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Preface

The present thesis embodies a number of investigations that have been carmied out by
the researcher in pursuit of a process that is capable of producing low residual stress diamond
like carbon (DLC) films which could be applied over large areas for many promising device
applications of this material. For such applications one is not only looking for films which
have inherently low loss thereby allowing such films to adhere to a large variety of substrate
materials and also to be grown to a sufficient thickness, the films should also have low optical
absorption in the visible and IR ranges of the electro-magnetic spectrum. This requires them
to have low amount of bound and unbound hydrogen as also high value of sp3 content giving
them thereby the diamond like properties, which, in turn, make them suitable candidate for
many electronic applications. It may be noted that the present investigations formed a part of
a large effort which this particular group at NPL, New Delhi, was required to make in order to
meet the requirements of a development contract given to them by a defence agency which
was interested in producing these films for a large area AR application in IR. It was also
required that processing facility for such films be also designed and developed. This has
naturally allowed the researcher many opportunities to experiment with a range of DLC
deposition techniques such that RF magnetron sputtering, RF bias sputtering coupled with
plasma decomposition of hydrocarbon gases (a method which was found to have many
superlative properties as reported by Zelez from RCA laboratory, USA in the year 1983),
PECVD of various kinds, PECVD at high frequencies etc. The fact that none of these above
technique could either be perfected, led the researcher to consider saddle field fast atom beam
(FAB) deposition as a alternative technique. It is emphasised here that this particular
technique has many attractive features of the RF discharge coupled which the simplicity of

operation of a DC power supply.

What is most important, however, is that by this uncomplicated technique one is able
to produce films, which could have properties, if the process of growth is properly optimised,

such as low hydrogen incorporation and high sp3 content.
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Thus the genesis of the problem lied in the deep felt need to develop a suitable process
to meet the requirements of a particular development contract. The insight developed during
this process and the appreciation of the problem of containing the very high residual stresses

in these films led the researcher to define the present research problem.

This is an example where the needs of development research defines the outlines of a
research problem for a Ph.D. thesis. This has, therefore, been a very satisfying experience for
the researcher to be involved in unfolding the intricacies of growth of a fascinating material

and its device applications.
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Chapter 1
Introduction

In the following a review of the existing knowledge relating to the material aspects of
diamond, diamond like carbon (DLC) and nanocomposites is presented. In writing this review the
researcher has drawn heavily from various published literature and, therefore, no claims to the

originality is made. This is followed by the definition of the problem to be tackled.

1.1 Diamond : The Wonder Material

Diamond is a wide bandgap (5.5 eV) and probably the hardest (~105 GPa) known
semiconductor.! The hardness of diamond makes it very attractive as a protective window for a
softer optical material. Diamond has a high breakdown voltage, 20-40 times that of silicon and
high electron and hole mobilities.” This makes diamond a material of choice for use in a transistor
application. The use of diamond in a semiconductor device will ensure a high frequency and high
power capability as compared to GaAs and Si. Since diamond has an exceptionally high thermal
conductivity, it is efficient in use as a heat spreader (heat sink). The low coefficient of friction
(0.05) compared with lubricant metals and graphite, extend the tool life of diamo_gd__ cutting tools by
reducing the heat generation. Due to the negative electron affinity of diamond, it can' be used as a
cold cathode, which may be applied to high power, high frequency vacuum devices and flat panel
disp!ays.” The chemical inertness of diamond makes it suitable as a protective coating. The
efficiency of solar cell may be increased using diamond coatings. As an example, at wavelength 0.6
nm, the reflection from a silicon detector or solar cell is about 30%, but when coated with a 1/4
wavelength thick diamond film reflectivity is reduced toﬂ_ééﬁ_;%. Silicon solar cell efficiency, thus,
can typically be increased By 40% while that of germanium cells can be improved by as much as

88% by diamond coatings. Diamond is the most transparent material (refractive index of diamond

1



is 2.41 to 2.44). It transmits wavelengths from below 100 nm to above 1000 pm. The operating
region of diamond is large as compared to St and GaAs as shown in Fig. 1.1. The comparison of

electrical properties of diamond with Si and GaAs are tabulated in Table 1.1.

POWER (Watts)

Diamond
Operaling
Region

$ 1 1 [ ) !
0 100 200 300 400 500 600 700

TEMPERATURE ( °C)

Fig 1.1 : Operating region of diamond in comparison to Si and GaAs'

/
Table 1.1 Comparison of semiconductor parameters between Si, GaAs, and Diamond’

Parameter Si GaAs Diamond
Bandgap (eV) 1.11 1.43 5.45
Hole mobility (cm?/volt sec) 1350 300 1800
Electron mobility (cmzlvolt sec) 480 8000 2000
Acceptor level (eV) 0.045(B) | 0.035(Si) 0.35(B)
Donor level (eV) 0.045(P) 0.058(P) 0.1(P)
Resistivity (Q cm) 10°>-107 10° 10'-102 -
Breakdown field (volt/cm) 3x10° 4x10° 100 .
Saturation velocity (cm/sec) 1x10’ 1x10’ 2.7x107 .
Dielectric constant 11.7 15.8 5.6
Thermal conductivity(watt/cm K) 1.45 0.46 20.0
Work function (eV) 4.8 47 4.8
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These interesting properties of diamond have, naturally, resulted in a tremendous amount of

research work. Table 1.2 shows some of the interesting applications of diamond films.

Table 1.2 Application of diamond films'

Application Properties Required

Resonator diaphragms | High modulus of elasticity

for tweeter loud

speaker

Ultrahard tool coatings | High hardness

Sunglass lenses High hardness, scratch
resistance, optical
transparency

Computer hard disk High hardness, low wear

coatings

Watch cases High hardness, scratch
resistance

Prosthetic coatings High hardness, low wear

Optical coatings High refractive index

Infrared laser window | Transparency to IR

Semiconductor device | High thermal conductivity

heat sinks

Semiconductor devices | Large bandgap

Abrasive grain High hardness

1.1.1 Deposition of Diamond Thin Films and its Limitations

The potential applications of diamond films have stimulated a great deal of research during
the past few years on the synthesis of such films.”'® In general, the process of depositing diamond
films can be classified as A. Chemical vapour deposition (CVD) process viz. hot filament CVD,
electron assisted CVD, B. Plasma assisted chemical vapour deposition (PACVD) process viz.
microwave assisted CVD, electron cyclotron resonance (ECR) plasma, PACVD using hollow

cathode and C. Ion beam deposition process viz. ion beam sputtering, dual beam sputtering and

laser ion beam technique.



The polycrystalline nature of diamond obtained through the different processes mentioned
above, has certain inherent limitations."' For example 1. It is difficult to grow large crystalline
diamond at reasonable growth rates, 2. 1t is difficult to achieve smooth diamond films because its
polycrystalline nature results in a rough faced surface, 3. It is difficult to coat diamond films over
large areas with required thickness uniformity, 4. High substrate temperature (>900°C) is required
to grow such films and 5. It is difficult to nucleate diamond on various substrates which would be

necessary for most applications.

To overcome these difficulties for different applications, consistent scientific research
efforts made possible yet another type of film which retains most of the properties of diamond and
overcomes the above mentioned limitations to a large extent. These films are amorphous in nature

and are called amorphous carbon or diamond like carbon (DLC) films.

1.2 Diamond Like Carbon (DLC)

Diamond like carbon (DLC) films constitute a new class of amorphous material having high
hardness values and other important properties very close to diamond. Carbon exists in nature in
different allotropic forms. It can form the stable trigonally (=) bonded crystal structure graphite,
which is soft, optically opaque, electrically conducting and chemically active. Carbon can also
form the metastable tetragonal bonded (o) crystal structure diamond, which is the hardest material,
transparent from far ultra violet to the far infrared, insulating and chemically inactive. Carbon, with
the dilution of hydrogen, can also form polymer like structures. By controlling the amount of
graphite, diamond and polymer phase a new type of material is described. If it is hard then it is
termed as DLC or a-C:H (Fig. 1.2). In general to produce diamond a very high temperature is
needed, but smoother DLC films can be grown on a variety of substrates over large areas, even at
room temperature. This leads to a new area of interest for the scientists and technologists to use it

for a variety of different applications.



DIAMOND GRAPHE
sP se’

POLYMERS
HCz1

Fig 1.2 Limitations of a-C:H properties by the properties of
diamond, graphite and hydrocarbon polymers'?

1.2.1 Nomenclature

Aisenberg and Chabot" found that the films deposited from carbon ion beams were very
hard, electrically insulating and wear resistant i.e. with properties very close to diamond. They
used the term “diamond like carbon” to describe these films. These films were found to have
mixed phases of diamond and graphite but no long range order i.e. they were amorphous in nature.
So the term "diamond like" emphasises a set of properties akin to diamond and at the same time
implies the absence of crystalline diamond order. By this definition, all dianond like carbon films

are amorphous, but not all amorphous carbon are diamond like.

A variety of nomenclature comes into the picture depending upon the preparation
techniques and properties. Amorphous carbon (a-C) containing mostly graphite phase is prepared
by pyrolysis, thermal evaporation and are very soft as compared to DLC. The various forms of
DLC may be divided into two broad categories 1. DLC films formed by carbon only are called
amorphous carbon or amorphous diamond (i-C, ta-C) and 2. DLC films containing a mixture of

hydrogen and carbon are called hydrogenated amorphous carbon (a-C:H) or hydrogenated DLC. A



small fraction of metal (M) incorporation can also change the notation as M-C:H. Dilution of N,

etc. can lead to another form a-C:H:N.

Figure 1.3 shows the atom number density vs. atom fraction of hydrogen expressed in
gram atom/cm’. This type of plot provides a convenient way of categorising the different classes of
hydrocarbon and carbonaceous films.'*'> Films with atom number density greater than 0.19 are
designated as "dense carbonaceous films". Films containing significant amount of hydrogen are
called "dense hydrocarbon films". The diamond like hydrocarbon (a-C:H) ranges from
approximately 0.20 to 0.60 atom fraction hydrogen. The atom number density of a-C:H films
increases with hydrogen content in contrast to the conventional hydrocarbons. The diamond like
carbon (a-C) appears to be a different class of material, with little or no hydrogen and with atom
number density from approximately 0.20 to 0.28 gram atom/cm’. A comparison of the basic

properties of several crystalline and amorphous carbon materials is listed in Table 1.3.1°

\ a-C:H . A
\ / ./
a—-C v [

ATOM NUMBER DENSITY
o
N
o

.
e
e
F:.Y
\ Am\h %
/AM AR AC v
&5 v
o ALY,
0.10 ~ -
0.00 0.25 0.50 0.75

ATOM FRACTION HYDROGEN

Fig. 1.3 Atom number den51ty vs. atom fraction of hydrogen expressed in
gram atom/cm”. Symbols used are, AC - oligomers of acetylene,
AD - adamantanes, AL - n-alkanes, AM - amorphous carbon, AR -
polynuclear aromatics, DI - diamond and GR - graphite'’
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Table 1.3 Basic properties of several crystalline and amorphous carbon materials'”

Material Density Optical bandgap Hardness Sp3(°Aa) H(%)
(g/em’) (V) (GPa)
Graphite 2.27 0.0 - 0 0
Glassy carbon 1.3-1.6 0.0 2-3 ~0 ~0
Evaporated C 1.9-2.0 0.4-0.7 2-5 <5 <$
Sputtered C 2.2-2.6 0.6-0.9 10 5-10 <5
1-C ora-C 2.9-34 2.5 100 >85 <5
Hard a-C:H 1.6-2.0 1.2-1.6 10-30 40-50 | 30-50
Soft a-C:H 0.9-1.2 1.6-4.0 <5 50-80 | 50-60
Polyethylene 0.9 6.0 0.01 100 66
Diamond 3.52 5.5 100 100 0

1.2.2 Hydrogenated Diamond Like Carbon (a-C:H)

Incorporation of hydrogen in DLC matrix makes the films diamond like hydrocarbon or
hydrogenated diamond like carbon or hydrogenated amorphous carbon (a-C:H). Hydrogen in the
DLC matrix, both in unbound and bound form, plays an important role in altering the film structure
and properties. Of all types of DLC, a-C:H films are the easiest and probably cheapest to produce.
Properties such as hardness, optical gap, hydrogen content, density etc. correlate in nearly the same

manner for a variety of deposition techniques.
1.3 Deposition Techniques of DLC

The diamond like carbon films are formf_:d when hydrocarbon radicals hit a substrate with
impact energies from 50 to several hundred electron volts. The influence of impact energy on the
type of film obtained is summearised in Fig. 1.4." Holland and Ojha'® first deposited hydrogenated
diamond like carbon films from a hydrocarbon plasma. The properties of the DLC films depend on
the type of technique used to grow the films and the process gas used.

7



L1417 dncluding DC or RF plasma

DLC films have been prepared by a variety of methods,
enhanced chemical vapour deposition (PECVD), sputtering, ion beam deposition, pulse laser
deposition etc., using different carbon bearing, solid or gaseous source material. Different forms of
the PECVD technique constitute the main methods for depositing hydrogenated DLC films.
Among the PECVD methods, parallel plate RF reactor systems are the most common type
employed, but microwave and electron cyclotron resonance (ECR) plasma reactors are also used

occastonally.

BENSE
DENSE CARBON
gmo 1 CARBON LHYDRg{CE‘,:!SQEONS
> 2
3 7
E i} W POLY{!::ES SL!KE
o" T 2
CARBON PLASMA
vt (s) POLYMERS
- CARBON HYDROCARBON
SOURCES SOURCES

Fig. 1.4 Influence of impact energy on type of film produced'’

Any hydrocarbon with sufficient vapour pressure can in principle be used as the source
material for PECVD of DLC films. Among these are acetylene, benzene, butane, cyclohexane,
ethane, ethylene, hexane, isopropane, methane, pentane, propane and propylene. Hydrogen has on

occasion been added to these hydrocarbons; however, it appears that this addition is not required for

the deposition of DLC films and does not significantly alter their properties.



Some of the techniques to deposit DLC films are shown in Fig, 1.5(a) and 1.5(b) and also

listed in Table 1.4 with some of their specific advantages.

Table 1.4 Comparison of various deposition techniques for DLC deposition“'”‘”
Process Type and quality | Advantages Limitations
of films produced
Physical vapour deposition
Ion beam sputtering smooth, transparent | extremely good | very low
a-C / a-C:H (with | operational deposition rate,
H, pressure) films | control for small area
Dual sputtering beam smooth, transpérent same as above same as above
a-C/a-C:H films
Laser-ion beam technique a-C films high deposition | difficult to scale
rate are possible | up to large area
Electron beam evaporation a-C/a-C:H films in | wide variety low dep. rate
presence of depending upon | and process
hydrocarbon gas substrate bias and | parameter
precursors used dependent
Cathodic arc deposition a-C films transparent, good | high internal
electronic quality | stress, scaling
difficult

Plasma assisted chemical vapour deposition

RF & DC plasma assisted smooth, transparent | high deposition large internal
a-C:H films rate on large area | stress
possible
Microwave and ECR plasma transparent a-C:H | high dep. rate over heating at
films the resonance
point
Cascaded arc plasma smooth a-C:H films | high deposition | large internal
rate on large area | compressive
substrate, low stress
contamination




1.4 Deposition Mechanism

It has been discussed, in an earlier section, that the deposition of DLC films involves two
basic methods, the ion beam related techniques and the glow discharge techniques. In both these
cases of growing DLC films assistance from the gaseous plasma is obtained. But the two processes
are different in the sense that in the ion beam related techniques films are deposited away from the
plasma and in the glow dischargcfé;substrates are generally immersed in the plasma and the growing
films are subjected to various interaction with energetic species in the plasma. The growth

mechanism of DLC films may be different in these two cases.

- "
a RF parollel plate b RF inductive ¢ DC glow discharge
discharge
) —j_ HOT
f 1,
_'—L = '} 1 ”\—"’ CATRODE
' ? DCor RF T j> _____
BIAS
d DC glow discharge ¢ Triode f Hot filomenl discharge
wtih biased screen
. E SUBSTRATE
———wEnrT— I_L— )
2=;nTT ‘6_ Rt
I [ Y Ac | |
——
g. Hot filameni discharge b. Pulsed discharge rail qun

with guxihiory 1on beam

Fig. 1.5 (a) Process for growing DLC films from hydrocarbon gases'*
To qualify amorphous carbon (a-C) or hydrogenated amorphous carbon (a-C:H) as good

DLC material it should have properties like high Sp3 content, high hardness and density. Again any
mechanism which is proposed to explain the growth of DLC films should explain the initial
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nucleation, high sp3 content, high hardness and high stress. Several such mechanisms have been

proposed as explained below:

Kersten ef al.'® proposed that the incorporation of reactive particle into the growing film
may be intermediated by an adsorbed layer (adsorbed layer model). The adsorption model is based
on chemical reactions between the substrate and the film, and particles physisorbed form a weakly
bound layer (monolayer). The decrease of deposition rate with temperature supports this model.
But this growth mechanism can not explain by itself the low amount of hydrogen and the initial

nucleation of Sp3 structure.
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Fig 1.5 (b) Process for growing DLC films using solid carbon'*

Spencer et al. 19 suggested the “preferential sputtering” mechanism to explain the growth of
DLC films. Trigonally bonded (sz) structures sputter more easily than tetrahedrally bonded (Sp3)
structures. The ion flux on the growing surface allows the film to grow and simultaneously sputters
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the non-sp’ structures. Both sputtering (etching) and deposition occur simultaneously. Since the

C-H bond energy is less than C-C bond energy, low mass hydrogen sputters preferentially from the

growing surface.

The energetic particles, involved in the growth of DLC films cause the atomic displacement
and condensation of ion or atom, leading to a “thermal agitation” or “thermal spikes™ X
Transformation to sp’ structure takes place during the life time of these spikes. A region of few nm
in diameter is heated up to more than 10° K by particles of about 50 eV energy, and the spikes
collapse within time intervals of the order of 10" sec. So the proposed transformation must take

place extremely rapidly. Therefore, conventional phase transformation to a tetrahedral structure

appears unlikely.

Another mechanism proposed to explain the formation of DLC films is that the very
energetic and mobile surface species, in contact with the plasma or ion beams, are quenched by the
underlying cold surface.”*? The metastable, constrained structure is “frozen in"” by this process.
The mechanism is supported by the fact that diamond like character is not obtained at high
temperature. The elemental composition of the material “frozen in” is determined by competing
kinetic processes at the surface and can be expected to be strongly dependent on the incident ion
energy. In this view, the final sp/sp’ ratio may be determined more by the energy of the
rearrangement to form the solid than by the preferetial sputtering of non sp3 bonded structures or
the presence of transient high pressure or temperature spikes. The presence of hydrogen during
film condensation facilitates the formation of a network structure with an average co-ordination

number close to that of a fully network terminator thus enhancing the rate of rearrangement of the

network structure.

Experimental observations by Lifshitz ez al. 2 are not satisfactorily explained by the concept
of “preferential sputtering” and “thermal spikes” discussed above. They proposed that a shallow
subsurface implantation process, called “subplantation”, is involved in the formation of DLC

films. The mechanism involved in the subplantation is the preferential displacement of sp’ sites
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leading to accumulation of sp3 sites. This idea was based on estimates of the displacement
threshold of graphite and diamond as 30 eV and 80 eV, respectively. But different researchers
found that the displacement threshold for graphite is 35 eV?* and for diamond is 37-47 eV? which

are quite similar. This observation questioned the validity of the subplantation mechanism.

Robertson®® proposed a similar deposition mechanism involving subplantation of incident
ions. Incident ions of sufficient energy penetrate the solid, enter interstitial positions below the
surface layer and increase the local density. Slower ions cannot penetrate the surface and just stick
to the surface, forming sp2 structure of low density. Faster ions penetrate further into the solid.
However, only a certain energy, roughly the displacement threshold energy, is used to penetrate the
surface. The rest of the energy is liberated as heat, in a thermal spike. The thermal spikes allow the
local density to relax back towards that of sp’ a-C. The subplantation process in effect compresses

a-C into a denser but metastable phase.

In case of a-C:H films, ions, radicals and undissociated hydrocarbon gas molecules control
the growth process. Temperature dependent growth rates confirm the contribution of neutrals in the
growth process by an adsorbed layer. The neutrals are then fully incorporated into the film by

“ion-stitching " being knocked into the film by an incident ion.”’

In general, the incident ions cause two effects:1. Incident ions dehydrogenate the a-C:H by
the preferential displacement of H atoms and 2. Incident ions, via subplantation, compress the C-C
skeleton into a denser phase at constant hydrogen content, raising the sp’ fraction. The retained
hydrogen is mobile during the thermal spike and will reform C-H bonds afterwards. This
emphasises that while hydrogenation can raise the fraction of sp3 sites, these would be only
polymeric (CH,), groups, giving soft a-C:H. Only ion bombardment produces the quaternary C
(unhydrogenated s;p3 C) needed to give hard a-C:H.
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1.5 Properties of DLC

The properties of the DLC films largely depend upon the energy of the hydrocarbon ions
striking the growing substrate.'  With the increase of impact energy a-C:H evolves from
transparent, hydrogen rich, polymerlike material to brittle, nearly opaque, conducting material
resembling carbon glass. The most diamond like properties, for instance maximum hardness and

density, are obtained at an intermediate energy range.

The atomic fraction of hydrogen (X} incorporated into the DLC matrix, in both bound and
unbound form, controls the film propertics. Bound hydrogen content in the film is mainly
dependent upon the incident energy of the film forming radicals and it may also depend on the type
of precursors and the preparation technique of the DLC films. The unbound hydrogen mainly
depends upon the DLC growth techniques. The limit on Xy is influenced by the proportion of
hydrogen in the source gas; a film with X;>0.5 (H/C > 1) cannot be formed from benzene or

acetylene (H/C =1).10

Thin DLC films (~1000A°) are fairly transparent in the visible region (< ~ 10°-10* cm™).
DLC films having thickness ~2000 A°® are red brown in transmission, while thicker films are
opaque. DLC films are quite transparent in the near infrared range with the exception of a strong
absorption band near 3.4 pm due to C-H bond stretching. The optical bandgap (E,) of the DLC
films lies in the range of 0.8 to 2.5 eV. But E, value as large as 3.0eV is also reported. As the
hydrogen content increases, the E, value increases to 2.5 eV and beyond, and the films appear
transparent in the visible region. These films are, however, polymer like and soft. Optical bandgap
is also found to decrease with the increase of deposition temperature.®% 1t is reported recently that
M/s Diamonex "’ have succeeded in preparing high visible transmission films of acceptable

hardness in thickness of few microns.

DLC films are characterised by a large refractive index with relatively low dispersion. The
refractive index varies from 1.8 to 2.3 in these films.*' Hydrogen appears to lower the refractive
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index. There have also been reports of good correlation between mass density and refractive

index.?!

The DLC films have mass densities in the range of 1.4 to 2.0 g/cmS. Density is well
correlated with the incident ion energy.“ The highest density is obtained in harder films. Higher
mass densities in the range of 2 to 3.4 g,/cm3 have been reported for films with lower H,
content.>** DLC films have hardness values of typically 9-30 GPa. Hardness of the DLC films is
a strong function of growth conditions. The hardness is found to increase with the incident ion
energy.35 DLC films are very slippery and wear resistant even in dry sliding. The value of
coefficient of friction (COF) is between 0.01 to 0.28 and is sensitive to humidity36 and 1s reduced
considerably in a very dry atmosphere or vacuum. Wear of DLC films is always much less than

that of other very hard materials such as SiC, Si;N, and TiN.

The adhesion of the films largely depends on the substrate and the method of preparation.
Best adhesion is obtained on substrates that form carbides e.g. Si, Fe and Ti. Good adhesion has

also been obtained on Ge and quartz.

The DLC films are usually found in a state of high compressive stress (4-7 GPa). The stress
level increases with increasing hydrogen content.”” Compressive stress arises when a growing film
is bombarded by atoms or ions with energies of tens or hundreds of electron voits by a process of
“atomic peening”. The energetic ions cause atoms to be incorporated into spaces in the growing
film which are smaller than the usual atomic volume and this leads to an expansion of the film
outwards from the substrate. In the plane of the film, however, the film is not free to expand and

the entrapped atoms cause macroscopic compressive stress.

The conditions of energetic bombardment which leads to the creation of high compressive
stresses also favour the formation of dense thin films. Unfortunately, excessive compressive stress
can cause adhesion failure and other undesirable effects. Reduction of compressive stress is,

therefore, an important technological issue.
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Studies of the temperature dependence of the electrical conductivity in the DLC films
indicate that conduction is via “rthermally activated hopping” of charge carriers between localised
states. This localisation is presumed to occur on graphitic clusters. Usually conductivity of the
order of 107°-107% Ocm™ is observed in these films. Addition of dopants including B, P, N, and
various metals increases the conductivity of DLC. However, this increase is usually accompanied

by a decrease in optical gap. Thus it is not certain whether n or p type doping is actually achieved.

The electron spin resonance (ESR) spectra shows the presence of significant number of
unpaired electrons. The value of spin density is in the order of 10" cm™ and is found to decrease

with hydrogcnation.38

DLC films are extremely resistant to chemical attack by both strong acids and strong bases.
However, they are stable only to temperatures between 300°C and 400°C. Hydrogen evolves from
DLC at higher temperature as the material converts to graphite in several steps.”® After annealing to
600°C, almost all hydrogen is removed and DLC films become conducting, opaque, and much

softer, similar to carbon glass.
1.6 Structure of DLC

To visualise fully the properties of DLC films it is very desirable to understand the detailed
bonding and structure of DLC network. The detailed structure of the bonding network is still under
study. Much attention has been given to the amount of tetrahedral and trigonal cross section i.e. the
relative concentration of sp3 and sz hybridised carbon in these films. The Sp3fsp2 ratio of DLC
matrix depends on the growth techniques and conditions, hydrogen concentration and doping on the
films etc. Figure 1.6 shows the phase diagram showing composition of a-C:H, ta-C:H and ta-C
(ta-tetrahedral). A variety of techniques have been used to estimate sp’/sp’ ratio, % including
electron spin resonance (ESR), Raman spectroscopy, electron diffraction, optical spectroscopy,
infrared spectroscopy (IR), X-ray photo electron spectroscopy (XPS), X-ray excited Auger electron
spectroscopy (XAES), electron energy loss spectroscopy (EELS), nuclear magnetic resonance
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(NMR) etc. In all cases, the measurements are sensitive 1o changes in films structure and

properties.

Knowledge of sp’/sp’ ratio does not alone provide a full understanding of the
microstructure of the DLC films. Information on homogeneity and to a lesser extent on structure
has been obtained by transmission electron microscopy and diffraction analysis. The DLC films
were found to be amorphous.43 Sometimes crystalline phases in an amorphous matrix have been

proposed, especially in films of lower hydrogen content.

For amorphous materials like a-Si:H, a-C:H, different structural models have been
proposed, none of which has been generally accepted. The simplest model consistent with the
observed H/C and sp'/sp~ bonding ratio would be a covalent network consisting of tetrahedrally and
trigonally co-ordinated covalent atoms with some bonds being terminated by hydrogen.*
McKenzie ef al suggested a noncrystalline two phase structure consisting of polycyclic aromatic
hydrocarbon regions interconnected by tetrahedral carbon. Smith*® interpreted the optical constants
in the frame work of an effective medium approximation, assuming a multiphase structure

consisting of amorphous graphitic, diamond like and polymeric regions.

Fig. 1.6 Phase diagram showing composition of a-C:H, ta-C and ta-C:H®
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The optical and electronic properties of DLC films are governed by their optical bandgap
and electrical resistivity. Bredas et al 4_7 proposed only a fused ring aromatic structure leading to
optical bandgap lower than 2.0 eV. The electronic properties of DLC films are governed by the
graphitic moieties. Robertson ﬂe_;_'_‘ar_l._‘.‘a'so reviewed the electronic structure of DLC films. DLC films
contain both sp® and sp sites. The sp’ sites form & bonds while the sp’ sites form both o and =
bonds. The strong ¢ bonds form the skeleton of the covalent network. The 7 bonds favour the
segregation of sp2 sites into graphitic cluster, embedded in a 5p3 bonded matrix. The = states lie
closest to the Fermi level, so they control the electronic properties like the bandgap as shown in
Fig. 1.7. Robertson and O'Reilly* showed that, the bandgap varies with cluster size as E,;=6.0/M""?
eV, where M is the number of six fold rings in the cluster. Using electronic structure calculations
they also showed that as the overall hydrogen content decreases, these bonded clusters increase in
size, giving rise to increased optical absorption and decreased bandgap. The lack of conductivity is
explained by the fact that the clusters are sufficiently spatially isolated so that there is no 7t electron

orbital overlap.
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Fig. 1.7 Schematic electronic density of states (DOS) of DLC*
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The connection between local co-ordination and macroscopic properties is made through

the concept of random covalent networks (RCN). Two types of RCN treatments have been applied
to DLC:

(i) The theory of optimally constrained networks described by Thrope,”! which defines the minimal

degree of network connectivity required to achieve macroscopic rigidity, and

(ii) A treatment of overconstrained networks in which the degree of overconstraint is connected to

macroscopic elastic properties by a simple empirical relationship.sz

The concept of an optimally constrained network is based on the fundamental statement that
a network cannot be rigid unless the number of translational oscillations of nonzero frequency is
equal to the number of degrees of freedom in the network, 3N-3, where N is the number of nodes in
the network. In the absence of clustering, each atom is a node. A straightforward derivation shows
that this condition is met when mean atomic co-ordinatic;n, N,, is exactly 2.4. For a random
network consisting of carbon and hydrogen only, the overall degree of fouffold carbon co-
ordination must vary with hydrogen content as

f4 = (8XH - 3)/5(1 - XH)

The relationship defines the solid curve labelled RCN in the hydrocarbon “phase diagram"
shown in Fig, 1.8. The degree to which overconstraint translates into hardness is determined by the
amount of clustering in the network; N,, may be inflated by locally overconstrained clusters that
cannot contribute to the macroscopic elastic properties. The graphitic clustering inferred from
Raman and optical measurements can be accommodated by grouping all threefold co-ordinated
carbon into larger multi atom nodes and renormalising to the newly reduced number of nodes. The

curve for optical constraint with large graphitic clusters is given by

f4 = SXHIS( 1 'XH)
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and is shown on the "phase diagram" as the dashed line labelled C-RCN. The modified form of the
RCN model coincides well with the NMR measurements. This indicates that a-C:H consists of

graphite clusters, which define most optical properties, locked in a slightly overconstrained network

that defines its mechanical properties.
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Fig. 1. 8 The hydrocarbon phase diagram. The solid curve (RCN) represents
optimally constrained random covalent networks without clustering and
the dashed curve (C-RCN) is for random network with large graphitic
clusteringI0

Although formally rigid, optimally constrained networks cannot be macroscopically hard. It
must be confirmed that the small degree of overconstraint is sufficient to account for the observed
hardness of DLC. He and ’Ihmpc52 treated an overconstrained RCN in a simulation in which bonds
were randomly deleted from a diamond lattice and the resulting elastic properties calculated as a

function of the average constraint in the remaining network. They found an empirical relationship

between N,, and elastic modulus,
E= Eo[(Nav'2-4) / (No'z 4)]

where N,=4 and E, is the modulus of the original lattice. Because hardness is approximately linear

with modulus, this can be used to estimate hardness, H, by replacing E, with H, for diamond.
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Thus, it is seen that, the hard, rigid mechanical nature of the films must arise from the
structure of the matrix that makes up the bulk of the film. Angus and Jansen® modelled the
diamond like hydrocarbon films as a fully constrained non crystalline network (FCN model) using
the constraint counting arguments of Phillips,54 Thrope51 and Dohler.”> The predictions of sp3/sp2
ratio and the average co-ordination number are in general agreement within the available
experimental observations, particularly at the upper end of the hydrogen composition range. The
model, as originally derived, predicts a range of compositions, from 0.17 to 0.62 atom fraction
hydrogen, over which a fully constrained network comprising sp3 and sp2 co-ordinated carbon

atoms and hydrogen atoms can exist. The predicted stability range is in agreement with the

observations.

Tamor _ has proposed a “defective graphite model” for the structure of the diamond like
hyclrc':carbcn.'-l.’56 In this model an initially perfect graphite crystal is modified by removing carbon
atoms and saturating the resulting dangling bonds with hydrogen. Percolation theory is used to
predict the upper and lower limits of hydrogen concentration. The defective graphite model
predicts an existence range of diamond like hydrocarbons from 0.2 to 0.6 atom fraction hydrogen. It
is remarkable that this model, which is based on different assumptions, predicts a similar existence

range as the constrained network model. Figure 1.9 shows the proposed two dimensional model of

DLC matrix.
1.7 Hydrogen Free DLC (a-C)

Hydrogen free diamond like carbon films (a-C) containing little hydrogen can be prepared
by sputtering of a carbon target,”’ by direct ion beam deposition from carbon ion beams® or by
condensation of carbon plumes produced by laser vaporisation.”” The densities of the
non-hydrogenated diamond like carbons have been reportedﬂ to be as high as 3.1 g/cm3, which is
closer to the density of diamond (3.51 g/cm’) than that of graphite (2.26 g/cm®). This unusually
high density alone indicates an unusual structure. The density of the films and the fraction of Sp3
bonding increases as temperature of the substrate is decreased.’’ There are well documented
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reports that indicate these films posses exceptional hardness, in some cases greater than that of

diamond.”®

®—-sp3C atom
®—5p2C atom
o-H atom

Fig. 1.9 A two dimensional representation of diamond like carbon films structure?

The constraint counting arguments used to describe the hydrogenated films show that a
non-hydrogenated, non crystalline network made up solely of sp® and sp® carbon sites will be
highly over constrained. Bonding constraints can be reduced by formation of clusters or
microcrystallinity and this may be the source of stability for these unusual materials. In fact, recent
molecular dynamics studies®® show that several types of medium range order may be present in the
non-hydrogenated amorphous carbons including five, six and seven membered rings and local
clustering of sp3 sites.®’ Tamor has concluded on the basis of his defected graphite model that it is
unlikely if more than 10% of the carbon sites in non-hydrogenated diamond like carbons are

.four-fold coordinated.”® However, recent k-edge absorption studies by Cuomo indicate upto 40

. » 3 .57
percent of the carbon atoms in a-C may be tetrahedral, sp™ sites.
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1.8 Metal Containing a-C:H

Diamond like carbon films containing little amount of metal (e.g. W, Ta, Ru, Fe, Ti etc.) in
their matrix are termed as metal containing a-C:H or M-C:H. The films were been prepared by
codeposition of hydrocarbon/carbon and various metals, e.g. by sputtering a metal target in a
hydrocarbon atmosphere. These materials have been found to be of great interest due to their
favourable mechanical and tribological properties.(’z The friction coefficient of metal containing
M-C:H films were much less dependent on humidity. Iron containing films exhibited reduced
friction (0.04) while R,-containing films exhibited increased friction (0.7). Incorporation of
tungsten was found to increase the wear resistance. Incorporation of Si upto 30% reduced the

coefficient of friction to 0.05 and further they were found to be independent of humidity.%
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1.9 Diamond Like Nanocomposite (DLN)

Diamond like nanocomposite (DLN) is a new class of amorphous material similar to DLC.
Drofman et al.%* first grew this material and have shown that the structure of these films consist of
atomic scale composites of two interpenetrating diamond like (a-C:H) and quartz like (a-Si:O)
random network. The diamond like network is stabilised by hydrogen and quartz like network is
stabilised by oxygen resulting in a purely amorphous structure®*® as shown in Fig. 1.10. The
mutual stabilisation of these interpenetrating atomic scale filaments and the common random
network structure prevents the growth of graphitic carbon at high temperature, serving to enhance
adhesion and to reduce the internal stress in these films. Such self-stabilised C-Si amorphous
structure form an ideal matrix for the introduction of the metal (W, Ti, Zr, Ni etc.). These metals
are distributed as separate atoms or as separate networks, and all these networks (the carbon matrix,

a-Si and a-MeQ) are bonded to one another by weak chemical forces.
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Fig. 1.10 Proposed DLN structure®

DLN films are grown by plasma polymerisation of silicon organic precursors of carbon and

silicon (viz. polyvinylsiloxanes).““ DLN synthesis involves codeposition of cluster less beams of
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C-containing and Si-containing radicals and, optionally, ions and/or atoms of the transition metals.
The methods of pure amorphous DLN synthesis involves the exclusion or minimisation of cluster
formation in the sources, in the primary plasma, in the deposition region and during film growth.
Radicals are formed via glow discharge plasma breakdown of the precursor using a quasi closed
plasmatron and DC (0.3 - 5.0 kV) or high frequency (90-450 kHz, 0.3-5.0 kV) fields are used to
transport the radicals to the substrate. Incorporation of metallic elements into the diamond like

network is achieved by coevaporation. Substrate temperature is in the range of 150-200°C. Typical

deposition rate is 1.0 to 3.0 pm/hour.
DLN films shows some improved properties as compared to DLC as listed in the Table 1.5.

Table 1.5 Some properties of DLN films®®

Property Range of obtainable values
Coefficient of friction 0.03-0.2
107-10” N/m?
Adhesion Adhere to a wide range of substrates including metals,
plastics and ceramics; no interlayers required
Thermal stability Stable to 400-600°C in air; capable of 1000-1200°C in
absence of oxygen
Physical flexibility Very flexible; does not crack whil@
Corrosion and erosion Resistance to acids, alkalis and particulates due to pore
free structure
Electrical conductivity ~10%10" ot em
—Dielectric breakdown strength 10%-10° volt/em
Hardness 10-22 GPa
Modulus of elasticity 150-200 GPa
Residual stress 200-300 MPa
Index of refraction 1.7-3.1
[ Infrared transmission 80-95% at 2-25 um
Ultraviolet transmission Opaque
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The applications of DLN films are similar to DLC films and offer more flexibility than

DLC films. Some of the important applications of DLN films are listed below:

* Thin films, wear resistant electrical heaters

* Thermal and chemical diffusion barriers

* Electrochemical contacts

* Catalyst supports for fuel cells

* Thin film capacitors

* Window coatings for thermal management

* Microwave applications: fine frequency tuning
* Coatings for magnetic/optical media

* Protection against ablation in laser devices

* Low friction coatings on moving parts

* Protection against corrosion at high temperature
* Biocompataible wear resistant coatings

* Protection of lenses, controlled opticals

* UV protection

* Protection against salt water and abrasion
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1.10 Definition of the Problem

As discussed earlier in section 1.3, that a large number of techniques have been used to
grow DLC films. On the basis of different review articles describing DLC deposition techniques,
there are probably more than seven hundred techniques or variants of techniques being used
throughout the world. In Japan alone, over 200 patents have been filed in this area over the last 15
years.®® However, none of these techniques can be treated as perfect enough to eliminate all the
drawbacks of DLC deposition. It has also been found that the DLC films deposited by the
conventional techniques possess very high compressive stress, of the order of several Giga Pascal
(GPa), resulting sometime in the delamination of the film from the substrates. Various
investigations that have been conducted by the researcher and an account of which is embodied in
this thesis are, therefore, to identify the specific reasons which cause such high compressive stress
in DLC films and then to develop technique(s) which would be easy to implement and the DLC

films so formed should show lower stress values and should not readily age.

To achieve the above goal, first a very systematic study of DLC ﬁlms grown by the
conventional RF asymmetric self bias technique has been carried out. The effect of operating at
VHF frequencies has been subsequently explained. The limitations of these techniques are then
discussed. It is this appreciation of the limitations of the RF asymmetric PECVD technique that

forms the basis of all that have been suggested and implemented by the researcher subsequently.

The search for a suitable technique meeting requirements of low stress and ease of
operation, lead the researcher to consider saddle field fast atom beam (FAB) technique. The
reasons to concentrate research efforts on FAB produced DLC films are as stated below. Grill ef
al ® pointed out that perhaps presence of significant amount of unbound hydrogen plays an
important role in the formation of high built-up stress in the DLC films. DC discharge technique
has been found by them to be better suited rather that RF asymmetric self bias technique. However,
DC technique has certain inherent limitations for depositing insulating DLC films. FAB is one
technique which though operates on a DC power supply but the potential profile is like that

obtained in a RF discharge.
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The FAB source, therefore, has the attributes both of the RF and DC glow discharge and
none of their shortcomings. Insulating DLC films can therefore be deposited easily on insulating

substrates by this technique.

The main objective of the present investigation is to find in what specific ways saddle field
fast atom beam deposition technique deviates from the more conventional RF asymmetric PECVD
technique. This is accomplished by carrying out a detailed optimisation study of the process and an

extensive characterisation of the films produced by this technique.

Further the “lost memory effect” i.e. the absence of dependence of the DLC film properties
on the nature of hydrocarbon source gases/vapou}s used need to be confirmed (this was earlier
believed to exists in the case of RF self bias deposition technique). The scaling of deposition rate
with the variation of the ratio of C/H in the starting material for the films grown by this specific

method of deposition needs also to be established.

To understand fully the operation of a FAB source the detailed characterisation of the beam
coming out of the FAB source needs to be analysed by measuring beam current density and the
neutralisation coefficient. An attempt to filter out the ionic radicals of the beam coming out from
the FAB source using a deflector arrangement appeared to led to interesting possibilities. Using
this technique it should be possible to grow DLC films simultaneously by neutral and ionic

radicals. A detailed characterisation study of these two type of films then needs to be carried out.

Finally an assessment of the relative merits of this technique vis-a-vis more conventional

RF self bias and ion beam techniques needs to be made in respect of the following

(i) The simplicity of the method of deposition
(i) The stress behaviour of the DLC films so deposited

(iii) Suitability of the technique for realising various industrial applications of DLC

(iv) Upscaling of the process for commercialisation.
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Chapter 11

Growth and Characterisation of Diamond Like

Carbon Films

2.1 Introduction

The chapter begins with a brief review of the different innovations that have been made and
the techniques that have been developed to reduce stresses in diamond like carbon (DLC) films to
date. Details of the plasma reactors used for the present investigations are subsequently given. This
is followed by brief descriptions of different characterisation techniques used during the present
investigation. Finally a brief description of the model used to determine the carbon bonding ratio

(sp*/sp?) in DLC films has been presented.
2.2 A Review of the Stress Reduction Efforts

Zelez' first reported the growth of low stress (<10° dyne/em’ i.e. <0.01 GPa) DLC films
using a hybrid process involving reactive bias sputtering of ultrapure carbon targets together with
plasma decomposition of normal butane. The films, reported by Zelez,' indeed, had some
superlative properties including low hydrogen content, high IR and visible transmission and high
bandgap. Robertson® in his review made a special mention of this work. However the researcher

could not reproduce the said results in the experiments undertaken in this laboratory. This therefore

requires further investigation.
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Substrate temperature at the time of the film deposition may affect the built up stress in the
DLC films. Yamada ef al.’ found a linear relationship between the internal stress of DLC films and
the deposition temperature over the range 0 to 150°C. An increase in the internal film stress from
0.48 to 1.5 GPa has been reported by them against the increase of deposition temperature of the
above mentioned range. Y. Catherine® has also mentioned that in order to obtain hard and nearly
transparent DLC films, it is necessary to keep the substrate temperature as low as possible because

the electron and ion fluxes cause considerable substrate heating.

The other important effort towards reduction of residual stress includes annealing of DLC
films. Grill et al.® reported that annealing at 440°C reduced the stress in their films. It was found
that DLC films deposited by DC excited technique exhibit smaller stress values than the films
deposited by RF PECVD technique.6 On further investigation Grill ef al.® could find a correlation
between the high residual stress and unbound hydrogen in these films. Inherent in the way DC
plasma excited films are grown is the feature that less unbound hydrogen gets incorporated in them
as compared to the films grown by RF excitation technique. Stress values in DLC films, for a
particular deposition technique adopted, was also found to depend on the type of hydrocarbon gases
or vapours used. This was traced to be due to their different dissociation energies and

corresponding production of varying degrees of unbound hydrogen.

The attempt to dope DLC films lead to some interesting results. Among the various dopants
like nitrogen, fluorine etc., N, has been found to be particularly good for the reduction of stress in
these films. Torng ef al’ reported that nitrogen incorporation in amorphous carbon (a-C) films
produced by sputtering in the argon/nitrogen plasma helped to overcome delamination problems to
a great extent. Franceschini ef al® have also reported internal stress reduction by nitrogen
incorporation in hard amorphous carbon thin films. Nitrogen atom admits a co-ordination equal to
3 at most (sp’ hybridised nitrogen). Therefore, the replacement of carbon by nitrogen in a-C:H
films implies a reduction of the average co-ordination number and hence the degree of over

constraining. This change in co-ordination number could be responsible for the internal stress

reduction in a-C:N:H films.®
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From the above review it becomes abundantly clear that, though the RF self bias technique
is very common, it often fails to grow low stress DLC films. In the RF self bias technique to
achieve sufficient self bias voltage one needs to input high RF power which, in tum, increases the
unbound hydrogen. Secondly, application of higher power leads to an increase in the energy of the
ions/radicals responsible for the growth of DLC films. The ions/radicals after being stabilised,
release energy to the growing surface, resulting in an increase in the temperature of the growing

films. This again plays an important role in the increase of the built up stress in the films being

grown.

The other techniques which are reported to be capable of producing low stress DLC films
are A, Very High Frequency (VHF)-PECVD, B. Dual frequency PECVD, C. Laser ablation etc.

In VHF discharge sheath thickness and potential drop at the sheaths are significantly small
and jons do not accelerate considerably while being attracted towards the substrates kept on the
cathode, resulting in a decrease in the substrate temperature and consequently low stress in the
films. However, the films so grown may not have the requisite hardness. Dual frequency
(Microwave/RF) discharge extensively investigated by Martinu ef al,’ is a remote plasma
technique and substrates do not undergo a high degree of ion bombardment. Pulsed laser ablation
technique is essentially a thermal evaporation technique and substrates are kept far from the plasma

and the plume created by the laser ablation.

From the above observation it becomes abundantly clear that it is perhaps the substrate
heating during growth that somehow is implicated in the phenomena of occurrence of high residual
(compressive) stress in DLC films. It is, therefore, very clear that any technique which does not
allow the substrates to heat up during the growth process and, thus, allows only a low level of

unbound hydrogen to be incorporated in the films are attractive.
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2.3 System Description and the Methodology Employed for the
Deposition of DLC Films

The most common technique to grow good DLC films is the RF self bias method. Here, the

two most important process parameters are the self bias voltage and the pressure of the hydrocarbon

gases, The advantages of RF self bias technique are the following:

(1) Uniform coatings on different substrates.

(2) Insulating substrate can be coated without difficulty.

(3) Higher deposition rates as compared to DC glow discharge technique.

(4) The process parameters can be tailored to achieve desired deposition.

(5) The interaction between the plasma and its surroundings is "focussed" to the sr:all powered
electrode; i.e., deposition and sputtering is almost totally restricted to the elec‘trodc with the
substrate on top. Contamination from the reactor walls as well as undesirable coating of the
vacuum system are minimised.

(7) Due to the high negative self bias voltage, the acceleration potential, which determines the
average kinetic energy per positive ion impinging on the electrode, is at least one order of
magnitude lower for the electrons in comparison to the positive ions. Therefore, the
electrons contribution to the power dissipated on the substrate is negligible.

(8) Larger particles (e.g. dust), like any electrically floating probe in contact with the plasma,

charge up negatively. They are thus repelled from the negatively biased substrates, one

prerequisite for pinhole-free coatings.
2.3.1 Plasma Enhanced Chemical Vapour Deposition (PECVD) System

The first set of DLC films for the present investigation was prepared using plasma enhanced
chemical vapour deposition (PECVD) technique. The plasma glow discharge deposition system
designed and fabricated for the present study, employs a four way stainless steel cross (150 mm).

The electrode system consisted of a cathode (area = 100 cm’) on which substrates were placed
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while the rest of the reactor body acted as anode and was kept at ground potential. The cathode
was connected to a RF (Radio Frequency, 13.56 MHz)/VHF (Very High Frequency, 100 MHz)

power supply. The deposition system used in this study is shown in Plate 2.1 and also schematically

in Fig. 2.1.

Plate 2.1 Photograph of the PECVD deposition system

An electrode, capacitively coupled to a RF generator, develops a negative self bias if the
electrode area is smaller than the area of the grounded part of the system.'® This bias arises front
the large difference in the mobilities of the electrons and ions. Since the powered electrode is
capacitively coupled, the steady state DC current must be zero. A surplus of electrons accumulates
on the electrode until a sufficient negative potential develops to ensure that the net current flow

over a full cycle is zero. The result is ion bombardment of the substrates, which is placed on the

powered electrode, during the film growth.
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The reactor geometry, i.e. basically the ratio of the capacitively coupled electrode surface
(cathode, A,) to the grounded part of the system, (anode, A,), is of importance for the potential

distribution.

The ratio of the sheath potential over the cathode and anode dark space (V. and V,,
respectively) depends on the ratio of the electrode areas as''

V.. [Aa)"' 1 .
— = —= < <
v 4 o

5.8 <

Thus, a large asymmetric system as shown in Fig. 2.1 is characterised by a large seif bias

potential at the powered cathode of slightly less than half the RF peak to peak voltage V.

2.3.2 Saddie Field Fast Atom Beam (FAB) Technique

The main research effort documented in this thesis is related to the study of DLC films
formed by a saddle field fast atom beam (FAB) source. It may be noted that, in the present thesis,
at times, a comparison will be made to the properties of the films deposited by other innovative
techniques to the one obtained by RF self bias method. The FAB source'? (M/s Ton Tech Ltd.,
FAB-110) used in the present research work is shown in Fig. 2.2. It is a cold cathode device and
consists of two anode rods (graphite) surrounded by a rectangular cathode also made of carbon
(graphite). The source used is of twin (double) cell construction but designed as a modular unit for
multiple combination in a linear or maﬁix array. When a DC positive voltage is applied to the
source (anode) by a power supply (Ion Tech Ltd., Model B50-50) the electrons originate from a
sector of the cathode and travel through the anode region towards the opposite cathode sector.
While travelling, they are retarded, return and continue to oscillate about a central saddle field
under the action of a DC electrostatic field. The electrons, therefore, travel long oscillatory paths
before being captured by the anode. This increases the efficiency of ionisation. When a
hydrocarbon gas or vapour is introduced, the probability of ionisation is high because of the long

electron paths and this unique feature of the source provides the ability that the discharge can be
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approaching two orders of magnitude lower thejl that normally a;:j:‘?::
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formerl In the discharge frete tr:er unique feature of the source is the neutral nature of the parth e
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Schematic of the saddle field fast atom beam (FAB) source
Fig 2.2 Schem
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The plasma chamber of the source and electrodes are made of carbon and coupled with the
cold cathode operation, this construction allows the source to be used with gases other than inert
gases, such as hydrocarbon gases for producing DLC films. The operation of the source is
dependent only on two parameters. These are the regulated current output from the power supply

and the discharge voltage which is determined by the gas flow (pressure) and consequently by

setting of the needle valve used etc.

PP P7A P77 _ SUBSTRATES
——BELLJAR
WL/
oy D _
0 —Q = - FAB SOURCE

WQEESR =] HT(kV) VACUUM PUMP

Fig 2.3 Schematic of the FAB experimental setup to grow DLC films
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The FAB source used in the present investigation, FAB 110-2 (double cell), was mounted
inside a 30 cm in diameter vacuum system as shown in Plate 2.2 and also schematically in Fig. 2.2.
The source was cooled by forced water circulation and hydrocarbon gases/vapours were aspirated

through gas regulator and necedle valve combinations. Plate 2.3 shows the typical beam coming

out from the FAD source.

In carlier experiments, a diffusion pump backed with the rotary pump was used as a
pumping stack. Later on to increase the pumping speed and thereby the deposition rate of the films

so grown, a turbomolecular pump backed with a rotary pump system was employed.

Plate 2.2 Photograph of the FAB deposition system
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Plate 2.3 Photograph of the typical beam coming out from the FAB source,

2.4 Preparation of the Substrates to Deposit DLC Films

This was found to be a very important step and proper cleaning of the substrates before
being introduced into the deposition chamber has been paid particular attention in order to deposit
high quality DLC films. The substrates used for the deposition of DLC (a-C:H) films were Corning
7059 glass, single crystalline silicon wafer (5-10 € cm, p-type), well polished germanium, optically
polished stainless steel pieces and quartz plates. The procedure for cleaning the glass, quartz and
stainless steel substrates was simple, comprising an initial wash with soap solution and double
distilled water followed finally by an ultrasonic cleaning for 15 minutes in pure alcohol. The Si

wafers were, however, given an HF etch to remove the native oxide layer and then an ultrasonic

cleaning in distilled water was carried out. The Ge pieces were additionally boiled in

trichloroethylene. The substrates were dried by blowing with dry nitrogen gas.
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2.5 Experimental Procedure for the Deposition of DLC Films

24.1 PECVD System

The cleaned substrates were fixed to the powered electrode. The chamber as well as the gas
lines were evacuated to a vacuum of the order of 10 mbar in a system that used a diffusion pump
fitted with a liquid nitrogen trap, backed by a rotary pump. For pumping the process gas, there was
a separate pumping line which was connected with an ON-OFF valve, throttle valve, roots blower
and rotary backing pump. Before starting the actual process, an argon discharge was maintained, at
RF power of 50 W for 10 min. This helps the loose surface impurities on the substrates to be taken
out by the energetic argon ion bombardment. This way of cleaning the substrates was found to
provide good adhesion of the films to the substrates. After cleaning the substrate(s), the system was
again evacuated to a high vacuum. Then the hydrocarbon gas/vapour (usually Matheson Gas
Products, USA) was introduced into the chamber and the flow rate and pressure were adjusted
using the mass flow controller (Sierra Instruments, Inc.) and throttle valve controller (MKS, Type
252C). The process gas was pumped out by a roots-rotary combine. The RF (13.56 MHz, RF 58,
RF Plasma Products Inc.) or an indigenously developed VHF (100 MHz, Nuclear Science Center,
New Delhi) generators were used as sources for plasma excitation. They were turned on and plasma

was excited after the pressure and flow of the gas were stabilised. The matching network was tuned

to minimise the reflected power.

2.5.2 FAB System

The substrates cleaned as indicated earlier were fixed on the substrate holder located normal
to the FAB source at a particular distance. First the vacuum system was evacuated to a base
pressure of less then 10°° mbar by a diffusion pump backed by a rotary pump (alternatively a turbo

pump backed by a rotary pump). By slow adjustment of the needle valve, argon gas was allowed to
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enter the saddle field source in order to clean the substrates. This was done at a pressure of ~1.0 x
10~ mbar. After stabilisation of the argon pressure inside the chamber, the FAB power supply was
switched on and the high voltage was set to ~2.5 kV using the current limit control knob of the
power supply. Initiation of the plasma discharge was indicated by a drop in voltage to ~ 1 kV and
the resulting plasma current was read on the current meter provided on the power supply. The
plasma current was controlled with the current control knob and the voltage drop was controlled
largely by adjusting the flow rate of the gases which in turn determined the pressure. Flow rate of
the particular hydrocarbon gas was controlled by the use of a needle valve. The discharge cleaning
was done for about half an hour. This is considered an important step in getting highly adherent
DLC films particularly on a non carbide forming substrate, such as glass. After discharge cleaning
of the substrates, the system was again evacuated to the base pressure and subsequently a particular
hydrocarbon gas was introduced. The aspirated gas/vapour is largely fragmented and the fragments

emerge as a beam (aperture size = 1.5 mm) which is directed towards the substrates held at nearly

room temperature, to form DLC films.

2.6 Thickness Measurement

Thickness of the thin films is one of the first important parameters to be evaluated. Initial
estimation of the thickness was done by using a Talystep (Rank Taylor and Hobson, UK)
profilometer. The instrument, equipped with a diamond stylus, measures the heighﬁ of the step and
it is amplified and recorded on a magnetic chart paper. It is very difficult to form a step after
depositing DLC films on the substrates. Therefore, before loading the substrates in the deposition

chamber a dot mark was made on the substrate using a marker pen, which acts as a step after the dot

is erased, using for instance, acetone. The thicknesses of the films were also verified by

ellipsometry. Both thickness values were found to be within the experimental error, The

deposition rate was estimated by dividing the observed thickness of the films by the deposition

time,
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2.7 Hardness Measurement

To qualify the DLC films as a protective coating it is very important to evaluate the
hardness of the films. Hardness is also expected to reflect the other relatéd properties of thin films,
like porosity, density or surface qu::tlity.13 Again the hardness of a material is a parameter
describing its ability to withstand penetration by a surface contact. The determination of the
hardness of a material is normally made by driving a sharp indenter of a defined geometry into the
surface under specified conditions for a fixed time. Usually a pressure, termed the hardness, H, is

calculated from the applied load P and the contact area A of the loaded indenter: H = P/A.

A Knoop hardness indenter equipped with Zwick 3212 instrument (Germany) has been
used to evaluate hardness of the DLC films. The Knoop hardness (HK) is defined as the applied
load P divided by the projected area of the impression, and can be calculated by the formula HK =
14229 P/F, where I is the length of the diagonal of the indenter. The Knoop hardness ‘gives better
results than Vicker hardness for films having thickness less than 0.3 nm because of its small

indentation de,pth.13 DL.C films deposited on to the Si substrates were used for this purpose.
2.8 Stress Measurement

Residual stress formation in the film and the film to substrate adhesion determine the
stability of the film/substrate composite and, thus, the lifetime of the devices that incorporate the
DLC coatings. It is, therefore, very iniportant to deposit well adhering and low stress films for

better performance. Thus measurement of stress is a very important characterisation study.

A laser scanning based technique has been used in the present investigation to determine the
residual stress in the DLC films. The laser scanning stress measurement setup, developed
indigenously, and used extensively in this study is shown in Plate 2.4 and also schematically in

Fig. 2.3. The entire arrangement was laid on a heavy metallic table.
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Fig. 2.3 Schematic diagram of the stress measurement setup

Stress measurements were carried out on DLC films deposited on (20 x 20) mm® glass
slides ~0.15 mm thick. The film stress was estimated from the change in the radius of curvature of
the glass substrate caused due to the deposited film. This setup is similar in design to that of Sinha
et al™ A semiconductor diode laser was used to direct a light beam on the sample. Before
reaching the sample, the beam passed through a beam expander, aperture and beam splitter. The
and apertures focussed the beam such that the beam traversed a large distance with

beam expander

minimal divergence. The beam splitter reflected a part of the incident laser beam to the sample, and
the reflected beam from the sample was directed to a mirror. The beam splitter reflected 30% and
transmitted 70% of the incident light and had an optically flat surface. The beam was reflected

from the mirror to a location where the change in position of the reflected beam was measured.
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Radius of curvature measurements were made by translating the sample a known distance
X, along a direction perpendicular to the incident beam and measuring the displacement, d, of the
reflected beam. The reflected beam movement was measured by measuring the displacement of the
reflected beam spot on the screcn. Measurement of the reflected beam displacement was performed
at a distance L from the sample. Using the values of X, 4 and L, the radius of curvature, R, of a

sample may be calculated by the relation

_2XL
d

The precision of the system described above was tested by measuring the radius of

R

curvature of a commercially available concave spherical mirror, with radius of curvature 33 m.

Plate 2.4 Photograph of the laser scanning stress measurement setup
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The residual stress in a film is related to the radius of curvature of the substrate and is given by"

Et? [ 11 ]
Oz — e
6(1 ~ujte \R R,
where E and p are Young's modulus and Poisson's ratio of the substrate, respectively; t. is the

substrate thickness, t; is the film thickness and R, and R the radii of curvature of substrate before
and after film deposition. Values of £=1.03 x 10'! kg/m?, n=0.22 and t=0.15 mm have been used

in the present investigation.

The stress values obtained from a measurement involving the above setup was compared
with a commercially available setup available at the Solid State Physical Laboratory, Delhi (SMSi
8900 TC, Scientific Measurement Inc. System, USA). The values of these two results were found

to differ within 20%.

2.9 Optical Properties

2.9.1 Optical Bandgap

The optical bandgap of amorphous semiconductors can be found from the dependence of
the absorption coefficient o on the photon energy hv. The forms of o as a function of hv are

determined by the energy dependence of the density of state N(E) for the bands containing the

initial and final states.

The absorption edge is very different in shape and in position from the Urbach type edge

observed in diamond. It is well documented that except for the lowest tail, the absorption follows

the Tauc's relation'®
ahv = B(hv - Eg)z

where B is a constant and E, the optical bandgap.
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Although the assumptions leading to the above relation may not be fulfilled, plots of +/othy
vs. hv, provide a simple parametrisation of the electronic absorption edge. The optical bandgap is

taken from the extrapolation of the linear portion of the curves towards abscissa.

The optical measurements were carried out, both in transmission and in reflection mode, on

a Shimadzu 3101 PC Spectrophotometer in the wavelength range 400 to 900 nm.

2.9.2 Ellipsometry

Ellipsometry is a convenient and accurate technique for the measurement of thickness and
refractive indices of very thin films on solid surfaces and for the measurement of optical constants
on reflecting surfaces. Ellipsometry technique can also be used for quantitative microstructural

information of the film by analysing €; vs. hv and ¢, vs. hv trace.

In ellipsometry, the change in the state of polarisation of elliptically polarised light due to
reflection is measured and interpreted in terms of properties of the reflecting surface. Two
characteristic parameters measured in ellipsometry are the change in the relative amplitude rany
and phase difference A, of two orthogonal components of the incident light due to reflection, From
these two measured quantities, two parameters of the reflecting surface can be determined. For a
surface covered with a absorbing film, thickness and refractive index of the film can be determined,

if the optical constants of the substrate are known.

A Rudolph research ellipsometer (Model 43603-200 E), with a tungsten iodine lamp and a
line filter (546.1 nm) and with an variable angle of incidence was used in the present investigation
to evaluate the refractive index (») and the extinction coefficient (k). The samples used for this
characterisation were films deposited on Si substrates. A Fortran computer program has been used
employing a two phase model (substrate/absorbing film/air) to compute the complex refractive

index from ellipsometer measurements.
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Spectroscopic ellipsometry data were also acquired using a rotating polariser spectroscopic
ellipsometer (SOPRA, Model ES2G, France) in the spectral range 2.5 - 5.0 eV and the optical
constants [viz. refractive index (») and extinction coefficients (k)] of the deposited DLC films were
determined employing two phase model (substrate\film\air) for the analysis of the data. The values

of dielectric constants (g, and &) were evaluated from the values of optical constants (n, k) by the

well known relation viz. g, = n’ - k* and €, = 2nk.

2.9.3 Subgap Absorption

Any technique through which one can measure low absorption can also be used as a
technique to characterise impurities, defects, etc. The distribution of states within optical bandgap
is believed to be exponential and is characterised by a slope E,, an important parameter in deciding

the quality of the material. The parameter, E, determines the broadness of the states distribution;

higher the value of E,, more will be the disorder in the amorphous network.

As shown in Fig.2.4, the absorption edge spectrum of a typical amorphous semiconductor

can be roughly divided into three regions:

A. High absorption region A (o> 10* cm™)
The optical transition of this region is usually described by the Tauc expression

ohv = B(hv—E, )

where B is a constant and E, is the optical bandgap.

B. Exponential edge B (10" <o < 10> cm™)
In this region, the variation of with hv follows the equation,

)
0L = Otg €XP| ——
0

where o, is a constant and E, the characteristic energy representing the slope of the exponential tail

state distribution and reflects the randomness of an amorphous network.
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C. Weak absorption tail C (a0 <10'cm™)
The weak absorption tail of region C is attributed to the deep defect states in the mid-gap,

mostly originating from dangling bonds and impurities.

Therefore, measurement of o in the appropriate wavelength regions provides useful
information about the electronic states within the bandgap of the material. The optical transitions

responsible for each region are shown in the simplified gap-state profile of Fig. 2.5.

For the low absorbing films, transmission measurements on a spectrophotometer is not
suitable for obtaining the required absorption spectra. Photothermal Deflection Spectroscopy

(PDS) can be used to acquire absorption spectra accurately. In the present investigation a

transverse PDS setup has been adopted.

2.9.3.1 Transverse Photothermal Deflection Spectroscopy

Transverse photothermal spectroscopy is based on the commonly observed "mirage" effect
during a hot day. The magnitude of refraction/deviation ® of a beam of lght, such as a laser beam,
propagating close to the sample surface which is absorbing the incident monochromatic light flux

(pump beam) under investigation is related to the optical absorption coefficient of the material in

the following manner:

P= k[l - exp(—aa‘)]
where ¢ is the film thickness. The proportionality constant & depends on various system parameters
such as the diameter of the probe beam in relation to the pump beam and its closeness to the sample
surface, the thermophysical properties of the fluid medium in contact ‘with the sample, the
modulation frequency of the pump beam etc. In order to increase the sensitivity of the technique it
is advantageous to have a medium with higher temperature coefficient of refractive index in contact

with the sample. Carbon tetrachloride (CCle ) for which dn/dT = § x 10/K (for air dn/dT = 5 x

10%/K) has been found to possess such a property. The deflection is measured using a position

sensitive detector.
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Fig 2.4 The absorption edge spectrum of a typical amorphous semiconductor
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Fig. 2.5 The optical transitions of @ typical amorphous semiconductor
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The PDS setup used for this study is shown in Plate 2.5 and also schematically in Fig 2.6,
The whole arrangement was made on a vibration damping optical table (M/s Holo optics Ltd., New
Delhi). The table consists of aluminium honeycomb structure in between thick stainless steel plates

and is supported on three air filled cylinders to damp out low frequency vibrations.

Plate 2.5 Photograph of the PDS setup used in the present investigation

The broad band light source used in this experiment is an air cooled 350 W

tungsten-halogen lamp. The beam is focused on the entrance slit of a 0.25 meter monochromator

(Thermo Jarrell Ash Corporation, Model 82-410). The monochromatic beam coming out of the
exit slit of the monochromator is chopped at a low frequency, typically 12 Hz, by a mechanical
chopper (Stanford Research Systems, Model 540) and 1s focussed on the sample surface by means
of a combination of lenses. The sample is immersed in doubly distilled CCl, in a cuvette of
10x10x70 mm size. The top of the cuvette is tightly closed to prevent the escape of CCl, vapour

33



d

PC
MONOCHROMATOR '
?
w“EILTER SET LOCK-IN
CHOPPER
He-Ne LASER
E:::?a:{ﬁ>——— 1
POSITION
DETECTOR

Fi
54

g, 2.6 Schematic diagram of transverse PDS setup




into the atmosphere. The cuvette is mounted on a tilting stage attached to a manipulator capable of
three axis i.e.,, X, Y & Z translation. The sample's position was manipulated so that the S mW
He-Ne laser probe beam travels close to and parallel to the surface of the sample. The position of
the quadrant detector mounted on an X, Y & Z translation stage was adjusted so that the laser beam
falls perpendicularly on the active area of the quadrant position detector (Silicon Detector
Corporation Ltd., USA). The analog signal (A-B)/{(A+B) is fed to a lock-in-amplifier (Stanford
Research Systems, SR-530) after computing it electronically. The reference signal to the lock-in
amplifier is provided by the mechanical chopper driver. By varying the wavelength of the incident
(pump beam) radiation, the PDS signal and its phase with respect fo the probe beam were recorded
using the lock-in amplifier at various wavelengths. The raw PDS spectra is matched with the
values obtained by reflection and transmission measurements beyond 1000 cm” and finally this

matched curve is normalised with respect to standard carbon black sample.

2.10 Electrical Properties

2.10.1 Electrical Conductivity

Conductivity measurements were performed on samples deposited on 7059 glass substrates
having aluminium or silver contacts above the a-C:H film in a coplanar configuration with a gap of
about 0.078 cm, after annealing at 300°C for an hour in vacuum. A DC voltage was applied to the
electrodes and the current passing through the film was measured by a electrometer (Keithley,

Model 610C or 617). Measurements were carried out under a vacuum of better than 10* mbar,
The value of conductivity (o) was calculated from the relation

IxL -1 -1
=__><___ Q cm
Vxtxw
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Where V is the applied voltage in volts, / is measured current in amperes, ¢ is

thickness in cm, w is width of film in cm, and L is the distance between the electrodes in cm.

Electronically, 2-C:H would be best described as a composite of very small conducting
islands captured in an insulating matrix. Studies of the temperature dependence of the conductivity
indicate that conduction is via thermally activated hopping of charge carries between localised

states. This localisation is presumed to occur on graphitic clusters.

2.10.2 Current-Voltage (I-V) Measurements (SCLC)

I-V characteristics were investigated on sandwiched specimens which were prepared by
depositing DLC films on silicon substrates and aluminium dots were made as a top electrode by

thermal evaporation in ~ 10" mbar pressure. The active area of the devices was 7.85 x 10° cm?

and a programmable Keithley 617 electrometer was used for I-V measurements.

2.11 Surface Morphology, Composition and Structure

2.11.1 X-ray Photoelectron Spectroscopy (XPS) and X-ray Auger Electron
Spectroscopy (XAES) Studies

XPS is a chemical sensitive technique and the XPS chemical shift has been proven to be a

valuable method for understanding the local environment of an atom in a solid and to investigate

whether a carbon film is sp3 or sp2 bonded."” Apart from the chemical shift, the XPS technique can

provide other useful information such as film composition, plasma loss for conducting materials,

valence band density of states etc.
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A relatively sensitive analysis of the sp® and sp’ bonding in the DLC films is provided by
AES or XAES."" XAES has further advantage of not damaging the samples under investigation.

XPS and XAES measurements were carried out on a multi technique surface analytical
instrument (M/s Perkin Elmer, Model 1257) capable of attaining a vacuum level ~ 10" mbar.
MgKeo (1253.6 eV) was used as a X-ray source for irradiating the sample. The spectra were
recorded before and afier cleaning the top surface by using argon beam at 3 keV at a pressure of
~10® mbar for 2 min. The system is calibrated with respect to contaminant free Ag 3d line using
MgKa as the incident photon. The XPS survey scan was obtained at 100 eV pass energy at a step
of 1.0 eV and the XPS C(1s) core level spectra was acquired at 0.1 eV step with a pass energy of 25
eV. The XAES spectra were obtained at a step of 0.1 eV with a pass energy of 100 eV. The first
derivative spectra (dN/dE) of the XAES data were obtained by first eliminating the effect of X-ray
satellite from the measured spectra and the spectra were differentiated to obtain dN/dE using

programme supplied with the spectrophotometer.

2.11.2 Scanning Electron Microscopy Studies

Scanning electron microscopy (SEM) is a widely used technique for studying surface
topography as well as cross-sectional features of thin films. In SEM, a finely focussed electron
beam is scanned over the surface of the specimen. The secondary electrons emanating from about
10 A°® from film surface are extracted by a high potential applied to a scintillator-detector system.

Secondary electron images are generated by synchronising the optical output of the detector with

raster of the electron probe across the sample. SEM of some of the DLC films were studied on

JEOL, JSM -35CF scanning electron microscope.

2.11.3 IR Studies
IR spectroscopy is a non-destructive method capable of providing a lot of information about

the material without having to form contacts. Difference in the structure and the composition show
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up in the IR absorption spectra. The absorption in the IR below the optical gap is characterised by
an absorption tail extending towards lower energy, as well as C-H and C-C vibrational bands, the

latter becoming allowed due to the lack of translational symmetry in the amorphous materials.

IR spectroscopy technique has been used in the present investigation to determine the

bonded hydrogen content. The number N of bonds per unit volume contributing to IR-active

vibrational bond is given byls
N=A I#dw

where A is a normalisation factor proportional to the inverse of the absorption strength and a(o) is
the frequency dependent absorption coefficient. The integration is performed over the absorption

band of 2700-3100 cm’”, a(w) was determined from the film thickness and IR spectra. For hard
a-C:H films, A4 is about 8.5 x10% ¢m? for C-H vibration.'® IR spectra of the DLC films grown on

Si wafer were recorded in a BIO-RAD, FTS40 FTIR spectrophotometer.
2.12 Hydrogen Content Estimation

Hydrogen in DLC films plays a important role and influences the material quality a great
deal. It is, therefore, very essential to estimate the hydrogen content. The total hydrogen content of
the DLC films has been estimated using Elastic Recoil Detection Analysis (ERDA). In the present
investigation the estimation of hydrogen content of some of the DLC films has been carried out at
Nuclear Science Centre, New Dethi, using their facility 15 UD NSC Pelletron. 50 MeV 2%Si ions
were used for this purpose. The hydrogen content of the DLC films were estimated using standard

procedure published in the literature. 19
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2.13 Evaluation of spz'/sp2 Ratio

2.13.1 Introduction

The physical, optical and electrical properties of DLC films appear to be determined by the
relative amount of sp:‘/sp2 sites. For this reason, evaluation of spzlspz ratio in these films is
important. Quantitative information on the relative concentration of sps, sp2 and sp' hybridised
carbon has been estimated through the use of different experimental techniques, viz. Infra-red (IR)
spectroscopy,”® Electron energy loss spectroscopy (EELS),?' Nuclear magnetic resonance (NMR,
CNI‘\/IR),22 Raman sr,\ec:t:roscop),f,23 X-ray photoelectron spectroscopy (XPS),'g X-ray Auger electron
spectroscopy (XAES). ' But all of these techniques have some inherent limitations.

Infra-red spectroscopy provides information through the deconvolution of the C-H
stretching peak (2900-3100 ¢cm™) into individual contributions correlated to the different bonding

environment of C-H bonds. This method does not allow one to extract information on the sites

where C is not bonded to H.

EELS is a highly sensitive technique for the surface microstructure and gives information

on very small region near the surface.

NMR is a precise and bulk-sensitive method. The information on hydrogen bonding to

different sites can be obtained through this technique if large amounts (>50 mg) of materials are

used.

Raman spectroscopy can only be used to obtain a qualitative indication of the amount of

graphitisation in the film. Thus this technique individually can not give information about the

Sll':{/Sp2 ratio if both C-C and C-H bonds are present.
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XPS and XAES are sensitive techniques. The ratio of sp3/3p3 is determined by the
deconvolution of XPS C(ls) spectra and by measuring the Auger width in XAES derivative

spectra. But diamond sample (100% sp3) and graphite sample (100% spz) are needed as reference

spectra.

However, most of these techniques are not available for a routine measurement of sp3/sp2
ratio particularly during a material development programme for some specific device application.
A simple technique involving measurements on a readily available equipment like a
spectrophotometer or a ellipsometer could, therefore, be most appropriate. In fact such techniques

have already been developed and a brief account of these efforts will be presented in the following:

Savvides® determined sp3/s1:|2 ratio using a method based on energy dependence of the
imaginary part of the dielectric constant (g,) of the DLC films. The effective number of n electrons
is evaluated by comparing the €, first moment for a-C:H to that of graphite. However, no
information on sp3 sites or on o bonds is obtained, and knowledge of €, values up to at least 8 eV

is needed, since the energy dependence of €, for graphite and a-C:H at energies below 7 eV is quite

different.

Similarly, F. Demichelis ef al® analysed real (g,) and imaginary (g,) components of
dielectric constant of DLC or a-C:H films for obtaining what they claimed was more reliable
information on the sp3/sp2 ratio. In this method the contribution to &,(E) of n—n  transition is
taken into account through Kramers-Kronig relationships and the contribution of 6—c" transition

to &,(E) is analysed within the frame work of Wemple-Didomenico model.?®
. 3 .
2.13.2 A Simple Technique to Estimate sp /sp® Ratio

The technique developed in this laboratory during the present investigation is in many ways

similar to that proposed by Demichelis ef al,” but with some differences which are described

below:
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2.13.2.1 Wemple-Didomenico Model
In this model, the real €,(E) and imaginary part €,(E) of the dielectric constant e(E) of an

a-C:H film are analysed, for estimating the Plasmon energy of carriers. It is important to see how

it follows from the basic relation given in Principles of the Theory of Solids by JM. Ziman,
Cambridge (1964), Ch. 8, which is written as,

47Ne’ I .7

s(@)=1+—— ,ij{w__—f—w’ i~ 6w - o))} 2.1)
where o is the frequency of radiation incident upon a solid having fixed assembly of N
independent neutral atoms and each atom contains only one electron of mass m (single electron
approximation), f; equals the electric dipole oscillator strength associated with transition at

frequency w;. In the single oscillator approximation (j=1), and f=1, therefore, one can write the

energy dependence of dielectric constants €,(E) and €,(E) as
2

Ep
¢, (E)=§-—E5(E* E,) 2.2)

2

Ep
e(E)=1+ El_E? 2.3)

where, hw =E, ha, =&~ &, =E, is the spacing between bands and Plasmon frequency ®p,

Plasmon energy E, are given by

47Ne?
Wp = m ) EP =?ia)p (24)

Equation 2.3 can be rewritten as
1 __E, E
&(E)-1 E; Ej
A plot of 1/[g,(E)-1] vs. E? yields a straight line whose slope and intercept gives Ep and

(2.5)

E,. AtE=0, it follows from equation (2.5) that

E?o =(Fi(0,.)2 =Ei[5|(0)‘ 1] (2.6)
This equation also enables the determination of Plasmon energy (E;) of carriers.
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2.13.2.2 Dielectric Constants

The real €,(E) and imaginary €,(E) parts of dielectric constant €(E) of an insulator are

inter-related by Kramers-Kronig relations

', (E")

&(E)=1+ 7. E'é'l')———'d 2.7
2 & (E")
& (E)= E -—-—d (2.8)

o (BN -
Assuming independent contributions of o6 and To7 transitions to g,(E) one can write
&,(E) = &,,(E) +£,,(E) (2.9)

In view of this, equation (2.7) can be rewritten as

2 ';,,(E) E's,,(E))
&(E)=1+— ?(E&; ozgr??—-d (2.10)

Further the real €,,(E), €o(E) and imaginary parts €22(E), £24(E) are related by Kramers-Kronig

relation as
2 TEISZJI' (BI) |
&, (E)=1+— ____“(E')Z-Esz (2.11)
0
2 TE's,, (E"
E)= 1+~ )y 55 dE 2.12
&,(E) 7 J(E) _E° (2.12)

Elimination of integrals as expressed by equations (2.10) to (2.12) results:

6, (B)—1=[6, (B) - 1]+ [, (B) 1] (2.13)
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The aim is to extract g,,(E) from experimentally observed &,(E) using equation (2.13).

Once this is achieved, Wemple-Didomenico model*® (as outlined in Section 2.13.2.1) can be

used to determine Plasmon energy for o electrons. For this task, information about €,(E) or

£,5,(E) (as discussed below) is required.
The imaginary part of the dielectric constant €,,(E) is found to be related with the density

of states (DOS) in these materials. Das Gupta et al® proposed a pair of broad Gaussian like

distributions of DOS, lying above and below the Fermi-level, arising out of the ®-states. Their

detailed analysis predict the contribution of m—>7 transitions to go(E), given by

A [E 2E, -EY’
& (E)=§Cﬂ{20 )ex;{{ Ly J :| (214)

where A denotes scale factor and E, and o, are known as Gaussian parameters. Using Kramers-

Kronig relation equations (2.11) and (2.14), one can estimate €,,(E) and hence £,,(E) via

equation (2.13).
2.13.2.3 Procedure for Determination of sp3/sp2 Ratio

(2) Estimate the parameters E,, o, of Gaussian like bands and the scale factor 4 of the formula
obtained from the convolution of the Gaussian bands, (Equation (2.14), assumed valid for all

energies), by fitting the low energy region (E < 4¢V) of the experimentally observed s,(E)
spectra, i.e.
Bl @
{5275( )equaﬁOﬂ [ 2 ]experlmental

(b) Evaluation of €,(E) using Kramers-Kronig relation (equation (2.11)) and hence ¢,,(E) from

equation (2.13) in the same energy range in which optical measurements have been performed.
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(e) Apply Wemple-Didomenico model®® to €,5(E) spectra, for the estimation of Plasmon energy

of o electrons (i.e. plot 1/[g,(E)-1] vs. E?) from
2
E:‘, = (hwp)o = Ei[Ela(O) - 1]

Since Plasmon energy is proportional to the number of valence electrons, therefore,

n,, =k"'E}, =k'E[e,,(0)- 1] (2.15)

(d) Estimate Plasmon energy of electrons by evaluating

Ny = k-lElz’o' = k_IMIn‘ (2.16)

2
where M, = ;?’E*az,, (E')dE (2.17)

M, is known as the first moment of €5,(E) (equation (2.14)). Now dividing equation (2.16) by

equation (2.15), one gets

n Mln

Y

n,, B EX[e,,(0)- 1] B

y (2.18)

Therefore, the ratio of sp3/sp2 can be calculated as follows:

Let X, Y, Z denote the number of sp3, sp2 and H atomic sites/volume.

S X+Y+Z =N = atomic density (2.19)
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2 . " .
Now each sp” site give rise to 3 o states and 1 n state, whereas each sp3 site give rise to 4 o

states, and each H atom to a single ¢ state, then
Total number of nt state =Y

Total numberof g statess=3 Y +4 X+ Z

n Y
T e
herefore, n, 3Y+4X+2Z “
‘ X Y Z
Now from equation (2.19) N + N 4 N l
y
_ N _
and from equation (2.20) Y X z °
45 4
INTINTN

. ; 3
Further if = fj (atomic fraction of sp™ atoms),

= f, (atomic fraction of sp2 atoms) and

= f,, (atomic fraction of H atoms)

ZIN Z|< z|

it follows from the above equations that

fH+f2 +f3:1

b
3f, +4f; + £

Simplification of equations (2.21) and (2.22), results

- (4-3y)a
b= Tva)
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_(1-3a) ~(1-2a)f,

3= (I+a) (2.24)
Dividing equation (2.24) by equation (2.23), one gets
f, (1-3a)~(1-2a)f,
fz a(4 - 3fH) (225)

Knowing the H content in DLC films the values of sp3/sp2 can be estimated from equation

(2.25). Block diagram for the entire analysis is given in Fig. 2.7.

2.13.2.4 Example

The scale factor A and Gaussian parameters E,, o, for a typical a-C:H film deposited by RF
PECVD techniqu %% have been estimated by least square fit of experimental £,(E;) spectrum (over

a small energy range with equation (2.4), described above) as

A =28.572,
E,=1.999 and
o, = 0.715

and further following above steps, one gets
sp3 atoms = 42.49 %,

sp2 atoms = 32.51 % and
sp3/5p2 ratio = 1.307 for DLC films having H-content = 25 %,

The details of this technique and corresponding computer programmes have already been published

asa report.30
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Data: A;, n;, k

h 4

Convert X, n, k; to E;, g, &

124 x 10°
4

g, =n? -k} and &, =2nk,

Using relations E; =

Determine A, E,, o, of equation (Das Gupta

Model)
F{ {213 ~E, }

by fitting low energy (2-4.5 eV) gy, spectra

8211 (E) = —_'e

y

Estimate : €,4 (E;), using €; spectra and Kramers-

Kronig relation, according to Demichelis et al.

Evaluate M,, = (i) = ]\Eeh (E)E

where €,, is given by Das Gupta et al.

Apply Wemple-Didomenico model to £, ,(E;)
values for determining E}_and estimate

Using information about H-concentration

determine the ratio of sp’/sp’

Fig. 2.7 Block diagram showing steps to evaluate sp3/sp2 ratio
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2.14 Part Summary

A brief review of the different innovations that have been made to reduce stresses in DLC
films has been presented in this chapter. The experimental setup used to grow DLC films during
the present investigation and the different techniques used to characterise DLC films so formed
have been discussed. Subsequently a brief description of the model used to determine the carbon
bonding ratio (sp’/sp) has been presented which is essentially an improvement of the analysis
technique proposed by Demichelis e al® This is followed by a brief review of the other

e to determine the sp’/sp’ ratio. In recent published literature,”' relating to the
128

techniques in us
determination of Sp3/Sp2 ratio combining various features of Savvides** and Demichelis ef al.
method, ~3 times enhancement of sp3 fsp2 ratio has been estimated as compared to the estimation
made by Savvides’s™ method. Thus, the estimation of the ratio of sp’/sp’ has been found to be
something which requires a lot of care and, therefore, values of Sp3/Sp2 of DLC films grown in
different laboratories and estimated differently should be difficult to compare. A brief review of
other established techniques for the estimation of sp’/sp’ ratio are also presented as some of these

techniques have been adopted during the present investigations to compare DLC films grown by

the saddle field fast atom beam technique.
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Chapter 111

Growth of Diamond Like Carbon Films by Plasma

Enhanced Chemical Vapour Deposition Techniques

3.1 Introduction

In this chapter an attempt has been made to show how the conventional technique of RF self
bias, which is widely used,'® has many limitations and is inadequate to realise many potential
applications of diamond like carbon (DLC) material. It is felt that by treating this as a starting point
all subsequent efforts made in pursuit of a benign and versatile technique of growth of DLC films,

which is also easy to implement, will be better appreciated.

The most popular tqchnique to grow DLC films appears to be the asymmetric RF seif bias
PECVD. This can be easily setup in many laboratories and depends largely on the characteristics of
a RF discharge in a hydrocarbon gas. Ion energies in the range of a few hundred eV can be
conveniently génerated at reasonable RF power densities (~ 200-300 mW/cm®). This technique
thus avoids the use of expensive ion beam sources which would otherwise be preferred to grow
such films. However, RF self bias technique has certain limitations which will be subsequently

brought out during the discussion of the results of the present investigation. It is the appreciation of

these limitations that lead the researcher to find new ways to grow DLC films.

The RF self bias technique has the ability to grow highly insulating DLC films on equally
insulating substrates. In this process the impact energy of the precursor radical is found to be
physically the most important parameter in the deposition of dense DLC film and has been
estimated to. be in the range of several tens to few hundreds of eV.'® Since the ion energy is not

ystems, most WOTKers used the discharge power and hydrocarbon

directly measurable in RF s
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pressure to control the deposition process and, thereby, the film properties. Alternatively, the
negative self bias voltage and partial pressure of the hydrocarbon gas in question have been used as
independent deposition parameters. Bubenzer ef al® demonstrated the dependence of the mean

impact energy (E) on self bias voltage (V g) and pressure {P). In their experiments involving RF

discharge in benzene, the proportionality E ~ VBP'"2 was found. Also Dischler ef al.’ have shown

that the film properties can be reproducibly varied by changing Vg and P. Enke'® has painstakingly

mapped a “landscape” which vividly depicts the variation of refractive index, bandgap, hardness,

stress etc. with self bias voltage and hydrocarbon pressure.

As the impact energy increases, one goes from plasma polymers to dense hydrocarbons to
dense carbon, and at very high energies of about 1000 eV, degradation to a graphitic structure is

observed.!! Increasing amounts of graphitic character are also noticed when the substrate

temperature is increase a.!' Enke'? also reported that carbon films can be made hard at sufficiently

high bias voltages and low pressures and in the remaining parameter space films produced remain

largely soft. At high pressures, inelastic collisions in the ion sheath tend to reduce the average ion

energy.'?

The organisation of the chapter is as follows: In a RF self bias reactor setup in this

laboratory, DLC film growth process was first optimised. DLC films were grown at varying power

densities, gas pressurc and the dependence of film propertics on these variables studied.

Subsequently plasma excitation frequency was changed and these experiments repeated. Through

these studies it became abundantly clear that RF asymmetric self bias growth has many limitations

as far as scale up of the process for industrial application and reliable deposition of low stress DLC

films are concerned. This appreciation of the limitations of this technique provided the researcher

certain guidelines about the appropriate techniques for the production of low stress DLC films.

For the attainment of 2 higher rate of deposition of a-C:H films, having a denser network

structure, growth experiments should be performed by means of a higher generation rate of the

radicals and by allowing them to land on the surface of the substrate at a high enough energy. In
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order to obtain a higher radical generation rate, the electron density and/or the partial gas pressure
should be increased. However, the application of a high power density to the hydrocarbon plasma

at 13.56 MHz leads to the enhancement of stresses and operating at high pressures may lead to gas

phase polymerisation, etc. Thus it becomes necessary to find out an alternate method to enhance

growth rates. In other words, one is looking for more efficient plasma deposition processes that can

provide low residual stress DLC films deposited at high deposition rate.

In recent years, there has been an increased interest in the use of very high frequency (VHF)

plasma processing compared with the conventional radio frequency (RF) discharge at 13.56 MHz.

Earlier it was believed that increase of the excitation frequency above 13.56 MHz would not have a

major influence on the growth and the properties of films, because one is already above ion plasma

frequency.'® Above this frequency, the ions are considered to remain stationary in the alternating

electrical field and thus any further increase of the excitation frequency was earlier assumed to have

no beneficial influence on the process performance.

Despite these doubts, VHF (30-300 MHz frequency band) plasma processing was

demonstrated by several groupS,”'B] and convincing evidence was generated that the excitation

frequency indeed influences the deposition
excitation frequency became known for silic

o e 15
microcrystallisation,”’28 improved uniformity, reduced stress
H at VHF frequencies, despite the earlier doubt of the existence of a finite

rate significantly. Subsequently, more subtle effects of

on processing, such as ease of inducing
13,30

etc. More recently large area
processing of a-Si:

wavelength effect at these frequencies,
grow a-C:H fi

has been demonstrated by the Neuchatel*? group. It would

therefore. be interesting 10 Ims by similar technique and judge how far this technique

meets the requirements mentioned above.

Again by operating a discharge at VHF one has an access to yet another process parameter

i.e. frequency (in addition to pOWer density and gas

pressure) to independently control the ion flux

. indicators.
and jon energy to tailor the material property indica
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Because of the experimental limitations, the present study focusses on the effect of varying

the applied power to the cathode, at a fixed frequency of 100 MHz.

3.2 Experimental Details

The samples were deposited in a plasma CVD laboratory type reactor asserbled during the
early part of the present research programme. For the plasma decomposition of the various
hydrocarbon source gases/vapours RF power was applied to the cathode of the reactor by using a
RF (13.56 MHz) generator (RF5S, RF Plasma Products Inc.) or alternatively an indigenously
developed (at Nuclear Science Center, New Delhi) VHF (100 MHz) generator. At each applied
power, the matching network was adjusted for minimum (almost zero) reflected power. A high

voltage regulated power supply (M/s Aplab) with a LC filter was used to apply externally a
negative DC voltage together with the required VHF power to the cathode. The a-C:H films thus,

deposited with varying applied power density, pressure and frequency were subsequently

characterised for properties like deposition rate, stress, hardness, optical bandgap, refractive index

etc. as per procedure already outlined in Chapter II.
3.3 Effect of Process Parameters

3.3.1 Effect of Self Bias Voltage

3.3.1.1 RF Power vs. Self Bias Voltage

The negative self bias voltage (V p) was measured as a function of RF power density for
glow discharge decomposition of methane, acetylene and benzene, as shown in Fig. 3.1. It is clear
from this figure that self bias voltage has a linear dependence on the applied power density and this
trend is identical for all the three hydrocarbons. However, for similar conditions, the self bias

voltage is dependent on the type of hydrocarbon used. Koidl ef al. % found that the average energy
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of ions impinging on the substrate, in case of benzene discharge by RF self bias technique, is 0.4

times the self bias voltage. With this knowledge, the self bias voltage can be varied to tailor the ion

energy.
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Self bias voltage as a function of RF power densﬁy for glow discharge

Fig. 3.1 decomposition of CH,, C,H, and C.H at 25%107 mbar of pressure

3.3.1.2 Deposition Rate vs. Self Bias Voltage

In Fig. 3.2 the variation of the deposition rate, obtained as a function of self bias voltage,
has been graphically shown for all the three hydrocarbon grown films i.e. CH,, C,H, and C¢H,. It
is evident from this figure that the deposition rate (ry) increases with the increase in the self bias
voltage and this trend is identical for all the three hydrocarbons. However, for similar deposition
conditions, the values of 1y was found to be dependent on the type of hydrocarbon used to grow

DLC films. With the incre
also increases, which helps to increase the value of 1. The observed results of the increase of r,
in ,

ase of power applied to the cathode, the generation of ions and neutrals

with the increase of applied power agrees with the results obtained by Koidl et al » and Anderson

. from CH, to C,H, gas or C(H, vapours. It
et al 3* The value of r4 increases when one changes H, 2 & 6t 1g YApOUIs may
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be observed that the carbon to hydrogen ratio is the same for C,;H, and C¢Hg but the observed
values of r, are quite different in these two cases. The value of 14 for C¢Hg vapour is about half that

for C,H, gas. It is not very clear why 4 is lower in case of CgHg, though there exists a report which
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n of the deposmon rate as a function of self bias voltage for

Fig. 3.2 Variatio
pressure of CH 4

films grown at 25x10 mbar

says that the voltage scale for the benzene deposited films should be halved for comparison to films

deposited from aliphatic hydrocarbons.3
benzene to fragment into jons composed of two carbon atoms effectively halves the kinetic energy

5 A simple explanation would be that the tendency for

per carbon atom.

3.3.1.3 Stress vs. Self Bias Voltage

Assessment of the residual stress in DLC films is of paramount interest for practical
applications of such films. Stress in a DLC film is most conveniently measured by the change in

the curvature of the film-substrate O In this laboratory this is estimated by a laser

mbination.

scanning technique which was specifically set up for such measurements. Figure 3.3 shows the
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variation of internal stress as a function of the negative self bias voltage. It is evident from this

figure that the stress in these films increases with the increase of self bias voltage. It is interesting
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Fig. 3.3 Dependence of stress as a function of self bias voltage at 25%107 mbar

gas pressure of CH,

o note that the behaviour of stress, as a function of negative self bias voltage, correlates completely

with the variation of hardnes
study of Fig. 3.3 that the value 0

and then to C4H, vapours. Several rep

s with the self bias voltage (Fig. 3.4). It can also be noticed from a
f stress decreases when one switches from CH, gas to C,H, gas
orts exist which specifically mention that stresses in DLC

36-38 [
films are strongly dependent on the nature of the precursor used. Different reasons have been

assigned to explain this behaviour and a studied attempt has been made in this thesis to understand

the same.

3.3.1.4 Hardness vs. Self Bias Voltage

Ims entails that they are hard and rigid. Hardness of

Diamond like behaviour of DLC fi
procedure outlined under section 2.7 in Chapter II. Figure 3.4

these films was estimated as per
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shows the variation of hardness of these films with the self bias voltage. Hardness values are found
to increase with the increase of self bias voltage systematically. Specifically, for self bias voltages
in the range 0<V,<100 V, soft polymerised carbon films were obtained and these observations are
not recorded in Fig. 3.4. These polymer like films easily scratched with a steel point and also were
damaged easily on the application of a load during hardness measurement. Olﬂy those films that are
grown on application of self bias voltage of 100 to 325 V were found to be hard and reasonably of
low residual stress. Again the films that were grown with a significantly high value of the seif bias

voltage delaminated from the substrates after they were brought out of the reactor. Such stress relief

20 — ,
O—CH4
el 0—02H2 o
;E_.‘ A-CBHB
e
n12 t
pd ¢
]
&
T gl O
A.
4 1 N 1 " L P 1 i " s N 1 N N
50 100 150 200 250 300 350

SELF BIAS VOLTAGE (V)

Fig. 3.4 Variation of hardness as a function of self bias voltage at 25x 10 mbar

pressure of CH,

patterns of DLC films grown on glass substrates are discussed in detail under section 4.10 in
Chapter IV. Figure 3.5 has been specifically drawn to illustrate the intimate relation that exists
between the built-up residual stresses and hardness values of these films. It is observed from this
figure that with the increase of hardness, the internal stresses of these films also increase. It
endorses the observations reported by several other groups39'4° that high hardness is always
ressive stress. From Fig. 3.5 one can also see that slopes of

accompanied by high internal comp
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hardness vs. stress curves for CH, and CgH, are nearly equal but for C,H, it is quite different. In

other words, C,H, grown films show low incremental increase in the stress values compared to CH,

and C¢H, grown films for the same amount of increase in the hardness value.
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Fig. 3.5 Relation of stress and hardness of DLC films grown using CH", C2H2

and CH,

3.3.1.5 Optical Bandgap Vs. Self Bias Voltage

Optical bandgap has been determined from Tauc plots ( Vahv vs. hv) as explained under
The change in the optical bandgap of DLC films with the negative self

section 2.9.1 in Chapter 11
6. From this figure it is evident that the value of E, decreases with

bias voltage is shown in Fig 3.

the increase of self bias voltag
Films de

UV reg
ombarding species during the DLC film growth, which

e. Optical bandgap values are found to depend strongly on the

posited with a high Vy exhibit lower transmission, higher

negative self bias voltage.
jon, and a lower optical bandgap. The increase of V,

absorption, especially in the near-

Mmeans an increase in the energy of the b
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helps to remove the weakly bonded hydrogen from the film, and this presumably leads to reduced

E, values. It may be recalled that Dischler et al.’ reported a linear increase of E, of plasma

deposited a-C:H films with the increase of hydrogen content.
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Fig. 3.6 The variation of the optical bandgap as a function of negative self bias

voltage

3.3.1.6 Refractive Index vs. Self Bias Voltage

Figure 3 7 shows the variation of refractive index with the self bias voltage. It is evident

from this figure that the value of n increases with the increase of self bias voltage. It is observed

that the dense and hard, reasonably scratch
of n. This is consistent with the results published in the

resistant, carbon films are characterised by large values

of n and soft carbon films by low values
442 The gbserved refractive index values are found to depend strongly on the negative

literature. . .
self bias voltage, similar to optical bandgap dependence, as discussed in section 3.3.1.5 and shown

in Fig. 3.6.
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3.3.2 Effect of Pressure
3.3.2.1 Self Bias Voltage as a Function of Gas Pressure

Figure 3.8 shows the measured self bias voltage (Vg) as a function of the RF power density
for different C,H, gas pressures. From this figure it is evident that the Vg increases as the RF
power density increases, but decreases slightly as the gas pressure increases. Therefore. it is

reconfirmed that Vg depends strongly on the RF power density and weakly on the gas pressure, as

4
reported by several other workers. 3

3.3.2.2 Deposition Rate as a Function of GGas Pressure

Figure 3.9 shows the variation of deposition rate with CH, gas pressure. It is found from

this figure that the deposition rate increases with the increase of CH, pressure, With the increase of
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gas pressure the generation rates of ions and neutrals increase which helped to increase the

deposition rate.
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3.3.2.3 Stress as a Function of Gas Pressure

Figure 3.10 shows the variation of stress values as a function of CH, partial pressure at
120 V self bias voltage. It is evident from the figure that the stress values decrease with the
increase of pressure. It has been well established that the stresses in DLC films depend largely on
the impact energy of ions/neutrals. This has been confirmed during the present investigation as
well as shown in Fig. 3.3. The stress values have been found to decrease with the increase of self
bias voltage, or effectively the ion energy. With the increase of gas pressure the average energy of
the film forming precursors (ions) reduces due to the more frequent collision with the residual gas

molecules and thereby the residual stress in these films show a lower value.
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Fig. 3.10 Dependence of stress as a function of gas pressure at 120 V self bias voltage of CH .

3.3.2.4 Hardness as a Function of Gas Pressure

Figure 3.11 shows the variation of hardness of DLC films with pressure when CH, is used

as the feed gas, at 120 V self Dbias voltage. From this figure, it is seen that the values of film
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hardness decreases with the increase of gas pressure. It may be noted that with increasing pressure
the effect of ion energy on the growing film surface will be reduced because of the frequent

collisions with other atoms/molecules i.e. reduction of the mean free path, and this in tum will

affect the hardness of the films.
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Fig 3.11 Variation of DLC film bardness as a function of gas pressure of CH, at
120 V self bias voltage 4

3.3.2.5 Optical Bandgap as a Function of Gas Pressure

Figure 3.12 shows the variation of optical bandgap with the CH, partial pressure at a fixed
self bias voitage of 120 V. It is found that the values of optical bandgap increases with the increase
of gas pressure. It is t0 be noticed that the dependence of optical bandgap on CH partial pressure is

not as strong as on self bias voltage as reported carlier (Fig. 3.6).
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Fig. 3.12 The variation of the optical bandgap as a function of gas pressure of CH
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3.3.2.6 Refractive Index as a Function of Gas Pressure

Figure 3.13 shows the variation of refractive index (n) with the CH, pressure. The values
of refractive index are found to decrease with the increase of CH, pressure. This again weakly

correlates with the dependence of optical bandgap on CH, partial pressure,
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Fig. 3.13 The variation of refractive index with gas pressure of CH s
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3.3.3 Effect of Plasma Excitation Frequency

3.3.3.1 Negative Self Bias Voltage at 100 MHz

Figure 3.14 shows the variation of self bias voltage for VHF (100MHz) plasma discharge
in CH, as a function of power density. A comparative study of Fig. 3.1 and Fig. 3.14 shows that
self bias voltage (Vp) for VHF plasma is very low compared to RF plasma. This observation is.

similar to the one made by Kuske e al. 7
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The occurrence of low V,, Is case of VHF plasma discharge appears to be understandable in

view of the fact that at VHF frequencies the sheath impedance is reduced considerably.?® This can

be seen as a consequence of the decrease of the sheath thickness d,, with the excitation frequency.”
a

This in turn increases the cathode sheath capacitance C = &,/d; (per unit electrode area), where ¢, is

the permittivity of the free space. In such

high enough frequencies sheath capacitanc

situations self bias voltage decreases considerably,'? as at

e is short circuited by the bulk plasma impedance.zo
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Indeed, measurements of the peak to peak voltage's and plasma impedance show that the potential

drop across the sheath and the fraction of power dissipated in the sheath?! decreases with frequency.

3.3.3.2 Variation of Deposition Rate for VHF (100 MHz) Discharge

It is found that the deposition rate increases with the applied power density (corresponding
self bias voltages are given in Table-3.1) as shown in Fig. 3.15. It is evident from Fig. 3.2 and Fig,
3.15 that the r, is about 5-6 times higher in VHF plasma grown films as compared to RF grown
films (where all other parameters are kept constant). This may be because in VHF plasma large
number of ions/neutrals of low energy are available, at the growing surface of the films, which help
to increase deposition rate. It was also shown by H. Keppner* that the bulk plasma absorbs more
power for plasma excitation frequencies in the range of 50-100 MHz. As a direct effect of this
power transfer is an increased electron impact dissociation rate of the gas molecule (also called by
him “breeding effect”). This naturally provides sufficient reactive species that are required for an
enhanced deposition rate. The existence of such breeding effect has been confirmed by several

other groupsz3,3 ! 10 be frequency dependenti.e. if the plasma excitation frequency comes close to

v T
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Fig. 3.15 The deposition rat¢ as a function of applied power density for VHF
glow discharge grown DLC films
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the characteristic frequency (50-100 MHz) the most effective power transfer from the source
occurs. Also it may be noted that Chatham et al."** studied the effect of excitation frequencies in
the range of 13.56 to 110 MHz, using silane and disilane as source gases. In both these cases they
found that growth rate r, increase with the increase of excitation frequency. Oda and co-workers!64¢
have also prepared a-Si:H and pc-Si:H films at 13.56 and 144 MHz frequencies and found higher Iy
for the higher excitation frequency. There is, therefore, convincing evidence that the excitation
frequency also influences the growth of a-C:H like a-Si:H films.*” 1t is evident from Table-3.1 that
there is a slight reduction in the deposition rate with externally applied negative DC voltage, though

it remains quite high as compared to RF plasma produced films.

3.3.3.3 Stress for 100 MHz Grown Films

Figure 3.16 shows the variation of stress with bias voitage for VHF and RF grown films. It
is to be noted here that bias voltage for the VHF case is the sum of self produced voltage of the
VHF discharge and the externally applied negative DC voltage, whereas in the RF case bias voltage
is only the self produced voltage of the RF discharge at the cathode. Stresses in the films produced
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Fig. 3.16 The variation of the built-up stress with bias voitage for VHF glow
discharge grown DLC films
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by RF excitation are found to be more than in the case of VHF deposited films. They fail in the
range 1.7-2.9 GPa for VHF and 3.6-4.6 GPa for RF grown films. The behaviour of stress as a
function of bias voltage correlates cd:'bhiplgietl_y with the behaviour of hardness (as shown in Fig.
3.17). In the case of VHF plasma grown films, the chance for stress buildup is very low as self bias
voltage is quite low (as shown in Fig. 3.14). At such low biases ion bombardment on the surface of
the growing film also reduces. Even in the case of externally applied negative DC voltage with
VHF power, stress values may not increase in a manner similar to that seen in RF deposited films.
Indeed, Grill et al®® have reported that DC plasma grown DLC films contain low stresses
compared to RF grown films. For this to happen they argued that in DC plasma usually low power
densities are used, compared to RF plasma. The higher power density causes stronger dissociation
of the source gases in the plasma and thus higher incorporation of unbound hydrogen. This
correlation of unbound hydrogen with increase in stress values has been confirmed during the

present investigations and will be reported subsequently. Thus it is believed that the combined

effect of self bias voltage produced by VHF plasma and the applied negative DC voltage does not

enhance stress values much, though these values are quite high.

3.3.3.4 Hardness for VHF Plasma Grown Films

Figure 3.17 shows the variation of hardness with bias voltage (here also bias voltage means
what has been explained earlier) for VHF grown films. Films deposited without negative DC
voltage with VHF power were quite soft and while measuring hardness at 50 gm load they often
crumbled and one could at best roughly estimate hardness of these type of films. They were found
to be in the range of 20-40 MPa. In the case of RF deposited films the values of hardness increased
from 5.7 GPa to 15 GPa with the increase of self bias voltage from 98 V to 300 V (Fig. 3.4).
However, in case of VHF deposited films, corresponding to 10 V self bias voltage (i.e. the self bias

developed by VHF discharge alone), the value of hardness of the film was approximately 4 GPa,

As the externally applied negative DC voltage increased from 150 V to 390 V, the values of

hardness of film also increased from 5 to 9 GPa.
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Fig. 3.17 The variation of hardness with bias voltage for VHF glow discharge
grown DLC films

A study of Table-3.1 reveals that for the RF plasma at 300 V seif bias voltage, the hardness
of the resulting DLC film is close to 15 GPa as compared to only 9 GPa for the films grown by
VHF plasma, with externally applied negative DC voltage of 390 V. The reason why a VHF
hydrocarbon plasma requires a higher negative DC voltage to be externally applied, to produce the

same degree of hardness in DLC films that is otherwise realised at lower self bias values in case of

RF excitation, is not very clear.

3.3.3.5 Optical Bandgap for VHF Plasma Grown Films

The changes in the optical bandgap (E,) as 2 function of applied power density for VHF
grown films are shown in Fig. 3.18. It is evident from Fig. 3.6 and Fig. 3.18 that the value of E,
decreases with the increase of power density for both RF and VHF deposited films. The change in
E, for RF grown films is large compared to VHF grown films for the same range of applied power.
Self bias voltage variation with applied power of 100 to 300 mW/em?, is from 98 to 250 V for RF
discharge grown films, whereas it was only 7.43 to 39.67 V for VHF discharge grown films. Thus,
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this small variation in the self bias voltage in VHF discharges may be the reason for small
variations in E; values. Low self bias voltage is not able to provide sufficient energy to the
bombarding ions on the growing surface of the film to make much difference to the microstructure.
Also from Table-3.1, it is clear that with extemnally applied negative DC voltage to the VHF

discharge, not much change in E, occurs and values almost remain constant throughout the range of

DC bias voltages studied.
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Fig. 3.18 The optical bandgap as 2 function of power density for VHF glow
discharge grown DLC films

3.3.3.6 Refractive Index for VHF Plasma Grown Films

ulate refractive index of these films ellipsometry measurements were performed on a

To calc
olariser instrument with an angle of incidence 70° when measured with a

rotating analyser/p
ght beam of 546.1 nm wavelength. Figure 3.19 shows the varation of the

monochromatic Ii
refractive index as a function of applied power density for VHF grown films. The change in values
of refractive index (n) lie
power. This change of refrac

bandgap of these films (Fig. 3.18).

s between 1.8 to 1.9 for the VHF deposited films with different applied
tive index is similar to the small changes observed in the optical

As the accuracy of determining the value of » is about 0.01, one
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can say that this change in » falls within the range of experimental errors and there is hardly any
change in » values. In case of RF plasma deposited films, however, this variation was between
1.59 to 2.13. From Table-3.1 it may be noted that there is only a marginal change of refractive
index values (a trend similar to optical bandgap even with externally applied negative DC voltage).
Basu er al.*® also reported invariant refractive index values for their a-C:H films deposited at
different DC bias voltages using acetylene as the feed gas. They, however, did not assign any
specific reason for their observation. In the present investigation also, no specific reason can be
found for hardly any variation in the refractive index values. One possible explanation may

perhaps be the difference in the electron energy distribution function at 100 MHz.
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Fig.3.19 The refractive index as a function of power density for VHF glow
discharge grown DLC films

The most efficient breeding zone within the bulk plasma is the sheath edge region which

comes close to the substrates at higher excitation frequencies. As the sheath thickness and,

therefore, the distance from the sheath edge to the substrate is reduced, the short lifetime radicals

can now directly contribute to the growth of the DLC film. The sheath, therefore, is not able to

influence the precursors in the same fashion as happens at lower frequencies. This may be the

reason for no change observed in optical bandgap and refractive index values for VHF grown films.
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Furthermore, Koidl er al.** observed differences in refractive index values for ion beam and RF
plasma deposited films, whereas values of optical gap remained unchanged. They assigned the

reason for their observation as an influence of the high energy portion of the ion energy distribution

(IED).

It is observed that as the value of » increases (though it is marginal), the optical bandgap

decreases. This agrees with Koidl ef al. 's” observations.

Table-3.1

Parametric variation of DLC film properties produced by RF and VHF plasma excitation.

Power |Self bias| Applied | Dep. rate | Bandgap | Ref. | Hardness | Stress
density (V) | -veDC | (A%) (V) | index | (GPa) |(GPa)
(mW/cm®) voltage

100 98 0 3.60 1.75 1.59 5.71 36
200 150 0 3.89 1.40 1.84 6.32 3.8
300 250 0 5.28 1.25 1.91 10.97 4.4
420 300 0 6.70 1.15 2.13 15.00 3
100 7.43 0 20.0 1.55 1.55 - -
200 19.95 0 22.2 1.45 1.45 - -
300 39.67 0 26.7 1.40 1.40 - -
100 10.00 0 19.4 1.60 1.60 4.00 1.7
100 10.00 150 18.5 1.65 1.65 5.00 1.9
100 8.00 200 18.0 1.60 1.60 5.75 2.0
100 7.43 230 17.8 1.55 1.55 6.00 2.2
100 8.00 390 11.7 1.60 1.60 + 9.02 2.9
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3.4 Limitations of RF Self Bias Technique

[t has become abundantly clear during the discussion of the various results, documented in
this chapter of the thesis, that for the growth of low stress hard DLC films at a high rate, the RF self
bias technique has many limitations. An ideal deposition process should satisfy at least the

following requirements, so that the particular technique can be scaled up for mass production in

industry:

B\l Ao, vake o e T et wesred, Sadones,
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L) Low suresses.

At first sight, it appears that a higher rate of deposition of DLC films having a denser
network structure would be achieved by means of a higher generation rate of radicals and allowing
them to land on the surface of the substrate at high enough energy. In order to obtain a higher
radical generation rate, the electron density and/or the partial gas pressure should be increased.
However, the application of a high power density to the hydrocarbon plasma at 13.56 MHz leads to
an enhancement of residual stresses, and high pressures lead to polymerisation reactions. It is at
this point an inspiration was derived from experiences in high rate processing of a-Si:H and
VHF-PECVD experiments designed for a-C:H growth. It may be appreciated that changes in the
plasma excitation frequency provide additional opportunities to tailor a-Si:H film properties.

However during the initial experiment that has been reported in this thesis, the VHF processing in

case of a-C-H has not yielded similar results as have been obtained in case of a-Si:H. One reason

for this is perhaps due to nec

have been kept on the cathode, whereas, 50
PECVD reactor for a-Si:H growth. A VHF plasma excitation of hydrocarbon accompanied by the

essity of obtaining a reasonable hardness in a-C:H films, substrates

far all VHF-GD have been processed on the anode of a

RF bias may perhaps provide a different result. It may be noticed that enhancement of hardness of

DLC films in VHF-PECVD experiment has been achieved by providing additional DC bjas*"*,

38
This in some way resembles the experimental setup of Grill et al.
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3.4 Limitations of RF Self Bias Technique

It has become abundantly clear during the discussion of the various results, documented in
this chapter of the thesis, that for the growth of low stress hard DLC films at a high rate, the RF self
bias technique has many limitations. An ideal deposition process should satisfy at least the

following requirements, so that the particular technique can be scaled up for mass production in

industry:
() A high deposition rate on large areas with required thickness uniformity.

(i) A good control of desired properties such as optical transparency, smooth surface topography,

(iii)) Low stresses.

At first sight, it appears that a higher rate of deposition of DLC films having a denser

network structure would be achieved by means of 2 higher generation rate of radicals and allowing

them to land on the surface of the substrate at high enough energy. In order to obtain a higher

radical generation rate, the electron density and/or the partial gas pressure should be increased.
However, the application of 2 high power density to the hydrocarbon plasma at 13.56 MHz leads to
an enhancement of residual stresses, and high pressures lead to polymerisation reactions. It is at
this point an inspiration Wwas derived from experiences in high rate processing of a-Si:H and

VHF-PECVD experiments
plasma excitation frequency
However during the initial exp
case of a-C:H has not yielded si

for this is perhaps due t0 necessi

have been kept on the cathode, where
A VHF plasma excitation of hydrocarbon accompanied by the

designed for a-C:H growth. It may be appreciated that changes in the
provide additional opportunities to tailor a-Si:H film properties.
eriment that has been reported in this thesis, the VHF processing in
milar results as have been obtained in case of a-Si:H. One reason
ty of obtaining a reasonable hardness in a-C:H films, substrates

as, so far all VHF-GD have been processed on the anode of a

PECVD reactor for a-Si:H growth.
RF bias may perhaps provide a differe
DLC films in VHF-PECVD experiment

This in some way resembles the expel‘ln‘lﬁ"ﬂ'fal

nt result. It may be noticed that enhancement of hardness of
has been achieved by providing additional DC bias*",

setup of Grill et al®
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In RF self bias technique during the deposition of DLC films positive ions from the plasma
bombard the substrate surface due to the negative DC self bias voltage that they experience while

travelling towards cathode. As a result of the ion impact, the substrate temperature increases

which may cause increase of stress in these DLC films.

It may be appreciated that RF self bias technique, as initially suggested by Holland and
tha"2 is something which can be easily hooked up in a laboratory having modest vacuum
apparatus and a RF supply. For small size specimens it has some inherent advantage as all the
reactions are focussed on a small size electrode (cathode) and walls do not contaminate the growing
films. Again the substrates placed on a high negative potential are immune to the influence of dust
particles, which like any floating object in the plasma also acquire a negative charge and are

repelled, Highly cross linked and pin-hole free coatings are thus obtained by this simple technique.

However upscaling of this process for industrial apphcations has many mherent difficulties.
Further the process is often difficult to control. Most importantly the residual stress in the films so
grown is very high (4-6 GPa). DC discharge on the contrary may provide low stress films, but are

difficult to sustain and highly resistive nature of DLC films leads to a charging effect which may

often result in clectrical breakdown of the films.

Ideally one could therefore like to have a system which has all the attributes of a DC

discharge but without its limitations. At the first sight it appears utopian. However in the

subsequent chapters it will be shown how this is indeed realisable.

Another serious limitation of the RF asymmetric PECVD system is its limited throwing

power and the difficulties of matching the impedance at different varying loads at all times. It may

be recailed Aisenberg and Chabot" first experimented with the ion guns for growing DLC films

which have the required throwing power.

It is again fortuitous that the technique that has been discussed in a subsequent chapter of

the thesis has this capability.
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3.5 Part Summary

In this chapter an account of a systematic study that was conducted to understand the
properties of DLC films grown by RF-PECVD technique, with varying process parameters and

using methane, acetylene and benzene as hydrocarbon sources, has been presented.

Negative self bias voltage and gas pressure were reconfirmed to be two significant
parameters for obtaining a degree of control of the deposition process. It was found that
sufficiently high self bias voltage (more than 100 V) and low gas pressure (~33 x 10° mbar) are
suitable parameters for the deposition of hard a-C:H films. It was also observed that at very high
self bias voltages (greater than 325 V in the present investigation) films deposited spontaneousty

delaminated from the substrates due to high internal stresses present in these films. The stress in

these films was estimated to be in the range of 2-4 GPa.

The deposition rate (ry), in case of films grown using CH, gas was found to vary from 0.22
t0 0.66 A%sec when the applied power was increased from 100 to 400 mW/em’ at a pressure of ~33

% 10~ mbar . For the same range of power, the deposition rate varied from 3.6 to 6.7 A%/sec in case

of C,H, and from 1.33 t0 3.33 A%sec in case of C¢Hg at a pressure of ~25x 10 mbar.

It is observed that almost invariably hard DLC films are also under large amount of

stress, and the magnitude of stress also depends on the type of hydrocarbon used for

compressive
ment. Benzene grown films showed low stress values compared to methane and

the CVD experi
e same deposition parameters,
present investigation special attention has been paid to specify stress per unit

acetylene for th but unfortunately hardness values were also low. For

this reason, in the
rsa as a figure of merit. Slopes of stress vs. hardness curves have been

hardness or vice ve
und that acetylene grown films show higher hardness per unit increase of

calculated and it is fo
stress than methane or benzene grown films. It is another matter altogether the benzene grown

films survive delamination in most cases.
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It was found that optical bandgap decreases and refractive index increases with the increase

of self bias voltage. These results are identical for all the three hydrocarbon grown films.

Just by changing excitation frequency from 13.56 MHz to 100 MHz deposition rate of
a-C:H films was enhanced by about 5 times in a PECVD reactor. The process is far from optimised
and one really does not know what are the limits of the scaling up of the deposition rate. Since self
bias potential developed in a VHF plasma is very low, sufficiently high negative DC voltage was
applied to the substrates in order to make a-C:H films being grown reasonably hard. Thus, the
results of VHF-PECVD process of a-C:H, with extemally imposed DC bias, is capable of
producing reasonably hard films at respectably high growth rates. Further, residual stress in the
VHF grown films was found to be marginally less than RF deposited films. Stress values were in
the range of 1.7 GPa to 2.9 GPa for VHF grown films. The variation of the optical bandgap (Ep
with applied power was very small for VHF compared to RF deposited films. It was found that
values of refractive index (n) lie between 1.8-1.9 for VHF deposited films and in the case of RF

deposited films this variation was between 1.59-2.13. It has also been found that as the valye ofn

increases, the E, decreases for both RF and VHF deposited films.

Finally, limitations of RF self bias technique were identified. These were essentially the

following
(I) Difficulty of upscaling due to its dependence on a geometrical factor of the reactor

(i) High stress in the films so grown
(ifi) Low throwing power because of small gap geometry.

Further, a technique which has both the attributes of DC and RF discharge appeared to be

the one which may be the answer to the above limitations.
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Chapter 1V

Saddle Field Fast Atom Beam Deposited DL.C Films

4.1 Introduction

The development of saddle field fast atom beam (FAB) sources opened a new era of

material processing of amorphous thin films in a very uncomplicated manner. Glow discharge

decomposition by either DC or RF excitation, of the hydrocarbon gases, are the more conventional
techniques. Both these methods of plasma excitations have certain draw backs and one would
prefer to have advantages specific to both these techniques and none of their inherent
disadvantages. It may, at the first sight, appear to be a rather strange idea. However saddle field

osition does indeed come very close to this ideal. The combined attributes of DC and

source dep
RF discharge
the saddle field F
Fig, 4.1. From thi
PECVD (GD) techni

sources were used for ¢

s make it a novel techmque for thin film growth : appllcatlons The potential profile' of

AB d1scharge together with that of a DC and RF PECVD discharges are shown in
s figure it is clear that the potential distribution in a FARB source is similar to RF
que though DC voltages are used to operate such FAB sources. Earlier FAB
leaning, milling, etching, thinning (the Specunen preparation for TEM) and

sputtering applications and also for a variety of surface analytical techniques. Franks’ first used it
to deposit diamond like carbon (DLC) films. His attempts to deposit DLC films using methane
(CH,) as the source gas lead

acetylene (C,H,) have been U

to the etching of the substrates. Propane (C,Hjg), butane (C,H,4) and

sed as source gases to grow DLC films and deposition rates in these

cases were found to increase with the increase of carbon to hydrogen ratio of the hydrocarbon

source gases/vapours used.
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Fig 4.1 Potential profile of saddle field FAB discharge together with that of
DC and RF PECVD discharges

To understand fully the growth of DLC films using FAB sources it is very essential to

ic principle involved in the FA
on of a FAB source.

understand the bas B technique. The next section discusses the

discovery and mechanism involved in the operat!
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4.2 Discovery of the Saddle Field Fast Atom Beam (FAB) Source

4.2.1 A Charge Particle Oscillator

The concept of the saddle field fast atom beam (FAB) source came after the discovery of
the charge particle oscillator by Mecllraith® in 1966. Taking the example of the rubber gravitational
model he proved that it is possible to confine the charged particle of a particular sign to a limited

volume solely by means of electrostatic forces. This system was named as a dmrge particle

oscillator.

The working of this oscillator can be fully understood by resolving different force field
contributions. The force field resulting from a pair of equally charged poles is shown in Fig. 4.2.
The poles A and A’ could be a pair of equally charged rods, a pair of equally charged spheres or
charged rings. The field has a saddle point at 0. Inthe vicinity of the origin the lines of forces are

strongly curved, elsewhere they are essentially straight and radiate from O. D isthe locus of

Y

Fig 4.2 Force field resulting from a pair of equal poles A and A”?
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points for which the electric field component along X-direction (E,) is zero. Outside D, E, is
directed away from the Y-axis while inside D it is directed towards the Y-axis. The shape of D

depends upon the shape of the electrode system. D always passes through the poles. For a set of

parallel rods D is a circle.

A negatively charged particle, released from a point (P), initially follows a line of force but,
owing to its momentum, it fails to follow the sharp bend to A and its trajectory crosses the X-axis.
The negatively charged particle after having been retarded from the conducting boundary walil

again crosses the X-axis and starts to oscillate back and forth between the two electrodes.

The trajectories of the charged particle may be stable or unstable depending upon its starting
position. Mecllraith* computed and provided a contour as shown in Fig. 4.3, within which all stable
trajectories start from rest. If a charged particle starts from x = 0.8, y = 2 it follows the stable
oscillating path as shown in Fig. 4.4(a). Similarly charged particle follows stable oscillating path

Y

'|'16

1.16

Y!
Fig 4.3 Contours of the regions G, within which all stable trajectories start from rest*
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as shown in Fig. 4.4(b) if it starts from x =1.3, y =10. But the charged particle that starts from x
=1.5, y =10, follows an unstable trajectory as shown in Fig. 4.4(c). So if the oscillating electrons

are to follow long paths, their source must lie in one of the regions G (Fig. 4.3). The point midway

between the poles is called “saddle point” and it is a point of unstable equilibrium. So the motion
of the oscillating particle is intrinsically stable. Therefore, it is a class of motion in which

particles of one sign perform stable oscillations about a point of unstable equilibrium.

It was found that if the diameter of the cylinder (cathode) is more than 13 times the
separation of the charged rods or wires, none of the secondary electrons will have stable ﬁajéctoﬁes
and it will be impossible to produce a discharge." The performance of the oscillator is not
practically dependent on its dimensions or on the exact alignment of its parts. Lateral displacement
of the charged rods or wires has a negligible effect provided they are equidistant from the axis of
the cylinder to within about 15% of their mutual separation. The charged rods or wires should be
pring tension t0 prevent bowing, Otherwise kinks will form and the resultant strong

kept under s

local disturbance field will not allow the electrons to follow stable oscillatory paths.

4.2.2 Saddle Field Ion Source

lon sources are generally used for specimen cleaning, polishing and etching of surfaces, for

sputtering and for thinning specimen for electron microscopy. In most of the existing ion sources,

ions are generatcd thermally and also operate at high pressure (~ 0.1 mbar) in order to obtain

adequate current density. These disadvantages of these ion sources make the specimen surface

contaminated.

Using the concept of electrostatic charge particle oscillator, discovered by Mellraith’, Fitch

et al.’ first developed a positive ion source. This ion source consisted of a stainless steel tube (200

mm long and 54 mm internal diameter) as a cathode and two tungsten wires (0.3 mm diameter and
separated by 5 mm) as a anode. The wires were spring loaded to avoid bowing. In such a source
when a high positive voltage (~ 1 - 10 kV) is applied to the anode (wires), an electron starting from
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rest within a specified region follows a long oscillatory path between the anode wires. Thus, a cold
cathode discharge can be maintained down to about 10® mbar without the application of a magnetic
field. The discharge is concentrated about an axial plane normal to the plane of the anode wires.
Ions generated in the discharge were allowed to escape from the oscillator through a rectangular

slot in the cathode positioned above the plane of the anode wires. A highly directional beam of

positive ions was obtained.

Later Fitch and Roushton® slightly modified the above source. They found that the
performance of the source was critically dependent on the anode separation. So they reconstructed

the ion source using 2 mm diameter tungsten rods (to avoid the burning of wires due to sudden rise

in pressure) as anode, separated by 8 mm (optimum separation found after tube current

measurement). The rods were not spring-loaded but were free to move in ceramic insulator bushes
during thermal expansion cau

beamn was found to be reasonabl

sed by secondary electron bombardment (easy to scale up). The ion

y well colliminated and the ions coming out of the source were

found to have a broad energy-

In all the ion sources, described above, gas was admitted into the vacuum chamber and not

directly into the source to get the positive jonised beam. Rushton er al.” modified the source and

they allowed the gas to admit directly into the source through a stainless steel tube. This produces a

pressure difference inside and outside of the ion source, the value depends on the conductance of

the exit aperture and the pumping speed of the pumping stack. This has the advantage that the

specimen stage in the vacuum chamber can be maintained at a lower pressure for a given ion

density, thus reducing the contamination of the specimen and the scattering of the ion beam. In this
bl

process a greater ion beam current density is obtained at a given chamber pressure and the quantity

of gas used is also less.

Ghander and Fitch® modified the above source as a twin ion source by providing two

apertures on the cathode in the two opposite directions. The two beams coming out from such a
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Source were found to have similar intensity and energy. This source obviously has a lot of

commercial potential and, in fact, its improved version is being produced by M/s Atom Tech, Ltd.
The cylindrical ion source described above was found to have certain disadvantages:

(1} The ion aperture is in the region of the cylinder where the axial component of the field (ie.
parallel to the anodes) is small compared with the radial field. However, it is essential that the
electrode geometry be such that at the ends of the cylinder, the axial field js large and of a sense to
confine the ionising electrons to the central region. To achieve this, the length of the cylinder must
be several times the cylinder diameter, so that the dimensions of the source remain large even when
a narrow ion beam is required. With the small cathode aperture, a small fraction of available ions

are utilised, this geometry is, therefore, inefficient both from the dimensional and the power

consumption (i.e. heating) considerations.

(2) With the cylindrical geometry the emerging beam is highly divergent and needs to be focussed,

if a narrow beam is required.

These disadvantages could be overcome by using a spherical ion source geometry.>'? |
the spherical ion source the cathode cylinder was replaced by a sphere and the anode rods by a ring.
This way an axially symmetric geometry was ensured and this compact ion source was found to

produce a narrow intense beam with a small angle of divergence. The beam coming out from this

type of source was found to contain only a small fraction of neutrais.

The energy distributions of ion beams were found to be different in cylindrical angd spherical
type sources.'’ In case of cylindrical ion source, the energy distribution was broad and contained
two peaks at energies equivalent to 35% and 75% of the anode potential. But for the spherical type
of ion source, only one comparatively narrower peak was observed at energies approximately 75%
of the anode potential. This difference could be attributed to the axial Symmetry of the spherical

source. Thus, from the application point of view, the cylindrical source should be used if 4 wide
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ion beam with a broad energy spread is required but if a fine ion beam of much lower energy spread

is necessary, then the spherical source is more suitable.

From the above discussion it is abundantly clear that the saddle field ion sources have a
number of advantages over other sources. (1) It doses not require a magnetic field, thermoionic
emitter or supplementary beam focussing facilities. (2) Its operating pressure is low (~10°*
mbar), avoiding contamination in the films produced using such sources. (3) It is also ;s;assible 0

build such sources into existing equipments like electron microscope.

4.2.3 Fast Atom Beam (FAB) Source

An ion beam source has many applications such as in ion cleaning, ion milling, ion etching,
thinning the specimen, sputtering and a variety of surface analytical techniques. The ion beam
bombardment, however, can give rise to substantial chemical and structural disruption. It was
found that the surface damage, both physical and chemical, is very much reduced when a neutral

beam of exactly the same energy and associated momentum replaces the beam consisting mostly of

charge particles.

An analysis of the beam coming out from a spherical type source™ ' reveals that the beam

contains not only ions but also some neutrals as well. This leads to the development of the atom

beam source'>'> or the saddie field fast atom beam (FAB) source.

The working model of a FAB source is shown in Fig. 4.5 and the working principle is the

following:
1. Electrons are induced to oscillate petween cathodes under the action of a DC field.

2. Electrons originating from a sector of the cathode travel through the anode region towards the

opposite cathode sector, are retarded, return and continue to oscillate about a central sadd]e point in

the potential field.
be long traj ectories before being captured by the anode.

3. The electrons, therefore, descri
109



4. A positive ion sheath exists near the cathode (Fig. 4.5) which carries most of the discharge
voltage, apart from the relatively small drop in the potential at the cathode(s) and the plasma. The
injected gas atoms are ionised and positive ions are formed. The positive ions are accelerated
towards the cathode as a resuit of the potential difference between the jon sheath and the cathode,

Thus the cathodes allow self extraction of the ions in the form of a beam when an aperture is

introduced.
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Fig 4.5 Schematic of the saddle field FAB source'®

The two mechanism of neutralisation of such ion beams that have been proposed are :

A. The inherent arrangement of the electrostatic field close to the output grid helps electrons to
- The i

recombine with the ions with little loss of energy (resonance charge exchange).

B. The ions are neuiralised by colliding with the residual gas molecules before passing through the

aperture of the source.
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A considerable amount of work has been carried out by Shimokawa ef af,'*'¢ relating to

high energy FAB sources and related source characterisation,

Very few groups are working internationally in the area of DLC film deposition using FAB
sources. Frank's? attempt to deposit DLC films using CH, as feed gas lead to the etching of the
substrates. The researchers at the University of Hull, UK, characterised the DLC films grown by the
FAB technique'” mvolvmg film deposition rate, density and morphology. The success of
growing transparent DLC films by the saddle field technique was also reported by them.” The
structural and compositional properties of FAB grown DLC films have been investigated using

2428 neutron scattering,”*?® IR spectroscopy,m0 NMR spectroscopy,”*! X.ray

neutron diffraction,
. 2 . .
diffraction,?®?” X-ray scattering,”” neutron compton scattering™ etc, Using these Investigations

they were able to satisfactorily explain the high values of hardness observed in these films. The
effect of annealing™ and N, dilution® have aiso been reported. The researchers at the University of

Toronto, Canada, used a five electrode saddle field configuration' in thejr deposition system and

were able to grow DLC films using CH,.>* They also found good photoluminescence efficiency™

and very high sp™/sp’ ratio in these films.
found that the mean kinetic energy (103.9+0.9 meV) of the individual carbon atoms in DLC films

3637 Using neutron compton scattering Mayers ef g7

deposited using FAB source with CH, as the feed gas is the same within statistical limit with
carbon atoms in graphite (108.3£3.0 meV) and slightly less than diamond (120.7+3.2 meV), They

also inferred from this statistics that the samples contained molecylar hydrogen.

Inspite of the above listed references that have been reported on the structure and the
composition of the DLC films grown by the FAB technique, still there appears to be a dearth of
information regarding possible correlation between the macroscopic properties of the films grown

this way, like hardness, stress, refractive index, optical bandgap and the microscopic properties like

amount of bound and unbound hydrogen, density and nature of voids etc.

In undertaking the experiments t0 be reported in the following a conscious attempt has been

made to answer the following:
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L In what ways increasing carbon to hydrogen ratio, in the hydrocarbon source material,

influences the properties of the films formed by this technique as compared to more conventional

RF self bias growth method as documented in Chapter I1I ?

2. Is there indeed a marked difference in the nature of the DLC films produced by this technique
than the films produced by the RF self bias method ? A very detailed film characterisation study

has, therefore, been undertaken to find the specific differences.

3. The effect of nitrogen dilution on the properties of DLC films so grown has also been

investigated.

4.3 Experimental Details

DLC films have been grown on Corning 7059 glass and silicon substrates held at nearly
room temperature at a distance of ~ 6 cm by aspirating hydrocarbon gases (CH, and C,H,) and
C¢H, vapours into a saddle field fast atom beam source (Ton Tech. Ltd., presently Atom Tech. Ltd.,
FAB 110 - 2) mounted in a 30 cm diameter vacuum system. The source operates at 0.5 - 2.0 kV in
the pressure range 10™ - 107 mbar and is of modular design to cover increasingly larger areas. The
operation of the source is dependent only on the regulated current output from the power supply
and the discharge voltage which is decided by the gas flow (pressure and consequently by setting of

the needle valve etc.). Other details of the experimental setup and the saddle field FAB source

have already been described in Chapter 1L
4.4 Results and Discussion

4.4.1 Deposition Rate

Figure 4.6 shows the variation of the deposition rate of a-C:H (DLC) films grown using
C,H, gas at 4.0 x 10™ mbar pressure (when the substrate is not intentionally heated) with varying
2 .

power applied to the saddle field FAB source. The figure also shows the effect of varying power
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while substrates are kept at different source to substrate distances. It is evident from the figure that
the deposition rate increases with the increase of power applied to the saddle field source at all the
distances of source to substrate investigated. Figure 4.7 shows the variation of the deposition rate
with varying source to substrate distance of DLC films using C,H, gas in the saddle field source, at
4.5 W power and at 4.0 x 10 mbar pressure. The maximum deposition rate is found to occur at a
distance of 6 cm. At shorter distances { ~ 4 cm) it is observed that the deposition is not uniform and

there may be errors in estimating correct thickness using a profilometer of limited span.
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Fig. 4.6 Var r, at different source to substrate distance

pressure vs. powe
One possible reason for the observed nonuniformity could be that at short substrate to
source distances the flux of film forming precursors is highly ionised and, as one goes away from
e of ionisation is drastically reduced. Langmuir probe investigations of the ion

the source, the degre |
plasma potentials in similar situat
17 gource to substrate distance was subsequently kept 6 cm in the case of

' ions (C,H; discharge in a saddle field source),
current density and

corroborate such Views.
DLC films grown using CHa
using CH, gas was found to v
from 7.2 to 12.6 W, at a pressurc of

gas varied from 7.4 to 50 A%min at di
sed from 3.5 to 8.6 W,ata

and C,H, gases and C4Hg vapours. The deposition rate of DLC films
ary only from 11.7 to 16.7 A°%min when the power was increased
8.0 x 10"* mbar. The deposition rate of DLC films using C,H,
fferent distances of source to substrates, when the applied

pressure of 4.0 x 10™ mbar. The deposition rates of a

power was increa
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few DLC films obtained using C4H, vapours were in the range of 21.0 - 23.0 A%/min, at a pressure
of 2.0 x 10” mbar, when the applied power increased from 4.5 to 5.0 W. CgHg vapours were found
to pose a problem during pump out. They contaminated the rotary pump oil. This affected the
performance of the vacuum system after a few runs were made. This could be largely remedied by
replacing the pump with one working at higher temperature. The increase of deposition rate with
the increase in power and with the increase in carbon to hydrogen ratio in the hydrocarbon gas is in
general agreement with the fact that the growth rate depends upon the process gas used and the

energies (or power) applied to the source and it increases when one goes from CH, to C,H, gas or

839
CgHj vapours.?
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4.4.2 Hardness

eristic of dense carbon films is their unusual hardness. Hardness

The most 1mp < deformation. Qualitatively one finds the films difficult to

is defined as resistance to local plast

The hardness of the film was determined using a Knoop hardness

scratch with a steel point.

tion 2.7. In principle, the hardness is expected to be
i . . 1I under s€€
indenter as discussed in Chapter
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independent of the applied load. However, the apparent indentation hardness can be a function of
load at very light loads. An increase in the hardness with decreasing load has been observed.*® The
Knoop hardness values (HK) at 50 gm load for DLC films grown using CH,, C,H, gases and CH,
vapours aspirated in the saddle field source, lie in the range 9-21 GPa. Figure 4.8 shows the
variation of hardness values with the power applied to the FAB source for the DLC films grown
using C,H, as source gas. The hardness values are found to increase with the increase of power,
higher applied power leading to an enhancement of the energy of the radicals participating in the

formation of DLC films. At such high energies a process of compaction (density increase) of the

DLC films takes place with the consequent increase of hardness values.
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Fig 4.8 Variation of hardness and stress with the applied power for DLC films
grown using C,H, gas

4.4.3 Adhesion and Residual Stress

duced using a saddle field source adhere well to 7059 glass,

It was found that DLC films pro
irates. The adhesion of the films varies widely on different

quartz, Ge, silicon, Mo and mylar subs

substrates and depends upon the method of preparation. These DLC films appear to have

¢ hardest and thicker films peel off easily because such

Significant internal compressive stress. Th -
the films from the substrates.™ The values of internal

high internal stresses cause delamination of
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stress have been evaluated using a laser based technique developed indigenously, as discussed in
Chapter II under section 2.8. The values of internal stress of the DLC films so evaluated were
found to be in the range of 0.1-0.5 GPa. This improved the ageing behaviour of the DLC films and
the films were able to stay for a long period. It may be noted that the stress values reported here
are very much less than the stress values obtained in films that are deposited using the RF self bias
technique. Figure 4.8 also shows the vanation of stress values with the power applied to the FAB
source for the DLC films grown using C,H, as source gas. From this figure it is clear that the
values of stress increases with the applied power. These observations reconfirmed that high
hardness values are accompanied with high residual stress values, though in this case the

dependence is not so marked as in the case of the RF self bias grown DLC films.

4.5 Electrical and Optical Properties

4.5.1 Electrical Conductivity

Figure 4.9 shows the variation of dark conductivity with the inverse of temperature in the
range from 30 to 300°C for the DLC film grown using CH,, C,H, gases and C¢Hg vapours. These
films were annealed at 300°C before conductivity measurements commenced. The curves in Fig.

4.9 consist of two straight lines having two different activation energies which follow a relation of

the form
—L |+¢, exp(—-——2
O-D -"—-00] eXp — kT 02 kT

The first term is dominant at high temperature and the second term assumes a significant

nk temperature between the two activated processes.

value at lower temperature and there 15 2 ki
s. The values of dark conductivity (cp), activation

Here the symbols used have their usual meaning
AE,), conductivity pre-expopential factors (Go1, Og2) and the kink temperature (T}),

energies (AE,, ' .
derived fr the conductivity data of DLC films grown using different hydrocarbons are
om
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summarised in Table-4.1, along with the deposition rates and other properties to be discussed in the
following sections. The values of dark conductivity lie in the range 10°-107 Q'em™. The values

of high and low temperature activation energies AE, and AF, lie in the range 0.38 - 0.46 eV and
0.22 - 0.32 eV, respectively. The kink temperature between the two processes occurs at around 155
+ 15°C. The values of high and low temperature conductivity pre-exponential factors Oq and oy,
lie in the range 102-10" Q'em™ and 10% - 10° Q'em™, respectively. The high temperature
process suggests the conduction of carriers take place in the band tails and the lower temperature
process could possibly be due to the conduction at Fermi level. It seems extended band conduction
in these films could possibly occur at much higher temperature. In this case the values of activation
energies are expected to be much higher, possibly in the range of 1.0-1.5 eV and that of the
conductivity pre-exponential factor in the range of 10°- 10 Q'em™ as reported in the literature ¢!

Hauser? found a linear relationship between log & vs. T in sputtered amorphous carbon (a-C)

films indicating conduction by variable range hopping. However, for a-C:H films no such

43
relationship has been found except for doped films.
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K conductivity with inverse of temperature in

. ation of d
Fig. 4.9 t‘}’g;:;‘;’g ;’g '« 300°C of DLC films annealed at 300°C.

d to the saddle field source leads to a marginal increase in the

Increase of the power applie .

values of and Ty and decrease in the values of AE, and AE, without changing the dark
es of oy, O K '

w Annealing the samples at 300°C marginally increases the

conductivity values (Sp) very much.
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values of o, oy and Ty and decreases the values of AE,, AE, and 6,,. If one goes from CHj to
C,H, gas and then to C¢Hg vapours the values of deposition rate, op, Goi, Gp and Ty marginally
increase and the values of AE; and AE, decrease. Inspite of the observed dependence of the
deposition rate on the type of hydrocarbon gases, the properties of hard a-C:H (DLC) films were
found to be relatively precursor independent which is in agreement with the results reported in the
literature™® for films grown using the RF self bias technique. It should be mentioned that because of
the fundamental difference in the nature of precursors involved in these two techniques one would
expect some difference in the behaviour of these films. However, in the absence of precise

knowledge concerning the mechanism of growth of DLC films by the saddle field technique, no

further comments will be made. Finally, the decrease in the values of activation energy with the

increase of power and carbon to hydrogen ratio can be explained by a possible movement of the

Fermi level towards the conduction band edge leading to an increased density of states in the

material,
4.5.2 Current-Voltage (I-V) Measurements (SCLC)

The current-voltage (I-V) characteristics of the sandwich structure of p-type silicon

wafer/DLC films/aluminium have been used to derive information about the density of states in

these DLC films.

temperature for the structure of the type,
H, gases and CgHg vapours in the saddle field FAB source. It may be noted
2

Figure 4.10 shows typical logarithmic I-V characteristics recorded at room
p-type silicon wafer/DLC film/Al. The DLC films were

grown using CH, C _ . .
begin with a linear ohmic region with a slope approximately unity, followed by a
S

that these curve : .
cating the onset of space charge limited

) - di
gradual transition to a steeper curve with slope m>2 indi ;
) followed by a third region with slope m<2. No V* dependence is observed as

conduction (SCLC

reported by Mackenzie and co-workers. °

5 DLC films grown ol the silicon subs

the films. The density of states N(Ep) was calculated from I-V curves by
€ .

44 This form of I-V characteristics can not be explained by

) trates have slope, m, larger than 2 owing
a single trap model.

to the presence of traps in
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the differential method of Nespurek and Sworakowski.*® In this analysis N(Ey) is related to the

J1n 46,47

voltage V and the slope m (= ZIn

I .
V) of the experimental I-V curve by the expression,

ae V
N(EF)z[edszJm—l

where a is a process dependent constant that accounts for the non-uniformity of charge carrier
distributions and electric field within the space charge region, which is taken to be 0.75, ¢ is the
permittivity of the material which is taken as 4.0 x 10" CV c¢cm” for DLC films,” ¢ is the
electronic charge, 4 is the thickness of the films, £ is the Boltzman constant, T is the temperature in
Kelvin and ¥ is the voltage at which SCLC sets in. There is a sharp increase in the current with

slope m > 2. The position of quasi-Fermi level relative to E; = 0 is found by the relation,

e o)
EF=len( 2= |+ KTln{
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Fig 4.10 Logarithmic [-V characteristics of DLC films
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where the factor eNgyL, is a pre-exponential factor, p, obtained from the temperature dependence of
the DC conductivity in the ohmic region, b is the process constant with a value 1.5, this is assigned
to account for the non-uniformity of the intemnal space charge field, N, being the density of states at

the conduction band edge, m, is the carrier mobility. The values of N(Ef) near the Fermi level

calculated for a larg
films grown using CH, gasand 1.2 - 3.3 x 10" eV cm™ for the DLC films grown using C,H, gas

¢ number of samples lie in the range 4.1 - 6.4 x 10'7 eV em™ for the DLC

and for the DLC films grown using C¢Hg vapours this comes out to be 3.5 - 4.5 x 107 ev'! em?.

The values of N(Eg) are found to decrease with the increase of carbon to hydrogen ratio in the

hydrocarbon gases/vapours used. However, the N(Eg) in the films grown using C¢Hy vapours

having the same carbon to hydrogen ratio, shows marginally higher value than those for films

grown using C,H, gas. The v
grown using CH,, C;H; gases and C¢Hg vapours in the saddle field FAB source are found to be 2 -

3 times lesser than the DLC films
reported a value of the density of mid gap states ~ 8 - 9 x1 07 ey!

alues of N(Ep) evaluated from SCLC measurements on DLC films

grown using CH, gas in a RF plasma CVD system, as reported

by Silva and Amarnmga” who

cm?, The values of characteristi
rown using CHy, C;H, gases and C¢Hg vapours are found to lie in

cs energy of band tails (Urbach energy, E,) evaluated from PDS

measurements for DLC films g
the range 180 - 280 meV and this value decreases with the increase of carbon to hydrogen ratio in
the hydrocarbon gases/vapours used (section 4.5.5). Thus, the sharpness of band tails (E,) is

closely related to the density of state

saddle field FAB source and the valu
carbon to hydrogen ratio in the hydroc

s N(Eg) in DLC films grown using hydrocarbon gases in the

es of E, and N(Fg) are found to decrease with the increase of

arbon gases/vapours used.

4.5.3 Optical Bandgap

n of the absorption coefficient (o) was calculated from the spectral dependence

The variatio "
. 4 -
expression. Figure 4.11 shows the variation of

: : '
d transmission using Tauc's

of optical reflection an
C,H, gases and C¢Hy vapours. The curves

DLC film growl using CHs,

ohv vs. hv curve for the
ion, The intercept on the X-axis of the plot of vahv vs. hy

follow the well known Tauc's relat

gives the value of the optical bandgap (E¢) of the material. The values of Fy and constant B derived
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from the slope of v ahv vs. hv plot, together with the values of o at 2.756 eV for DLC films grown

using different hydrocarbons, are included in Table-4.1. Itis found that

O . 1 a — '
1.5 2.0 2.5 3.0 35
PHOTON ENERGY (hy)

Fig. 4.11 Variation of Vahv vs. hv of DLC films grown using CHy, C,H, gases

and C¢Hg vapours

the values of E, and constant B decrease marginally with the increase of power, whereas, the values

of & seem to remain constant
from CH, gas to C;Hz 825 and then to C
the increase of power applied to the saddle

in the material. Further more, the decreased
grown D

The values of E, and constant B decrease marginally when one goes
¢Hg vapours. The decrease in the values of constant B with
field source indicates an increase in the density of states
values of constant B in C,H, gas and C¢H, vapour

LC films suggest a decreased density of states in

grown DLC films as compared to CHy
value of E, with the incre
alue of activation energy obtained from the conductivity data as

these films. The decreased ase of power applied to saddle field source is

consistent with the decreased V.

reported under section 4.5.1..
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Tablé.1

Properties of DLC films grown using different hydrocarbons in a saddle field source

R

[ Serial Properties CH, CH, C.H,
No. y

T Deposition rate at 6 cm. distance at’ 11.7(72W) 37.7(4.5W) | 21.7(4.5 W)

specific power (A%min.)

2. op at 35°C @'em™) 10%-10° 102107 10°-10°%

3. AE; (eV) 0.44-0.45 0.38-0.46 0.44.0.45

:. AE, (eV) 0.27-0.32 0.22-0.29 0.26-0.27

5. | o (@' em™) 10°-10” 107-10" 10°-107

?’_- 6o (Q em™) 10%-10° 10102 10°-107

7. T, (°C) 145-155 140-170 145-150

8. | cat2.756eV (em’) 2.2-2.6x10° | 2.0-3.6x10* | 1.5-16x10°
9 |Ey (V) 1.0-1.30 1.0-1.30 1.20-1.30

10. | Constant B (cm™ eV™"™) 185-220 120-200 200-210

(1. |nat546.1 om. 2.10-2.29 1.80-2.57 2.50-2.52
12, | kat546.1 nm 0.07-0.45 0.05-0.50 0.49-0.50
13 <, at 546.1 nm. 4.22-5.16 3.10-6.62 6.07-6.10
14 | e , at 546.1 nm. 0.30-1.98 0.22-3.43 2.53-2.55
15, Knoop hardness at 50 g load (GPa) 9-15 10-21 12.5-13

4.5.4 Ellipsometric Studies

4.5.4.1 Refractive Index and Extinction Coefficient

The values of the refractive index (
nm wavelength of light together with the dielectric

ellipsometric measuremertts made at 546.1

Constants (g, and &) of DLC films grown U
rage 1.80 - 2.57 and 0.05 - 0.50, respectively. One

Table-4.1. The values of n and k lie in the
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n), extinction coefficient (k) derived from the

sing different hydrocarbons are summarised in




observes, as compared to films grown by RF self bias technique,” it is possible to achieve higher
values of refractive index in this case. The corresponding values of €, and €, lie in the range 3.10 -
6.62 and 0.22 - 3.43, respectively. The values of # and €, decrease and that of k and ¢, increase in
the case of DLC films grown using CH, gas with the increase of power applied to the saddle field
source. On the other hand the values of all these parameters seem to increase with the increase of
power applied to the saddle field source in the case of DLC films grown using C,H, gas and C¢H,

vapours. It is observed that the dense and hard, reasonably scratch resistant carbon films are

characterised by a large values of n and soft carbon films by low values of n.

4.5.4.2 Spectroscopic Ellipsometry (SE) and sp3/sp2 Ratio

Figures 4.12(a) and 4.12(b) show the variation of refractive index (r), extinction
Ims grown using CH, and C,H, gases and C,H, vapours over the

coefficient (k) for the DLC fi
photon energy range from 2.5 - 5.0 eV. Figures 4.13(a) and 4.13(b) show the corresponding

variation of real and imaginary part of the dielectric constants €, and ¢, for the DLC films grown. In

the case of DLC films grown using CH4 and C;H, gases almost similar trend in the dispersion of
the values of optical constants (n, k, €, and &,) with photon energy is observed whereas DLC films
grown using C¢Hg vapours show somewhat different trend in the dispersion of optical constants.
The values of » ranges from 1.74 to 2. 19, k ranges from 0.28 to 0.59, €, ranges from 2.75 to 4.63

m 1.10 to 2.35. The MS_O{EQ_{_BI are found to be 2.19 and 4.63 at
—A—a— ‘

own using CH, gas; whereas, for films grown using c2H2 gas the corresponding
found to be 2.04 and 4.06 at 3.14 eV. DLC films grown using C¢Hy vapours
as 2.10 and 4.24, respectively at 3.74 eV. However, in this

and g, ranges fro
3.07 eV for films gr

maximum values are

alues of n and €;

show the maximum V
and k with energy appears fo be rather slow and one observes almost flat

case the variation of 7
decrease on both sides of this peak value. The

response at higher energies. The values of 7 and €
with the increase of photon energy and approach towards saturation at

values of k and €, increase
the energy greater than 3.7 eV
greater than 3.9 eV for the DL
much higher energy ~ 4.5 eV in th

in the case of DLC films grown using CH, gas and at an energy

C films grown using C;H, gas, whereas, the saturation occurs at

e case of DLC films grown using C,Hg vapours.
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Fig. 4.12 Variation of (a) refractive index (1) a{ld (b) extinction coefficient (k) vs.
photon energy for DLC films grown using CH, and C,H, gases and CgHj

vapours.

The maximum values of k are found to be 0.54 and 0.50 and that of ¢, are found to be 2.20 and 1.90
for films grown using CH, and C,H, gases, respectively, when measured at a wavelength
Corresponding to 3.7 eV, whereas DLC films grown using C¢Hg vapours show the maximum value
of kand ¢, as 0.51 and 2.30, respectively at ~4.5 eV. The values of optical constants decrease with

the increase of carbon to hydrogen ratio of the hydrocarbon gases/vapours used. The shift of the

peak position in the values of optical constants towards higher energy with the increase of carbon to
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tric constants (a) € and (b) €, vs. photon energy for

ig. 4. Variation of dielec

DLC films grown using CHy

carbon gas/vapour used indicate stronger bonding of C-C bonds which

hydrogen ratio in hydro
nd like a-C:H films. Further, DLC films grown using

pz ratio and more diamo

show significant shift of peak
jtion in the values of optical constant of DLC

leads to a higher sp’/s
position in the values of optical constants

C¢Hy vapours which
s compared 10 the peak pos
having the same carbon to hydrogen ratio, indicate much more

. 3,2
1o still larger sp’/sp” ratio. Dense carboneous films are

towards higher energie

films grown using C,H, gas,

stronger bonding of carbon atoms leading
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value i n the or
s of optical constants depe d weakly on the precursors of hydrocarbon gases used and
and the

values decrease with the i
e increase of carbon to hydrogen ratio in th
e hydrocarbons used in i
growing

DLC films by the saddie ficld FAB source.
3,2
The sp*/sp’ ratio for some of the DLC films were evaluated using the technique describe i
Chapter I under section 2.1 -
than for the DLC films grown b

observed as one goes from CHy to €

3. The values of this ratio is found to be in the range of 9 to 11
, INOIC

y RF self bias technique. A trend in the increase of sp*/sp” ratio i
is

H, gases to Cgtlg vapours.

4.5.5 Photothermal Deflection Speciroscopy (PDS)

Figure 4.14 shows the variation of absorption coefficient (o) vs. photon energy (E) (PDS
and C,H, gases and C¢Hg vapours into the saddle

data) for DLC films grown by introducing CH,
n energy, in the energy range studied, consists

field FAB source. The variation of o with the photo

ns. One is the high energy region
ur is evidenced. The second region is an

above ~ 1.8 €V which is due to a direct band

of two distinct regio
n and where Tauc type behavio
ge region which extends down to ~1.0 eV and can be expressed as

o =0,

is a constant. The exponential

ic energy of the band tail (Urb
est energy region where the subgap tail is

to band transitio
exponential Urbach ed
exp(-hv/E,), where do
and E, is the characterist

portion of a is referred to as the Urbach tail

ach edge) which is related to the thermal and

the structural disorder in the material. The low
superimposed on the Urbach edge and involve absorption due to gap states, is however not visible
ing |jmitations. The values of o are found to be consistently higher for

gas than the values of o for DLC films grown using C,H, gas and

below thi

due to monochromator grat

DLC films grown using CHa
1,65 eV and lower
meV for DLC films g

ues of o and Eo TP
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properties are found to be precursor dependent whereas the results reported in the literature for the
films grown using the RF self bias technique™ are found to be relatively precursors independent.

Broad band tails are usually found in a-C:H and the values of E, is frequently over 500 meV*® but
some what narrower tails (E, ~ 300 meV) have been seen in a-C:H by Dischler e a/*® The values
of E, in highly tetrahedral hydrogenated amorphous carbon (ta-C:H) are found to be ~ 350 meV.’!
Thus, the values of E, evaluated for DLC the films grown using CH,, C,H, gases and C¢H; vapours

by a saddle field FAB source in the present study are found to be significantly lower than the values

of E, (300 - 500 meV) for DLC films reported in the literature™* and more than the values of N

(~50 meV) of hydrogenated amorphous silicon (a-Si:H) films usually mentioned.””

o
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Fig. 4.14 .
* energy for DLC films grown using

4.6 Surface Morphology and Structural Analysis

dertake a detailed structural analysis of the DLC

It that it would be rewarding to un

It was fe am technique and find correlation, if any, of the

be
ddle field fast atom
films grown by the sa thus for by the other measurements.

lected
structure related information and the data colle
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4.6.1 Scanning Electron Microscopy (SEM)

Figure 4.15 shows the typical SEM monographs (at normal angle) of DLC films grown by
using (a) CH,, (b) C,H, gases and (c) CsHg vapours, respectively. It is evident that all the
micrographs show the films to have some agglomerates and the number of agglomerates are found
to decrease when one goes from CH, to C,H, gas. The number of agglomerates are again found to
increase with the increase of power applied to the source. The number of agglomerates diminishes
in DLC films grown using C4H, vapours. The surface morphology is found to be smoother in DLC
films grown using C4H, vapours than the DLC films grown using C,H, gas having the same carbon
to hydrogen ratio in the hydrocarbons used. This probably reveals that the stress present in the
films grown using C4H, vapours is less than the stress present in DLC films grown using C,H, gas.

A similar type of smoother surfaces were recorded by SEM studies of DLC films grown using RF

self bias decomposition of CzHs vapours. The surfaces of DLC films grown using RF

decomposition of CH, and C;H, gases were again found to be not all that smooth. Process gas

(vapour) dependence of DLC films properties inspite of the method of formation is, thus, again

reconfirmed.
4.6.2 X-ray Photoelectron Spectroscopy (XPS)

XPS is a chemical sensitive technique and the XPS chemical shift has proven to be a

valuable method for understanding the local environment of an atom in a solid and to investigate
m is sp’ or sp’ bonded. Apart from the chemical shift, the XPS technique can

whether a carbon fil
provide other useful info

valence band density of states efc.

rmation such as film composition, Plasmon loss for conducting materials,

Representative XPS spectra for DLC films grown using (2) CH,, (b} C,H, gases and (c)
C4Hg vapours are shown in Fig. 4.16. The XPS spectra shows only oxygen as a surface
6

contaminant in addition to main peak of ¢ in all the DLC film grown using these gases/vapours and
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it may be mentioned that no other important peaks were found. The spectra were recorded before
and after cleaning the top surface using argon (Ar) ion beam at 3 keV, at a pressure of ~10" mbar,
for 2 minutes. The oxygen peak was found to diminish afier cleaning of the top surface by Ar ion
beam in all the DLC samples which indicates that the oxygen is present only on the surface and not
throughout the bulk of the film. Figure 4.17 shows the typical Cls spectra of DLC films grown
using CH,, C,H, gases and C¢Hy vapours. The position of Cls peak is found to occur at 286 €V,
286.7 eV and 287.1 eV respectively, in DLC films grown using CH,, C,H, gases and CgHg
vapours. It is evident that there is a shift in Cls peak towards higher energy by ~ 0.7 eV in DLC

{ — BEFORE CLEANING

" 2 — AFTER CLEANING 1
5 |
=
w R
—
prd
-
31
Q

q 200 400 600 800 1000

BINDING ENERGY (V)

LC films grown by using CH, gas before and after Ar ion

Fig. 4.16 XPS spectra of D :
' d keV for 2 min

bombardment at 3
films when one goes from CH, to C,H, g3 i_e. with the increase of carbon to hydrogen ratio in the
hydrocarbons used. Again the peak position of CIs P eak shifs by ~0.6 ¢V towards higher energy

vapours as compared to DLC films grown by C,H, gas

in case of DLC films grown using Cetls
on to hydrogen ratio in hydrocarbon
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gases/vapours used. The peak position of

having the same carb



Cls is also found to shift towards lower energy by 0.3 eV, 1.0 eV and 2.3 eV in DLC films grown

using CH,, C,H, gases and C4Hy vapours, respectively, as recorded after the surfaces of the films

were cleaned by Ar ion beams. XPS has been used earlier” ™ to analyse DLC films and the

photoelectron peaks located at binding energies of 284, 285 and 287 eV are assigned to graphite
hydrocarbon and diamond (with cubic symmetry). Thus, it is evident that the photoelectron peaks
observed in DLC films grown by the saddle field FAB source in the present study indicates that the

films are more diamond like and such diamond like behaviour increases with the increase of carbon

to hydrogen ratio in the hydrocarbon used for growing DLC films.

COUNTS (A.U.)

285 290 295

280
BINDING ENERGY {eV)

Cls spectra of DLC films grown by using CHy and C,H, gases and C¢H,

Fig 4.17
vapours

4.6.3 X-ray Auger Electron Spectroscopy (XAES)

A relatively sensitive analysis of the sp3 and sp® bonding in the DLC films is provided by

AES or XAES. XAES has
investigation. Figure 4.18(a) and

further advantage that it does not damage the samples under
C KLL spectra of

4.18(b) show the measured N(E) and dN/dE
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Fig 4. 18 (2) N(E) spectra studied by XAES vs. kinetic energy (E) of DLC
C2H2 gases and CGHG vapours.

films grown by using CHa,

nd and graphite in these materials. The main

aish different states of diamo

print to disting
5 5+0.5 eV which are close to diamond feature with

contributions in these spectra are localised at 26
peak at 262.0 eV

energy separation

as reported by several vurork-s:rs.ss‘56 dNV/dE spectra are often characterised by the
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2 3 . 5
5% or sp® bonding.**" Carbon with sp” bonding gives

For carbon specimens, this energy separation

e carbon is involved ins
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with the values reported
is that the DLC ﬁl
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. 55
by Lascovich ef al.”” and also by Mizokawa ef al. 3

ms present a sp3 (i.e. tetrahedral bonding as in



: , . . .
diamond) and sp” (i.e. trigonal bonding as in graphite) hybridisation and the method proposed by
Lascovich ef al.>® to calculate the ratio of the two has been adopted. Specifically they deﬁnt,: a

parameter D, the distance between the maximum of positive going excursion and the minimum of

negative going excursion in the derivative XAES spectra. The maximum at positive going

excursion occurs at 255.5 % 0.5 eV and minimum of negative going excursion occurs at 269.7 £ 0.7

eV in DLC films grown during the present study. The values of D are found to be 14.8, 14.5 and

13.5 eV for DLC films gfown USiI'lg CH4, C2H2 gascs and C6H6 vapours, YCSPeCtivcly, which are

close to the D value obtained with sp°> bonding in the DLC films. Itis evident that the value of D

dN/dE (A.U.)

250 275 300

225
KINETIC ENERGY (eV)

XAES vs. kinetic energy (E) of DLC

Fig 4.18 (b) dN/dE spectra studied by
C,H, gases and CgHg vapours

films grown by using CH,,

decreases marginally with the increase of carbon to hydrogen ratio in the hydrocarbon
gases/vapours used in the present study, which implies that the films are more diamond like in
nature, The sp’ percentage are evaluated using D values by the relation®>;

Dy — Dy
sz % =[____DLC Diamond Jx 100

D Graphite D Diamond
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Where Doyc, Dpjgmong and Dogpuie are the D values of DLC films, Diamond and Graphite
r"-SPectIvely Taking into consideration that in the DLC matrix only sp and sp sites contribute, the
Sp percentage for DLC films grown can be easily calculated. The sp percentage in the DLC films
are found to be low and lie at 15, 12.5 and 10 for films grown using CHy, C,H, gases and CeHy
vapours and the values decrease with the increase of carbon to hydrogen ratio in the hydrocarbons
used. Thus the sp3 percentage comes out to be 85, 87.5 and 90 yielding the values of Sp3/8p2 ratio
as 5.67, 7.0 and 9.0 for DLC films grown using CH,, C,H, gases and CH; vapours, respectively,
Thus, it is evident that the sp3 percentage (85 - 90 %) and the sp3/sp2 ratio (5.67 - 9.00) of DLC
films grown are found to be significantly high which indicates that the films grown by saddle field
FAB technique exhibit more diamond like behaviour and this behaviour increases with the increase
of carbon to hydrogen ratio in hydrocarbon gases/vapours used. It has been reported by Lascovich

et al > that an increase in the hydrogen content in the film corresponds to an increase in the sp°

percentage. Nothing much can be said about this at this stage unless DLC films are grown with
different hydrogen content. After the bombardment of these DLC films by the argon ion beam for
2 min the value of D increased to 20.2 £ 0.3 and the sp2 percentage was found to increase

significantly which indicates that the samples start showing graphitic nature. Similar observations

have been made by various other workers™ and they concluded that the argon ion beam

irradiation changes the diamond like bonding in DLC films to graphitic like bonding,

The sp3 Jsp* ratio for DLC films grown using RF self bias technique using hydrocarbon
gases are reported to be less (1.5-3) in the literature™ than the sp3/sp2 ratio (6 - 9) evaluated for
DLC films grown using the saddle field FAB technique in the present study. The trend in the
sp™/sp? ratio evaluated from XAES study are consistent with the trend of sp’/sp” ratio reflected from
spectroscopic ellipsometry (SE) results on these DLC films which increases with the increase of
carbon to hydrogen ratio in hydrocarbon gases/vapours used. The results of XPS studies reported
under section 4.6.2 are in conformity with XAES results being reported here. It may be
emphasised here that main objective of the present investigation has been to find a method of
growth of DLC films which is easy to implement as also that produces superior DLC films for

many device application. A high value of sp’/sp’ that was obtained during these investigations, first
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came as a surprise to the investigator, raising doubts about the accuracy of the particular technique

used. That is the reason different techniques were employed to asses the same. However, in view
of the recent report of as high a value as ~96 % sp’ in DLC films grown by similar technique by
Lim ef al.’® It appears that the initial observation of high sp3/sp2 in saddle field grown DLC films

may perhaps be correct.

4.7 IR Studies of DLC Films

IR measurement were performed using a Fourier transform infrared spectrometer (Model

BIO-RAD, FTS40). The details about FTIR method is already given in Chapter II, under section

2.12.3. Figure 4.19 shows IR transmission spectra of DLC films grown by inputting different

power to the FAB source using C,H, as the feed gas. Analysis of the spectra is carried out on the
basis of the peak assignment published in the available rcports.S%D But as may be noticed in these
s. This may be because of the low incorporation of hydrogen

spectra there is no well defined peak
t in these films is again confirmed from ERDA analysis.

in these films. Low hydrogen conten
However weak CH, stretching and bending vibration modes are observed at 1450 and 2930 em™. In

these spectra Si bands are also seen a5 measurements were carried out on films deposited on silicon

rm Fig. 4.20 that with the increase of power applied to the

substrates. It has also been observed fo
ode diminishes. This indicates a decrease of hydrogen in

FAB source, CH, stretching vibration m
ower. This can be explained in terms of more efficient

the films with the increase of applied p
gher energy incident particle. Similar behaviour was

etching of hydrogen in the films by hi
in their FAB grown DLC films using C,H, gas.

observed by Walters éf al®®
[4

4.8 Hydrogen in the DLC Films

ides a number of properties of these films.

Incorporation of hydrogen in the DLC films dec

In the present investigation hydrogen in these films has
ssed in Chapter II under section 2.12.

been estimated using FTIR and ERDA
FTIR provides the information about

techniques, as discu
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the bound hydrogen in DLC films and ERDA the total hydrogen. From these measurements

unbound hydrogen in these films was calculated and a characteristic relation has been found to exist

in the stress behaviour of the films and amount of unbound hydrogen.
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Fig. 4.19 Infrared trans .
(@) 16 W, (b) 36 W and (c) 56 W power applied to the FAB source

For these studies, a set of DLC films were grown at different power applied to the FAB
otal hydrogen concentration in these films was found to be

H, as the feed gas. The t
been observed. In the published literature™” FAB

9% has
feed gas, a minimum 22 at. % of hydrogen has been

source using C;

very low and a maximum of ~ 8 at.
deposited DLC films using C,H, as the
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reported when beam energies of ~0.8 kV were used to form these films. However, during th
- - . . . ’ ng e
present investigations beam energies used to deposit DLC films were in the range of 1 kV to 2.0

kV i |
, which maybe the reason for the low hydrogen incorporation (as revealed by the FTIR

their DLC films grown by FAB and PECVD techniques.
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ectra showing diminishing of CH, stretching

Fig. 420 The infrared transmission Sp
ease of power applied to the FAB source

vibration mode with the incr

From Table-1.2 it is evident that the hydrogen concentration decreases with the power
applied to the FAB source.

with rising energy appears t

This is because an increasing bombardment of the films during growth
o remove the weakly bound hydrogen from the films. From the
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Table-1.2 it is also evident that the hydrogen concentration increases in case of CH, deposited

DLC films.
Table-1.2
Hydrogen concentration of the DLC films
Gas Used Pressure Power Total H, Bound H, Unbound H,
(mbar) (W) (at %) (at %) (at %)
CH, 5x 107 16 5.62 3.11 2.51
C,H, 5x10° 36 5.31 2.65 2.66
CH, 5x10” 56 34 0.48 2.9
CH, 5x 107 30 7.86 6.24 1.62

Grill et al.®"%* were first to find a correlation between the amount of unbound hydrogen in
DLC films and degree of residual stress in the films. System used for growing DLC films in their
case had RF (13.56 MHz) power applied to the cathode and a varying negative DC voltages were
also added through a RF choke. In the present study a saddie field fast atom beam source was used
to grow such films and a similar correlation was found. It, thus, appears that the relation between
the unbound hydrogen and stress in DLC films is of 2 fundamental nature. In this laboratory an
attempt is being made to further confirm this trend in DLC films grown by a variety of other
techniques like pulse plasma, VHF glow discharge etc. It may be worth mentioning here that in a-
Si:H system, particularly for films grown by hot filament technique, a similar correlation between
the void density and stability of the a-Si:H films against Stabler-Wornski type degradation has been
confirmed.® Without doubt confirmation of the existence of a correlation amongst the density of

voids, unbound hydrogen, stress in a-Si:H films and their stability could indeed be a rewarding

exercise.
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4.9 Effect of Nitrogen Dilution

There exist many reports which state that incorporation of nitrogen into the DLC films
reduces the residual stress without any significant change in the hardness values.*** Shrinkage of
the optical bandgap and the enhancement of conductivity are the other two related effects of
nitrogen incorporation in DLC films. In the present investigation few films were deposited by
introducing N, in the FAB source along with C;H,. These films were deposited at different
applied power to the FAB source keeping other parameters (N, partial pressure, chamber pressure,
gas flow rates) unchanged. Figure 4.21 shows the properties of N, diluted DLC films as also those
grown without any dilution at different powers. It is evident from this figure that the stress,
hardness, unbound H, and carbon co-ordination numbers are more for the undiluted DLC films
than N, diluted DLC films. From this figure it is also becoming clear that with the increase of the
applied power to the FAB source, different properties under consideration are enhanced for N,
diluted films, similar to the behaviour that is observed for undiluted films. For N, diluted films the

hydrogen content has been found to be low as observed from both ERDA and FTIR measurements.

4.10 Stress Relief Behaviour of DLC Films

During the present investigation it has often been observed that films grown on the glass
substrates which were more than 0.5 pm thick started delamination soon after they were brought

out of the reactor or soon afterwards. This was more pronounced for RF self bias grown films. The

has been reported to have the characteristic morphology of

stress relief behaviour of DLC films
mantel and co-workers®*®’ first reported sinusoidal stress

sinusoidal buckling propagation. Weiss

. 68
relief patterns in DLC films on glass and NaCl substrates. Nir
ing, straight cracking, sirings of beads and cracking after

dimension of the butkling pattern with the film thickness
[~ S———
astic energy of the wrinkled films it is possible to

nand adhesion energy between the filmsand the

investigated the shapes of stress

relief patterns such as sinusoidal buckl
buckling. A qualitative dependence of the
has also been established. Estimating the el

determine the Young's modulus, internal strai
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substrate from the size and shape of the wrinkles.*™® J. Seth er a1 7' also observed stress relief

behaviour in DLC films. They observed that soft films buckle and terminate via wavy wrinkles
while harder films crack after buckling. Two new stress relief patterns for DLC films, namely
flaking and blistering, were observed by them. This type of behaviour has also been observed in

the present study for FAB grown films as shown in Plate 4.1 - 4.6. Stress relief patterns have also

been studied for nitrogen diluted films during the present investigation.

Plate 4.1 Sinusoidal buckling wave stress relief pattern of DLC film

The evolution of the stress relief pattern during the present investigation was observed on
e ev
ical microscope and the following general behaviour was found.

DLC films with an opt
@ S lief and the buckling or cracking process usually begin some time after exposure to air
1) Stress relief an _ N

at atmospheric pressure and are accelerated greatly by a high humidity.
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(ii) In most cases, buckling or cracking starts at the film edge or at defects. It has been mentioned

that at the film edge stress values are about four times higher than in the bulk of the film.”

(iii) The buckling propagates by spreading from a new centre and not by generation of new

buckling defects.

(iv) The buckling usually develops in a direction perpendicular to the scratches on the film and

other defects.
(v) The buckling propagates with a characteristic width.

(vi) After propagating a characteristic distance, the buckling undergoes a change in the propagation

direction and branching.

Total delamination of DLC film

Plate 4.2
Plate 4.1 shows the sinusoidal buckling wave, observed on the DLC films on glass
he plate the buckling waves start at the defects.

substrates having thickness 0.5 pii. As shown in t
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A clear tendency of the branching of the waves has also been observed. As the films became

thicker and time elapsed, the distinct buckling wave could not be seen and the failure mode

proceeded via branching-buckling ‘fronts', which lead to the total delamination and wrinkling of the

films. as shown in Plate 4.2. Plate 4.3 shows that the sinusoidal cracking 1s mixed with sinusordal

buckling, which is coarsened after it covers the whole area of the substrate. However, the cracking

Ims are different as shown in Platc 4.4. Plate 4.5 shows the higher

morphology of thicker fi

iew of the contents of the previous plate. Plate 4.6 shows the stress relief behaviour of

magnified v

N, diluted DLC film

(>2 pm thick), which reached a hardness value of ~20 GPa. This particular

ows hexagonal cracking propagation, having same branching and mixing

stress relief pattern sh
The cracking behaviour appears o be related to the high hardness of

behaviour like buckling wave.
he occurrence of this type of pattern has not yet been well

the films but the rcasons behind
een reported in any DLC films as per the information

understood. Again, so far it has not b

avatlable.

sinusoidal buckling

plate 4.3 The sinusoidal cracking 1s mixed with
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The wavelength of the sinusoidal buckling was measured and an increase of wavelength
with the thickness was also found, which is consistent with the reported literature.” The variation

of wavelength from ~40 pum to ~60 um with the increase of thickness from 0.5 pm to 0.8 um have

been observed.

Plate 4.4 Stress relief pattern of DLC films having cracking morphology

The elastic modulus (Young’s modulus) of these films has been estimated using the
e e

following relation”

( ES5x't} '
/-{2 ;’________

1-u’)30)

where X is the wavelength of the sinusoidal buckling, £ is the elastic modulus of the films, p is the
ere A is

. ternal stress and t¢ is the film thickness. This relation basically
e in

Poisson ratio of the film, o is th
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follows fro ir's®® I Y
from Nir's phenomenologlcal analysis using plate theory and Lee e/ al
) . | - ry 's”” experimental
observation that the amplitude of the buckling wave is one fourth of the wavelength, regardl
' | , regardless of
This equation shows that the wavelength of sinusoidal buckling i
18

tlliCkﬂ i 1 Y i
ITla

N AL

R

proportional to the film

stress.

»

«d view of plate 4.4

Plate 4.5 Magnifie

f the film 1s generally found to be

p.ﬂ'l the residual stress O

4 Hence the rate of increase of the wavelength with respect to

. The term dA/dt has been

For films thicker than U. |
independent of the film thlckness

the film thickness, dA/dlg is propomon.ll
range of 66 to g2 for the I

e source gas Using th

to the square 100t of B/(1-p A
yLC films grown at different applied power to the

¢ wne«cpondmg gtress value the elastic constant

evaluated to be in the

FAB source using C,H; as th
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E/(1-p°) was estimated to increase with the increase of applied power to the FAB source from

~1306 GPa at 16 W power to ~1530 GPa at 42 W power. Because the Poisson ratio is positive,

these values are the lower limits of the elastic modulus E. These values are less than those

reported by Lee ef al, and close to that of the diamond, 900 GPa.”

Plate 4.6 Stress relief pattern showing hexagonal cracking (N, diluted)
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4.11 Part Summary

DLC films, were formed by a saddle field fast atom beam source to which various

hydrocarbon gases (CHy, C,H,) and vapours (CgHy) were introduced with different C/H ratio. The

following important observations were made:

(1) Sufficiently thick DLC films could be formed by CH, as the feed gas utilising a saddle field

source.76

(2) In films formed by CHy, G, and C4Hj as source gases/vapours, scaling of the deposition rate

as expected, i.c. 4 to 8 times, which is observed is the case of RF self-bias deposition technique,

could not be observed.

(3) For films grown at low source t0 substrate distance non-uniformity of the film thickness was

observed. The reasons for that could be the following:

(1) Geometrical effect of low source to substrate distance and comparatively lower pressure

of the chamber.
(it) Change in the ratio of ions/neutrals at lower source to substrate distances.

(4) The values of characteristics energy of band tails (Urbach energy, E,) evaluated from PDS
measurements for DLC films gr

the range 180 - 280 meV and this val

own using CH,, C;H, gases and C4Hy vapours are found to lic in

ue decreases with the increase of carbon to hydrogen ratio in

the hydrocarbon gases/vapours used.

(5) The sharpness of band tails (E,) is closely related to the density of states N(Ep) in DLC films

ydrocarbon gases :n the saddle field FAB source and the values of E, and N(Fp) are

grown using h
n ratio in the hydrocarbon gases/vapours

found to decrease with the increase of carbon to hydroge

78
used.
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(6) The sp”/sp” ratio evaluated using two different techniques give different values. However, a

. PR ; : I .
clear trend indicating an increase in sp’/sp” ratio is noticed when one goes from CH, to C,H, gases

and to C¢H, vapours. ™

(7) The hydrogen concentration in these films determined from ERDA and IR analysis are found to

be low and a correlation of the increase in the value of stress with unbound hydrogen is found to

exist, as earlier predicted by Grill ef al.5"%

(8) The elastic constant (Young’s modulus) of the DLC films were evaluated from the sinusoidal

buckling stress relief patterns and found to be in the range of ~1305 to ~1530 GPa.

It may be appreciated that the present exhaustive investigation study has clearly established
the efficacy of the saddle field fast atom beam deposition technique over the more conventional RF
asymmetric PECVD growth technique. The films by this technique are grown in an uncomplicated
manner and indeed found to possess superior properties as far as the reduced stress values and
maximisation of 5p3/sp2 content is concerned. It may be mentioned here that Kruzelecky ef a/ *° in
a related study found significant PL efficiency in DLC films grown by the saddle field technique.
This together with Robertson's® theoretical analysis which shows that PL efficiency in DLC

system can be significantly high, even with a high degree of defect density as compared to a-Si:H,

indeed makes further detailed investigations, specifically involving PL studies, imperative,
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Chapter V

Filtered Fast Atom Beam Deposition of DLC

Films

5.1 Introduction
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: 2 ,
Saied er al.” carried out a full characterisation study of the FAB source and tl
e

beam coming out of the FAB source used (FAB 11). The operation modes of a FARB
a

source have been found to be similar to a saddle field ion source,’ namely a glow
discharge mode (~10" mbar), transition mode (lower than 10™ mbar PfeSSUfe)g;]:J
oscillation mode (~10” mbar pressure). Anode current or discharge current increases
linearly with the discharge voltage or anode voltage. Also they found an increase in the

beam current density with decrease in pressure at a given value of discharge current. They

found that the source operated more efficiently in the range 107 to 7 x 10™ mbar. When

operated in its most efficient mode, at low chamber pressure, the beam emitted from the

% of the fast atoms. The source can be used to produce a beam

source contained about 50
f fast atoms at higher chamber pressure, but this is of little

composed almost entirely 0

consequence since under these conditions the at
article beam has a very broad energy distribution, typically producing

alf Maximum) at 4 keV. They found the energy of the

e as when a significant proportion of

om beam flux 1s too low for most

applications. The p
1100 eV FWHM (Full Width at H

fast atoms measured from the spectra was the sam

the beam consisted of 1ons.

7 made a series of characterisation studies of the beam coming

Shimokawa ef al. ¥
out of a hollow cathode type FAB source. Using a magnetic field, perpendicular to the

motion of electron, they were able to produce high power FAB sources. These types of
(1 1075 - 1 x 107 mbar). The beam coming out

FAR sources have large operating 1ange
from this source has neutralisation coefficient ~ 93% and beam cumrent density of

~0.1-1.0 mA/cmz. The main results obtained by
during the discussion of the €xp

them are outlined below, as the may be

eriments carrted out 1n this

subsequently referred to

laboratory.
Beam current density increased with the increase of discharge

her with the application of a magnetic field. It

A. Beam Current density:

current and was found to be 10 times hig
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exte 1 !
rnal magnetic ficld and operating pressure of the source

B. B . B i
eam energy: The energy distribution of restdual ions and fast atoms was studied
S Studied by

tt i [ i
1lem using a retarding potential analyser (RPA). The comparison of thes
€ spectra

sho epiiiiags
wed that the energy distribution of the fast atoms was similar to the distrib
stribution

obtaine o . ey
d for the residual ions. The energy distribution of fast atoms was almost
0s

co i :
mpletely independent of the discharge voltage, discharge current, electrod
= 3 cirode
. .
onfiguration and feed gas. It was found to depend almost entirely on the gas pressure of
e 0
i .
he source. When the pressure was low, the main peak of the distribution coincided wit
1

the discharge voltage. When the pressure was high, the peak energy level was found to b
e

about 25% of the discharge voltage and had a broader spectrum.

C. Newtralisation coefficient: The beam neutralisation coefficient found by them with th
e
The beam neutralisation coefficient was

use of a magnetic field was more than 90%.
¢ flux density and source configuration.

found to be almost independent of the magneti
cient was found to be strongly dependent on the gas pressure and

The neutralisation coeffl

increased rapidly as gas pressure increased.

out from the FAB source (B93) contains a

Voevodin ef al.® found the flux coming
greatly depends on the

ions. The ion compaosition of fluxes

significant percentage of
region a level of ionisation of 80% was

distance from the source. In the near source

observed by them.

nted in Chapter 1V, during initial experiments using 4 FAB source the
]m thickness at lower

ntered 1. Non-uniformity in fi
not scale up for various source

As docume

following two difficulties were encou
2. The deposition rate did

for RF glow discharge deposited DL
kness, observed at lower substrate (0

source to substrate distances
(" films. It was

gases used, as reporfed by Zou et al.’
he ghsence of uniformity 10 film thic

be partly due to the different degree of neutralisation of

speculated that t

source distances, could as well
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the beam comi
ng out of the source. Some otl
N her reference was also f i
ound in the publisi
1ed

literature i ‘ ;
¢ in support of this hypothesis.” Subsequent experiments using Farad
aday cup

measurements of neutralisation coefficient revealed that, indeed, inspite of what h

claimed by the manufacturer of the source, the degree of neutralisation is far fronii S1 Z;in
and may vary a great deal depending upon the deposition conditions. In an attempt tA
filter the jonic radicals from the predominantly neutral flux, initial experiments wih 0
stainless steel (S.S.) mesh (80% transparency) which was placed between the source an:i1

the substrate and to which a high positive voltage was applied, were performed. T}
? 1is

arrangement appeared to filter out positive ionic radicals (believed to be the film formi
ing
[However, a faint signature of the mesh could be seen on the films so

precursors).
doned at this stage. Subsequently a deflector

deposited and these experiments werc aban
lter the positive radicals) from the

type arrangement to repel positive radicals (and, thus, f1
It may be mentioned at this stage that the

predominantly ncutral beam was conceived
application of a deflector fo a saddle field source is not entirely new What is
hat an attempt to grow DLC films using the

however, novel about this approach is
This has allowed a comparison

as been made for the first time.

deflected beams h
grown this way 10 be made. Further careful

between the two types of films being
possibly allow one to test the applicab
Jantation, fon peening, 101 stitching'”

m of DLC growth, in these two

ility of the models of growth of

Investigations may
"ete. The

DLC which is discussed in terms of subp

erties suggest that basic mechanis
oint it would be pertinent 10 draw attention to a

ut a detailed investigation on ion

measured film prop

:ases, may, indeed, be different At this p
very important study by Sullivan e al'? who carried o

and neutral beam treated TiO,.

is research was motivated by the desire to see whether

It is to be noted that thi
saddle field fast atom beam growth of a-C:H can be optimised so as to produce a n
n process for the deposition of the active layers
ble of light cmxssion in the visible spectral
Robertson's”

1aterial

of superior quality, L& [0 develop a benig

of electroluminescent (EL) devices capal
* theoretical

' and Hamakawa ¢/ al™

oluminescence (PL) intensily could indeed be

region, as reported by Zhang ef al.’

treatment of the problem shows that phot
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Signiﬁcanl . 4 i i 5" a'.:; ||
Vit} | - - ) mOdel,

» b g in

sustaining research efforts in this direction.

In the experiments documented in this chapter, both CHy and C,H,, havi
2y, ing

. 1

quality, systematic photothermal deflection speciroscopy (PDS) study and measurement
nts

of deposition rate, hardness and optical constants etc. were carried out

that no attempt has been made to investigate detailed structure and

[t may be seen
ned by the surface analytical and other

composition of the two type of films so for
apter IV for films grown under the normal operation of

techniques as documented in Ch
s has been that such characterisation techniques are not

the source. One reason for thi

readily available to the researcher. Most importantl
show significant difference in the macroscopic properties of the
hoped that it will be taken up by some other researcher as a topic of research. It appears
to be very rewarding 1o undertake photoluminescence studies of these films and to
ocess in a manner that one is able to
would, therefore, fall under the scope of future

y since the researcher has been able to

se types of films, 1t 1s

get significant visible

optimise the deposition pr

luminescence in these materials. These

work to be done.

5.2 Experimental Procedure

risation studies have been

om beam (FAB) source characte
The

) and acetylene (C,H,) as s
entional vacuum
¢ was first pvacuated to

ource gases.

The saddle field fast at
chamber having

g argon (Ar), methane (CHq
de a 30 cm diameter conv
I'he chambe

carried out usin

FAR source was mounted insi

oling and gas feedthrough arrangements

,H; wete allowed into the vacuum chamber

water co
~ 10°° mbar base pressure. Argom CHy and €
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throup) . . e
82 a fine needle valve. The beam current (I) was measured using a Faraday cup

mad ,
¢ of Molybdenum target placed normal to the source at a distance of ~ 7 cm. The

c ' — a T
trrent density (J=1/S) was obtained by dividing the ion current (I) by the aperture area

(S) of the Faraday cup. The schematic diagram of the Faraday cup used in the present

Investigation is shown in Fig. 5.1.

Ground Shield| Molybdenum

e Sheet,

Fig. 5.1 Typical Faraday cup configuration

Deflector plates made of alluminium (5 cm x 14 em) and separated by 4 cm were

used to fiiter neutrals and ionic radicals as shown in Fig. 5.2. One deflector plate was

grounded and a varying positive voltage was applied to the other deflector plate. The
Substrates were kept at position A, which is normal to the surface of FAB source (at a

distance of 7.0 cm, r = 7.0 cm, @ = 90°) and also at position B, which was on the

grounded plate of the deflector at a distance 2.7 cm from the FAB source (r = 3.4 cm,

8 = 53°. It may be noted thai with deflector OFF i.e. in the normal operation of FAB

- . . . s 5
source, DL C films are formed in a mixed ion & neutral precursors environment.

DLC films were prepared at different source voltages and current combinations
rrent x discharge voltage), keeping the pressure,

Le. at different power levels (discharge cu
distance and the applied deflection voltage constant, while using CHy and C,H,; as feed

gases. Corning 7059 glass and both sides polished Si substrates were used to deposit

DLC films. DLC films were deposited by applying 1.6 to 2.0 kV voltage to the deflector
discharge near the positive biased plate was observed at this voltage and

plate. (No glow
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pressure). This enabled the ionic radicals to be deflected towards the grounded deflector

plate, while the path of the neutral radicals remained unchanged.

‘ SUBSTRATE
(A-POSITION)

l
FARADAY CUP

DEFLECTOR :
PLATE :
4 : :
& I 1 ':
: J : '
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- \N" :
INSULATION 1
FAB 110 -2 —=| | & -
‘L (+ve)
= z i
O
GAS INLET Ur
ed 10 separale
i he deflector mﬂgcﬂ‘F"‘ “5 :
Fig. 5.2 woxoug d‘:ﬁ:::s‘l] r(:xg:czfls coming out of @ FAB source

out ion and n
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5.3 FAB Source Characterisation

5.3.1 Operating Regions

The operational modes of the saddle field fast atom beam (FAB) source (F
rce (FAB

110- sod in thi : _
2) studied in this present investigation are found to be similar to what has b
a as been

report : 2 .
ported by Saied er al.,” namely a glow discharge mode, transition mode and oscillati
ation

mode.
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Fig. 5.3 Variation of (a)d
t a series

current density vs. chamber pressure a
current using Ar as source gas

FAB source have been studied a
5.3(a) shows the variation of the

s a function of

The modes of operation of the
illustrated in Fig. 5.3. Figure

re, for the (hree differes i< harpe current setings

pressure il VE

discharge voltage with chamber pressu
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when Ar i .
r is used as the source gas. Figure 5.3(b) shows the variation of the beam curent

density with the chamber pressure for different discharge current settings for the same

SoUrce gas.

The glow discharge mode was observed in the present expeniments under low
voltage (~0.5 kV) and high pressure (~10'l mbar) condition, which 1s found to be higher

aied et al.” for their experiments with a FAB-11

than the pressure range reported by S
lations in the saddle field regio

n found to be reduced in this pressure range. This

source. Electrons oscil n, which 1s responsible for the

eration of the source, has bee

efficient op
ionisation inside the s

ource, and thus a lower beam

has predictably resulted 1n lower
current.
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The transition
mode occurs at a sli
ghtly lower pressure (3 £
(3-2 x 10™ mbar), just

g g g - p

electrons inc i
reases n i S e
, leading to a higher 1omsation efficiency. This, in t
: ) urn, results i
J n an

increase of the beam current density.

The oscillation mode has been found to occur in the pressure r b
mbar. In thi o ange below 107
this case the oscillating mean free path and as well as the ionisation effi
1on efficiency

are S . . - -
high, leading again to an increase in the beam current density
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Sinul '
ar modes of operation were also observed when CH «and C3H, were ysed as

the source gases, as shown in Fig. 5.4 and Fig. 5.5 Thus, selection of 2 stitahle operating

mode, on the basis of the desired application, is found to be a ven ——

consideration.

5.3.2 Discharge Current vs. Discharge Voltage

In this section a detailed study of the variation of the discharge voltage (anode

voltage, A,) with the discharge current (anode current, A.) of the FAB source used is

reported. The variation of A, with A_ is shown in Fig. 5.6. Figure 5.6(a) shows the

variation of A, with A, when Ar gas was used as the source gas at 25 x 107 mpar
Pressure and at different flow rate conditions. It is evident from this figure that the value

of A, increased lincarly with the value of A, for all flow rate conditions and the value of
A, decreased with the increase of gas flow rate for a particular value of Ac Tt is very

important to mention at this stage that the power supply used to operate FAB source is g
It. therefore, becomes possible, by keeping all other

Current controlled device. o |
parameters constant, for the discharge voltage to be Increased oy swtatly increasing she

discha rent only. Therefore the decrease of discharge voltage, at a particular
rge cur 3 »

discharge current, with the increase of gas flow rate is due to higher ionisation of the feed

gas inside the FAB source. This can be seen to have effectively reduced the plasma
inside the F -

resistance.
riation of A, with A, for CHy and C,H,

Figure 5.6(b) and Fig. 5.6(c) show the va

i iti ed in the case of areon

d having a similar set of operation conditions us o

55 Gt . el

s h A. is also found to be linear in this case as well.
(]

v — {aft of AV Wl( .
discharge. The variation [1,), dependence of discharge voltage on discharge
272

5 cases (CHy, Cy
Howevex, in both these ( one for flow rates below | scem and other

distinct patterns, .
et ariations are distinct in all the three different
ev

arge, th
above that. In case of argon discharg on discharge, the discharge

drocarb
flow rates. But in the above two cases of the hy
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voltage attai oy
ge attains almost similar values for the flow rates of 2, 6 and 10 scem.
’ . It seems that

satu ;
rate. It is, therefore, concluded that the FAB discharge using argon as a
seurce gas

a ;
nd hydrocarbon gases as Source gases are, indeed, different

20 . '
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Fig. 5.6 Variation of discharge volfage vs. discharge current when (a) Ar was
used as source gas, (b) CH, was used as source gas an (c) (.?Il, was
25 x 10” mbar chamber pressure and at different

used as source gas at 2
gas flow rate conditions
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Figure 5,7 (a) shows the variation of the discharge voltage witl disehargo o
Il

i gas flow rate less than 1 sccm and at two different pressures, 25 x 107 S Sl $i

10" mbar, using Ar, CH, and C,H, as source gases. The value of A, is strongly

dependent on pressure and has been found to increase with the decrease of pressure In

this figure a clear distinction of the variation of A, with A, has been observed for o

other source gases used. But as shown in Fig. 5.7 (b-d) any specific trend ip this

variation is not discernible. This indicates that, at higher flow rates, the variation i

strongly dependent on the source gas used and it follows different trends for different sets

of conditions.

From the above observations it is clear that discharge voltage not only depends op
discharge current, it also depends on flow rate, pressure and type of source gas used

Therefore the term, applied power, which is equal to the product of discharge current ang

the corresponding discharge voltage, could be better used as a reference parameter o

describe the properties of the films so made.

The variation of power developed with the discharge current is shown in Fig, 5.8

in case of Ar, CH, and C,H, as source gases at 2.5 x 10~ mbat pressure and at different
2 4
flow rates. From this figure it is clear that the developed power is limited by the flow

rate. So. when Ar is used as source gas, a decrease in flow leads to a higher developed

power (Fig. 5.8 (a)). But this is not true in case of hydrocarbons used as source gases as
shown in Fig. 5.8 (b) and Fig. 5.8 (¢} for CH, and C,H, used as source gases. The power

developed is found to be weakly dependent upon the flow rate at particular pressure and

is almost similar at all flow conditions.
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Fig 5.8
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5.3.3 Current Density Measurement

5.3.3.1 Normatl Operation

The variation of current density (J) with the applied power for Ar as source gas j
5, . as is
shown in Fig. 5.9 (a) for different set of flow conditions and at a pressure 2.5 x 107

mbar. The value of J depends on the applied power and is found to increase linearly wit
ith

the power. The value of J was also found to increase with the decrease in flow of A
r, at

Particular power and Ar pressure used.

Fig 5.9 (b) and Fig. 5.9 (c) show the variation of J with the applied power when
CH, and C,H, are used as the source gases, at 25 x 10~ mbar pressure and different flow
rates of the hydrocarbon gases used. The value of J was also found to increase with the
applied power. It is abundantly clear from these figures that, at a particular gas pressure
condition, current density does not appear to depend so much on the flow rate of the

hydrocarbon gas used. Therefore, while dealing with the hydrocarbon gases at a particular

pressure, flow rate does not constitute a critical process parameter.

5.3.3.2 Measurements with a Deflector Arrangement

A deflector type arrangement was provided in front of the FAB source, Details
about the deflector have been given under section 5.2.

The current density (J) of the beam carrying DLC film forming precursors was

measured with the variation of deflector voltage using Faraday cups, which were placed

at the two different positions inside the vacuum chamber. Specifically, these cups were
7.0 cm and 6 = 90" and at position B, where r = 3.4 cm and

placed at position A where r =
6=53° from the center of the FAB source (Fig. 5.2). Figure 5.10 shows the variation of
deflector OFF and ON

beam current density (J) with the discharge current, in both
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Fig 5.9
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combination of ion and neutral precursors that may possibly be reaching position B at this
pressure. At position A, the value of J is found to decrease with the deflector voltage,
whereas, at position B, J increases with the deflector voltage. The value of J beyond 1.0
kV of the deflector voltage at position A is found to be small and this does not seem to
change with the increase of deflector voltage, whereas, the value of J beyond 1.0 kV at
position B increases with the increase of deflector voltage. This indicates that at position

A, beyond 1.0 kV of deflector voltage, only neutral radicals are present, whereas, at

position B only ionic radicals are present.
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source operation (CHg partial pressure=
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Figure 5.12 shows the variati
simular conditions of discharge (10

positions, using CH, and C,H, gases, keeping almost
5 x 107 mbar pressure). It was found that the value of J at position

e switches from CH, to C,H, gas. Similar

J was found to be small

mA, 0.95 kV and 4 -
A increases at deflector OFF position when on

behaviour was also observed at position B, but the value of
during deflector OFF condition. Further, for both the gases the value of J was found to

decrease with the deflector voltage. Also it was found to re

voltage (1.0 kV) applied to the FAB source. At high enough deflector voltage the current

main almost constant near the
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orded at A is most likely to be due to the secondary electrons emitted from Mo sheet
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experiment, it was not possible to operate the FAB source at elevated vacuum conditions,
similar to that used by Shimokawa e/ @/ * The important observation is that the beams
coming out from the FAB source contains ions and neutrals of varying energies and

maximum number arc within the energy which is approximately half of the discharge

voltage.
5.3.5 Beam Neutralisation Coefficient

The beam neutralisation coefficient of the FAB source was estimated by
measuring the current in both the conditions i.c. deflector ON (deflector voltage = 1.6
kV) and deflector OFF (deflector voltage =0 V) and assumming the following relation 1o

be valid’

=11+ )/ L1y HYo(I-1o)]

where 7 is the neutralisation coefficient, 1 and I, are current recorded at position A when

deflector voltage is 0 V (OFF) and 1.6 kV (ON), respectively (Fig. 5.14), y; is the yield of

20.0 A 5
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Fig. 5.14 Variation of the beam curtent vs. deflector voltage, I and [, have
been used to estimate beam neutralisation coefficient
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the secondary electrons from the surface of the Mo target under the ion bombardment
condition and vy, is the yield of the secondary electrons under energetic neutral particle
bombardment. Argon was used for the estimation of beam neutralisation coefficient
experiments. [t may be mentioned that the energies of the ions and the neutrals coming
out from the FAB source were assumed to be the same and this corresponds to the applied
voltage of the FAB source. The neutralisation coefficient of the beam was estimated to
be more than 90% and was found to be almost independent of the discharge current of the

FAB source, as shown in Fig. 5.15.
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Fig, 5.15 Variation of the beam neutrahsatlon coefficient vs. discharge
current at chamber pressure 5 x 10”° mbar
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5.4 Filtered Saddle Field FAB Deposited DLC Films

[n the preceding sections an analysis of the beams coming out of the FAB source
to which a deflector was integrated, was carried out. It was found that ionic and neutral

precursors could be filtered out and made to land at two different locations. The DLC

films so formed were subsequently characterised. The results of these characterisation

studies are presented below:

5.4.1 Deposition Rate

The variation of deposition rate (rg) vs. pOWer applied to the FAB source for the

DLC films grown using ionic and neutral radicals of CHy and C,H; gases is shown in

Fig. 5.16. The r, values of DLC films is found to increase with the increase of applied

power to the FAB source, for both ionic and neutral radicals, and for both CH, and C,H,

deposited DLC films. The value of ry as well as the rate of increase of ry with increasing

power, were found to be larger in the DLC films deposited by C,H, gas than by CH, gas.

As expected, the value of 1y is also found to be larger in the DLC films deposited by

neutral radicals than the DLC films deposited by ionic radicals, assuming that both the

sticking coefficient and dehydrogenation rates are comparable in case of neutral and

ionised beam deposition processes. The value of 14 at position A (due to neutral radicals)

was found to be ~ 3 times larger than that at position B (due to ionic radicals). This result

appears to roughly correlate with the measured beam current density. It was found that

beam current density at position B is nearly 2.6 times larger than the current density at

position A. The current density measurements performed using these gases also confirms

the difference in deposition rate of C,H, and CH, deposited DLC films. The values of r,

for DLC film deposited using a mixture of ions and neutrals are found to be larger

(discussed in chapter IV) than the values obtained using the filtered source of the present

investigation, as expected.
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Earlier observations with FAB deposited DLC films by Franks revealed that tl

deposition rate of C,H, deposited {ilms is 1.33 & 2 times more than C,H andatC tIj{c
deposited films, respectively. Symilarly. Debli-Alaow ef al. " found that the 1: val -
C,H, deposited films are 1.28 times higher than C4H,, deposited DLC fllm: andujS;f
times less than C;Hy deposited DLC films. However, Zou ef al” found for DLC ﬁl;*ns
formed by RF self bias deposition technique, four to seven times increase of r; when
C,H4, was used as feed stock as compared to CH,. it may be noticed that cardbon to

hydrogen ratio of C,H, is 4 times higher than CH,. Therefore, based on this observatio
ns

and simifar observations of other workers in their experiments with FAB sources. the

conclusion may be drawn is that in case of FAB based growth the scaling of r, 1s
considerably lower as compared 1o RF self bias technigue, where one uses similar source

however, is not at all clear and needs to be further

gases. The reasons for this,

investigated.

5.4.2 Hardness

Knoop hardness indenter cquipped with Zwick 3212 instrument, at 50 gm load,

hardness values. Figure 5.17 shows the variation of

has been used for evaluating the
ied to the FAB source, fo

The hardness values are

r the DLC films grown using fonic and

heutral radicals of CH, and C,H, gases.
both the cases with the applied power to the FAB source. The rate of increase is higher

han for the CHy deposited one. C,H, deposited films show

for the C,H, deposited films t

sited films, which can nol be explained at the

larger hardness values than CH,4 depo
und to be less in Case of ionic radicals

present time. Again, the values of hardness is o
[t may be mentioned

ormation of the DLC films, is

deposited films than those using neutrals. that the mean value of

energy of the neutral radicals, participating 10 the |
estimated Lo be higher than those of the .onic radicals participating in the formation of the
for the difference in the values of hardness in these two

DLC films. This may account
Ims being formed by high energy beams

types of DLC films. The observation of harder fi

178



O~ NEUTRAL : _
® - iON fchr4 A — NEUTRAL
A - ION Csz




O - NEUT RAL

(o)

@ - 'ON
..\
Q
O 8 <
©

(b)




0 — NEUTRAL a — NEUIRAL
e — ION Hy 4 —ION CH,




—————
"

e
o

—
-




3.5 Part Summary

The operational modes of the saddle field fast atom beam (FAB) source (FAB

110-2) investigated in this present study are found 1o be the same as reported by Saied ef

2 . . o
al,” namely a glow discharge mode, (ransition mode and oscillation mode. But 1n all

these cases it has been found that the pressure range whe
orted by Saied e al® for their experiments with a FAB-11

re the modes appcared are lower

than the pressure range rep

Source.

During the operation of the FAB source the discharge voltage was not only found

to depend on the discharge current but also on chamber pressure and the gas flow rate. So

the term applied power, which is a product of discharge current and discharge voltage has

been used as a process parameter.

A deflector placed in front of a saddle ficld fast atom beam source filters out
g out of the source. These separated ions impinging

positive ions {rom the beam comin
d hard DLC films to be formed. The

on a earthed substrate, kept at a distance, allowe
d to deposit another set of films sim

ms were compared for their properties and

filtered neutral radicals were use ultancously at a 90°

position to the source. These two types of fil
: 22,23

ent 1n some respects.

or arrangement appears to have certain

found to be significantly differ The normal operation of the

saddle field source i.e. one without a deflect

ms grown under these condition appear to be harder. A role

advantages in as much as fil

of ion assistance is, thus, seen in hardening the films.
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Chapter VI
Conclusions and Future Scope

6.1 Important Conclusions of the Present Investigation

In the thesis, which embodies the results of investigations carried out over a
period extending 5 years, a conscious attempt has been made to identify the specific
reasons which cause high compressive stress in diamond like carbon (DLC) films. This
requires one to develop technique(s) which would be easy to implement and the DLC films
so formed should show lower stress values and should not readily age. To achieve this goal,
first a very systematic study of DLC films grown by the conventional RF asymmetric self
bias technique has been carried out. The effect of operating at VHF frequencies has been
subsequently explained, The limitations of these techniques are then discussed. It is this
appreciation of the limitations of the RF asymmetric PECVD technique that form the basis
of all that have been suggested and implemented by the researcher. The search for a suitable
technique, meeting requirements of low stress and ease of operation, lead the researcher to
consider saddle field fast atom beam (FAB) technique. The FAB source has been found to
have the attributes of both the RF and DC glow discharges and none of their shortcomings,
On the way of characterisation of the beam coming out of the FAB source a novel technique
was conceived by which DLC films can be grown simultaneously by neutral and ionic

radicals from the hydrocarbon source at two different locations of the reactor with widely

different properties.

The important conclusions that were drawn from these studies are listed below:
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, Just by changing excitation frequency from 13.56 MHz to 100 MHz deposition rate
of a-C:H films was enhanced by about 5 times in a PECVD reactor. The process 1s far from
optimised and one really does not know the limits of the scaling up of the deposition rate.
Since self bias potential developed in a VHF plasma is very low, sufficiently high negative
DC voliage was applied to the substrates in order to make a-C:H films being grown

reasonably hard. Thus, the results of VHF-PECVD process of a-C:H, with externally

imposed DC bias, is capable of producing reasonably hard films at respectably high growth

rates. Further, residual stress in the VHF grown films was found to be marginally less than

RF deposited films. Stress values were in the range of 1.7 GPa to 2.9 GPa for VHF grown

films. The variation of the optical bandgap (E,) with applied power was very small for

VHF compared to RE deposited filnis. It was found that values of refractive index (») lie

between 18-1.9 for VHF deposited films and in the case of RF deposited films this

variation was between 1.59-2.13. It has also been found that as the value of 7 increases, the

E, decreases for both RF and VHF deposited films.

6. Finally, limitations of RF self bias technique were identified.  These were

essentially the following
(i) Difficulty of upscaling duc 10 1ts

(ii) High stress in the films so grown

dependence on a gcomctriCal factor of the reactor

(iil) Low throwing power hecause of small gap geometry.

6.3 Saddle Field FAB Growth of DLC Films

e formed by a saddle field fast atom heam source to which various

DLC films, wer
were introduced with different C/H

hydrocarbon gases (CHy, CpH,) and vapours (C¢Hg)

ratio. The following important observations were made.

L. Sufficiently thick DLC films could be formed by CH, as the fecd gas utilising a

saddle field source.



2 In films formed by CH,, C,H, and C;H, as source gases/vapours scaling of the

deposition rate as expected, i.c. 4 to 8 times, which is obscrved is the case of RF self bias

deposition technique, could not be observed.

3. For films grown at low source to substance distance non-uniformity of the film

thickness was observed. The reasons for that could be the following:

(i) Geometrical effect of low source to substrate distance and comparatively

lower pressure of the chamber.

(ii) Change in the ratio of jons/neutrals at lower source to substrate distance.

4. The values of characteristics energy of band tails (Urbach energy, E,) evaluated

from PDS measurements for DLC films grown using CH,, C,H, gases and C4H; vapours

are found to lie in the range 180 - 280 meV and this value decreases with the increase of

carbon to hydrogen ratio in the hydrocarbon gases/vapours used.

N

The sharpness of band tails (E,) is closely related to the density of states N(Eg) in

DLC films grown using hydrocarbon gases in the saddle field FAB source and the values of

E, and N(F,) are found to decrease with the increase of carbon to hydrogen ratio in the

hydrocarbon gases/vapours used.

6. The sp’/sp’ ratio evaluated using two different techniques give different values.

) . . 2 % 3 2 o . "
However, a clear trend indicating an mcrease i sp /sp” ratio 15 noticed w.he.n one goes from

£’) CAS O

CH, to C,H, gases to CgH, vapours. e et

7. The hydrogen concentration in these films determined from ERDA and IR analysis

are found to be low and a correlation of the increase in the value of stress with unbound

hydrogen is found to exist, as earlier predicted by Grill ef al.
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8. The clastic constants (Young’s modulus) of the DLC films were evaluated from the

sinusoidal buckling stress relief patierns and found to be in the range of ~1305 to ~1530

GPa.

6.4 Filtered Saddle Field FAB Growth of DLC Films

1. The operational modes of the saddle field fast atom beam (FAB) source (FAB
[10-2) investigated in this present study are a glow discharge mode, transition mode and

oscillation mode. But in all these cases it has been found that the pressure range where

the modes appeared are lower.

2. During the operation of the FAB source the discharge voltage was not only found
to depend on the discharge current but also on the chamber pressure and the gas flow rate.

So the term applied power, which is the product of discharge current and discharge

voltage has been used as a process parameter.

A deflector placed in front of a saddle field fast atom beam source filters out

These separated ions

3
positive ions out from the beam coming out of the source.

impinging on a earthed substrate, kept at a distance, allowed hard DLC films to be

formed. The filtered neutral radicals were used to deposit another set of films

simultaneously at a 90° position to the source. These two types of films were compared

for their properties and found to be significantly different in some respects. The normal

operation of the saddle field source i.e. one without a deflector arrangement appears to

have certain advantages in as much as films grown under these condition appear to be

harder. A role of ion assistance is, thus, seen in hardening the films.
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6.5 Scope of Future Work

it has been found that the scaling of the deposition rate in case of FAB grown

DLC films is considerably lower as compared to RF self bias technique, where one uses

similar source gases. The reasons for this, however, is not at alt clear and needs to be

further investigated.

It may be seen that in Chapter V no attempt has been made to investigate the

detailed structure and composition of the two type of films that are obtained by operating

a filtered saddle field source by sur{ace analytical and other techniques, as documented 1n

Chapter IV for films grown under the normal operation of the source. One reason {or

this has been that such characterisation techniques were not readily available to the

researcher. Most importantly since the researcher has been able 10 show significant

difference in the macroscopic properties of these 1wo type of films it is hoped that 1t will

be taken up as a theme for research by some other worker. Again, it appears 1o be very

rewarding to undertake photoluminescence studies of these films and to optimise the

deposition process 1n @ manner {hat one is able to get significant visible luminescence n

By having yet another FAB or other source which could contribute

|d probably think of preparing composile like (DLN).

these materials.

silicon bearing precursors one cou
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increase with power in both types of DLC films. The values of # and k were found to be

more in case of ionic radicals deposited DLC films than that for neutral radicals deposited

films as shown in Fig. 5.18. In both the cases # decreases and k increases with the

applied power to the FAB source.
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lowest energy region where the subgap tail is superimposed on the Urbach edge and i
due to gap states, is however, not visible due to monochromator grating limitations Th!S
values of « are found to be consistently lower in neutral radicals formed films than ';ho c
formed by ionic radicals, for both the gases used. The values of o are also found to ::
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s than CH, deposited films, in

values of o are found to be lower in CHy deposited film

Figure 5.20 shows the variation of E, with the applied power to the
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FAB source for neutral and ionic radicals deposited films using both CH, and C,H, gases

as the feed stock.
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picture that though a mixed environment appears to be good for obtaining enhanced
mechanical properties but for the enhancement of opto-electronic properties one shouid,

perhaps, create those conditions that ensure abundance of jonic radlcals This is because
ave better opto-electronic propertles 2l The values
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the literature.z'
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Chapter VI
Conclusions and Future Scope

6.1 Important Conclusions of the Present Investigation

In the thesis, which embodies the results of investigations carried out over a
period extending 5 years, a conscious aftempt has been made to identify the specific
reasons which cause high compressive stress in diamond like carbon (DLC) films, This
requires one to develop technique(s) which would be easy to implement and the DL.C films
so formed should show lower stress values and should not readily age. To achieve this goa,
first a very systematic study of DLC films grown by the conventional RF asymmetric self
bias technique has been carried out. The effect of operating at VHF frequencies has been
subsequently explained. The limitations of these techniques are then discussed. It is this
appreciation of the limitations of the RF asymmetric PECVD technique that form the basis
of all that have been suggested and implemented by the researcher. The search for a suitable
technique, meeting requirements of low stress and ease of operation, lead the researcher to
consider saddle field fast atom beam (FAB) technique. The FAB source has been found to
have the atiributes of both the RF and DC glow discharges and none of their shortcomings.
On the way of characterisation of the beam coming out of the FAB source a novel technique

was conceived by which DLC films can be grown simultaneously by neutral and ionic

radicals from the hydrocarbon source at two different locations of the reactor with widely

different properties.

The important conclusions that were drawn from these studies are listed below.
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6.2 PECVD Growth of DLC Films

1. Negative self bias voltage and &as pressure were reconfirmed to be two significant

parameters for obtaining a degree of control over the deposition process. It was found that

sufficiently high self bias voltage (more than 100 V) and low gas pressure (~33 x 107 mbar)

are suitable parameters for the deposition of hard a-C:H films, Ji was also observed that at

very high self bias voltages (greater than 325 V in the present investigation) films deposited
Spontaneously delaminated from the substrates due to high internal stresses present in these

films. The stress in these films was estimated to be in the range of 2-4 GPa.

2, The deposition rate (1), in case of films grown using CH, gas was found to vary
from 0.22 to 0.66 A°/sec when the applied power was increased from 100 to 400 mW/cm?
at a pressure of 33 x 10” mbar. For the same range of power, the deposition rate varied

from 3.6 to 6.7 A%sec in case of C,H, and from 1.33 to 3.33 A%sec in case of CeH; at a

pressure of ~25x1 0 mbar.

It is observed that almost invariably hard DLC films are also under large amount of

3.
compressive stress, and the magnitude of stress also depends on the type of hydrocarbon

used for the CVD experiment. Benzene grown films showed low stress values compared to

methane and acetylene for the same deposition parameters, but unfortunately hardness
values were also low. For this reason, in the present investigation special attention has beep
paid to specify stress per unit hardness or vice versa as a figure of merit. Slopes of stress vs,
hardness curves has been calculated and it has been found that acetylene grown films show
higher hardness per unit increase of stress than methane or benzefle jgrov.vn films. It is
another matter altogether that the benzene grown films servive delamination in most cases.

and gap decreases and refractive index increases with the

It was found that optical b
ts are identical for all the three hydrocarbon grown

4,
increase of self bias voltage. These resul

films.
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S: Just by changing excitation frequency fr iti
of a-C:H films was enhanced by aboutz tim:s inozlplESS'jDMHz e depc?smon .
& reactor. The process is far from
optimised and one really does not know the limits of the scaling up of the deposition rate.
Since self bias potential developed in a VHF plasma is very low, sufficiently high negative
DC voitage was applied to the substrates in order to make a-C:H films being grown
reasonably hard. Thus, the results of VHF-PECVD process of a-C:H, with externally
imposed DC bias, is capable of producing reasonably hard films at respectably high growth
rates. Further, residual stress in the VHF grown films was found to be marginally less than
RF deposited films. Stress values were in the range of 1.7 GPa to 2.9 GPa for VHF grown
films. The variation of the optical bandgap (E,) with applied power was very small for
VHF compared to RF deposited films. It was found that values of refractive index (n) lie

1.9 for VHF deposited films and in the case of RF deposited films this

between 1.8-
0 1.59-2.13. 1t has also been found that as the Value;\@)fn increases, the

variation was betwee
E, decreases for both RF and VHF deposited films.

RF self bias technique were identified. These were

0. Finally, limitations of
essentially the following
(i) Difficulty of upscaling due to its dependence on a geometrical factor of the reactor

(ii) High stress in the films so grown

(iii) Low throwing power because of small gap geometry.

6.3 Saddle Field FAB Growth of DLC Films

1d fast atom beam source to which various

DLC films, were formed by a saddle fie
hydrocarbon gases (CHg, CoHp) and vapours (CgHg) were introduced with different C/H
ratio. The following important observations were made:

I Sufficiently thick pLC films could be formed by CH, as the feed gas utilising a

saddle field source.
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2.
In films formed by CHy, C;H, and C¢Hy as source gases/vapours scaling of the

deposition rate as expected, i.e. 4 to 8 times, which is observed is the case of RF self bias

deposition technigue, could not be observed.

3. For films grown at low source to substance distance non-uniformity of the film

thickness was observed. The reasons for that could be the following.

(i) Geometrical effect of low source to substrate distance and comparatively

lower pressure of the chamber.

(ii) Change in the ratio of ions/neutrals at lower source to substrate distance.

(Urbach energy, E;) evaluated

4. The values of characteristics energy of band tails
Ims grown using CHy, C,H, gases and C¢Hg vapours

from PDS measurements for DLC fi
180 - 280 meV and this value decreases with the increase of

are found to lie in the range
carbon to hydrogen ratio in the hydrocarbon gases/vapours used.

ess of band tails (E,) s closely related to the density of states N(Eg) in

drocarbon gases in the saddle field FAB sour

e with the increase of carbon to hydrogen ratio in the

5. The sharpn
ce and the values of

DLC films grown using hy

E, and N(Fg) are found to decreas

hydrocarbon gases/vapours used.

d using two different techniques give different values.

6. The sp3z’sp2 ratio evaluate
3 3 a
PR TP i i ‘fsp” s noticed when one goes fi
However, a clear trend indicallng an increase in sp /sp- ratio! ' - goes from
CH, to C,H, gases t0 CgHg vapours: e A ¢
ation in these films determined from ERDA and IR analysis
of stress with unbound

7. The hydrogen concentr

ow and a corre
(, as earlier predicted by Gr1

Jation of the increase in the valug

are found to be |
Il ¢! al.

hydrogen is found t0 exis
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8. The elastic constants (Young’s modulus) of the DLC films were evaluated from the

sinusoidal buckling stress relief patterns and found to be in the range of ~1305 to ~1530
ot

GPa.

6.4 Filtered Saddle Field FAB Growth of DLC Films

L The operational modes of the saddle field fast atom beam (FAB) source (FAB

110-2) investigated in this present study are a glow discharge mode, transition mode and

oscillation mode. But in all these cases it has been found that the pressure range where

the modes appeared are lower.

During the operation of the FAB source the discharge voltage was not only found

2.
to depend on the discharge current but also on the chamber pressure and the gas flow rate,

So the term applied power, which is the product of discharge curent and discharge

voltage has been used as a process parameter.

A deflector placed in front of a saddle field fast atom beam source filters out
eflec

3. '
ted ions
i t of the source. These separa
itive i the beam coming ou
positive ions out from

Impingi n a earthed substrate, kept at a distance, allowed hard DLC films to be
Impinging © -

S e filtered neutral radicals were used to deposit another set of films
The filtere

formed. ource. These two types of films were compared

» s

simultaneously at a 90° position to the
i igni

for their properties and found to be sig

operation of the saddle field source L.€. O

ficantly different in some respects. The normal
ne without a deflector arrangement appears to
ition appear to be
dvantages in as much as films grown under these cond pp
have certain advanta . .
) ardening the films.
harder. A role of ion assistance is, thus, seen inh g
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It has been found during the present investigation that the DLC films formed by the
saddle field fast atom beam (FAB) source technique exhibit extremely low residual stress.
Figure 6.1 shows the comparative performance of the stress behaviour with hardness of

FAB grown DLC films obtained during the present investigation to those of DL@ﬁh‘ns
grown by ART, USA and low stress DLC films grown by the SAMCO group, Japan.

A — FAB, NPL, INDIA
O — SAMCO, JAPAN
® - DYLYN, ART, USA ]

N
o

N
o

w

o

HARDNESS (GPa)

5 0.2 0.4 0.6 0.8 1.0
0. ' STRESS (GPa)

Fig. 6.1 The ultimate conclusion of the present investigation
ig. 6.
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6.5 Scope of Future Work

It has been found that the scaling of the deposition rate in case of FAB grown
DLC films is considerably lower as compared to RF self bias technique, where one uses

similar source gases. The reasons for this, however, is not at all clear and needs to be

further investigated.

It may be seen that in Chapter V no attempt has been made to investigate the
detailed structure and composition of the two type of films that are obtained by operating
a filtered saddle field source by surface analytical and other techniques, as documented in
Chapter IV for films grown under the normal operation of the source. One reason for
this has been that such characterisation techniques were not readily available to the
researcher. Most importantly since the researcher has been able to show significant
difference in the macroscopic properties of these two type of films it is hoped that it will
be taken up as a theme for research by some other worker. Again, it appears to be very

rewarding to undertake photoluminescence studies of these films and to optimise the
deposition process in a manner that one is able to get significant visible luminescence in
these materials. By having yet another FAB or other source which could contribute

silicon bearing precursors one could probably think of preparing composite like (DLN).
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Existino
P-i 123 1o Prof
P-iv. L3 low loss

P20.120  E=F [(N,-2.4)/ (N,-2.4)]

P-41. 17 onto

P41, g turbomolecular pump
p I

P-42. 16 soap solution

P43, (sub heading) 2.4.1

P-93, Table-3.1

P-111. L19  this statistics
"-185, L-27
P-195, LL-10 Fast Beam

]

2.

ERRATA

Corrected

Prof.

low stress

E = E,[(Nyy-2.4)/ (N,-2.4)]"*

to

turbomolecular pump (=400 lit/sec)

soap solution (Extran)

2.5.1
Ist four rows for RF (13.56 MHz),

remaining rows for VHF (100 MHz)
The corrected values of Ref. index
from row 5-12 are (Column §)
1.89,1.82,1.84,1.92,1.95,1.96,-,1.90
this analysis

23,

Fast Atom Beam



