressure

The arca of the top electrode could be easily changed This meant that a senes of
expenments could be conducted to invesugate 1its effects on film properhes From this 1t
was seen that the film adhesion was best with a smaller top electrode area This was

11




probably due to the fall-off in plasma density with large electrode area  This was
probably due to the fall-off in plasma density with large electrode area  Figure 311

shows the percentage improvement in adhesion as a function of electrode diameter

In an effort to improve the adhesion of carbon films to steel polished steel samples
were coated with 2um of tungsten As can be seen, mn figure 5, the adhesion was
dramatcally improved This was attnbuted to the formation of tungsten carbides’ at the
interfacial layer  This result also suggests a possible reason for the good adhesion of
the films on silicon and glass substrates due to the formation of silicon carbides The
dark areas of the photograph are the removed film

COATED UNCOATED

Figure 5 Effect of Coaung the steel with tungsten, before deposition of carbon film
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34 Effect of Deposition Parameters on the Mechamcal Properties of Thun Carbon Films

Accurate measurement of the hardness of thin films 1s extremely difficult Diamond
tipped indentors commonly used for such measurements should not indent more than one
tenth of the film thickness® otherwise the measurement 1s substrate dependent.  Films
may also demonstrate elastc properties giving misleadingly high hardness values
Qualitatively, one finds the films difficult to scratch with a steel pont.

A Leiz Mmi-Load 2 mdentor was used t obtain hardness values on films of
several micron thickness These hardness values were approximately 3000 Vickers,
uncorrected for film elasticity  Films of this thickness are very highly stressed and
disintegrate 1in a short penod It 1s difficult to grow hard carbon films greater than one
micron thickness for thus reason It was decided to produce films of thickness less than
one micron and o test these films for therr wear resistant properties

Avallable for the wear abrasion test was a rubber wheel abrasion tester built to
ASTM 665 specificanons The purpose of this machine 1s to reproducibly rank different
coatings i order of therr resistance to abrasion  From these wear measurements m
revolutions per micron, approxmmate hardness values can be extrapolated by knowing wear
amounts for matenals of known Vickers hardness

In wear applicatons the hardness of the wear coatngs is naturally of pnme interest.
For abrasive wear applications the hardness of the coating has to be higher than the
hardness of the abrasive particles themsclves®  The abrasive wear rate decreases very
fast with increased coatng hardness and even small hardness increases have sigmficant
effects

Today a large range of vanous coatings can be grown by PVD and CVD processes
and some of the most commonly used matenals are listed i table 1 below8 Pgs(1-15)
Of these carbides and mitndes are the most used ones, but other refractory compounds
such as oxides and bondes are being imncreasingly used
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Coating Thermal Coeff Hardness Decomposition

10-6 x-1 Kg mm-2 Temp Oc

TiC 74 2900 3067
HfC 6 6 2700 3928
TaC 63 2500 3983
wC 43 2100 2776
CraCy 10 3 1300 1810
Al,04 9 00 2000 2300
TiN 9 35 2000 2949
Substrate

HS Steel 12-15 800-1000
Al 23 30 658

Table 1 Some Commonly Used Hard Coatings

The procedure involved mounting the sample in the am of the machine  The
speciman 1s immersed mn a slurry of abrasive parucles (Al,O3 particles) and pressed
against the rotahng wheel at a specified force by means of a lever atm and weight
system, as shown in figure 6
Wear 1s inversely proportonal to the hardness of the abraded matenaP

Wear o 1/Hardness

Figure 312 shows the wear resistance in revolutions of abrasion wheel per micron
(revium) of film plotted as a funcuon of substrate temperature A linear increase n
wear resistance 1S found wiath substrate temperature At the lower temperatures the
adhesion of the films 1s poor Hence it 1s difficult mn thuis region to separate poor
adhesion with wear resistance Low wear rates signfy a failure n the adhesive force of
the film rather than the cohesive which 1s obvious at high wear rates
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Figure 6 Schematic Drawing of Wear Abrasion Tester

Figure 313 shows the wear resistance as a function the induced bias shows a
dramatic increase with bias Agamn 1t 1s difficult to separate poor adhesion and wear as
it was found from adhesion tests that below -120 volts induced bias, adhesion was very
poor and the films were soft and dusty like in appearance

Figure 314 shows the wear resistance as a function of total pressure of the
deposition system It reveals a sudden increase in film wear rate above 15 mBar The
films 1n this region were found to be polymer-like Bunshahl4 found that films
produced at high pressures and low power were polymer-like 1n structure
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4 DISCUSSION

If carbon films are to be of use to the manufactunng industry, several ntnnsic
difficulties with their deposition process and charactenstics must be over-come  For any
large throughput of coated items 1t 1s necessary to have a high depositon rate  Clearly
by increasing the bias the ion flux 1s increased which produces a sigmificant increase in
the depositon rate  The process and resultant film charactenisucs are interdependent 1n a
complex way Opumisitng the film growth along with the properties 1S extremely
difficult  The properties required for a particular application dictate the process parameter
values For example, although the deposition rate 15 increased by increasing the bias so
also 15 the mtrinsic stress of the film
A summary of the effects of increasing the three main parameters on film properties 1s
given below

Parameter r

Bias Increase Increase Improved Increased
Pressure Increase Decrease Improved Decreased
Substrate Decreased Increased Improved Increased
Temperature

Table 2 Effect of Deposiion Parameters on the Film Properties

The ntnnsic stress 1S the main disadvantage of carbon films This stress must be
mimmised dunng the film growth. It 1s thought to be caused by the lugh hydrogen
content of the films It has been found that the addiion of hydrogen to the plasma
actually reduced the hydrogen content of the filmsl0 Al the above deposits were done
at a methane to0 hydrogen ratio of 51 This 1s not to suggest that this 1s an optimum
rano, but was one which produced tugh quality hard films
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5 IMPORTANT ASPECTS FOR THE MANUFACTURING PROCESS
51 Plasmas m Industnal Processes

Plasma Enhanced CVDIL12 offers the facility of umque processing applications to
very many ready established chemical processes Plasmas offer clean efficient coatng or
etching of matenals Vanous low temperature matenals can now be processed mn a
highly active chemical process that hitherto were exclusively high temperature procedures
Rf plasmas offer the facility of coatng insulating matenals, which can enhance their
properties to a standard of matenal which would be very much more expensive
In a world of ever increasing raw matenals costs, new matenals or prolongment of the
useful hfenme of old will be needed as we enter the 218t century

52 Usefullness to Manufacturers

Although mmnal costs and development are expensive plasma processing 1s cheap and
has very high throughput Raw matenals for carbon films are methane, hydrogen gas
and electncal power This high technological area is especially important i the Insh
industnal environment, since bemng small and adaptable to world trends Ireland could act
n a spectalist service capacity wn the world of matenals processing

Plasma depositon methods have found widespread acceptance as a techmque for the
deposiion of thin films with electncally, mechanucally and optically desirable
charactenstcs The process spans from dielectnc low temperature coating 1n the
mucro-electronics 1ndustry to the expanding arca of macro-electronic device fabncation.
The plasma depositon process enables the sophusticated matenals and device engineernng
which 1s required by this emerging technology

From a process pomnt of view, major challenges exist if the requirements posed by
different technology apphcations are to be met Carbon film deposiion onto matenals to
enhance theirr wear resistant properies must compete with other established technologies
or coatings, eg TIN Definite advantages such as cost or rehability have to be
established beforehard carbon technology can successfully compete  In all cases, the

challenge 1s to fabnicate relauvely defect free films with umform properties over large
areas
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5§ 3 Scale-up Issues

In order that plasma depositon can be profitable and economically wiable a
transformation must be made from the laboratory to the production hne’  All deposition
reactors are expensive, therefore, 1t 1s necessary to ensure that the scaled-up version will
produce the desired results It 1s mmportant to understand to first order how a
volumetric enlargement of the reachon space requres other extemnally controlled
parameters to change  Obviously substrate temperature wil be sumilar if the kind of
reactive species and their condensanon rate are the same as for the small scale process
The pnmary quesuon is therefore, how the gas flow rates, the pressure and electrical
power have to be changed to assure that the scale-up does not affect the plasma
chemistry sigmficantly

The deposinon can be viewed as two separate stages  Firstly, the formation of
condensable species and secondly the mass transport, by convective diffusion, of these
radicals to the surface of the growing film For the former process 1t has been
theoretically proven that the rate coefficients for the reactons caused by electrons mn a
gas pressure P, subjected to electncal excitanon by a source of effective electnc field
strength E, depend only on the value E/ 13 To first order, molecular dissociation
rates by electron mmpact are therefore a function of this ratio

The molecular transport 1s also, through diffusion coefficient D, a function of the
pressure, smmce DP 1s a constant for any gas  Therefore pressure and effecuve field
strength should be similar for small and large scale reactors The only parameter left to
vary 1s the gas flow rate which can be scaled by mmposing the requirement that the
average gas flow velocity be the same mn a small and a large reactor  Alternatively it
can be required that the average gas residency time be the same for both reactors
When the mterelectrode distance of the large and small reactor are the same, the
requirements of the same gas velocity and gas residency time are equivalent

In any case, the problem of scaled-up parameter optimisation 1s reduced to the
adjustment, by lnear extrapolation, of the electrical power and the flow rate  However,
it would be a mistake to think hfe s so simple since other factors would be changed 1n
reactor geometry, ¢ g wall temperature effects, and practical design considerations such as
easy cleaming and automation will affect the plasma environment

Finally the efficiency of the reactor 1s crucial for it to be a wviable commercial
operaion  High matenal efficiency 1s usually associated with low deposition rates  This
1s especially important for the case where a large throughput of devices i1s necessary or
thick films ( >10um) are needed
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6 CONCLUSION

Hard carbon films were obtained which showed varying charactenstics depending on
the deposition parameters The three most cntical parameters from a deposibon
viewpownt were 1dentified as being substrate temperature, pressure and induced bias, and
the effect of these parameters on the mechamcal properues of the resultant films was
shown The hmiting factor was identified as film stress and the effect of this stress on
other charactenstics was discussed

From a manufacturer’s viewpoint carbon films are a possible area of matenal
processing waiting to be explored with new products The scaling-up of the process 1s
possible provided the required film properties are clearly defined in the mmtial stages of
the design
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