Chapter 2 — Deposition methods

In this chapter the deposition methods used in this study will be discussed in greater

detail than in the previous chapter.

2.1 Radio Frequency Plasma Assisted Chemical Vapour
Deposition (RF-CVD)

RF-CVD takes place in a vacuum chamber in which there are two dectrodes, the
powered electrode and the grounded electrode. The powered electrode is where the
subgtrate Sts and the grounded el ectrode usualy comprises the chamber outer walls.
Process gases are metered in and the pressure is kept constant by means of a number
of valves and a vacuum pump removing waste products. RF-Power from a
RF-generator is passed between the plates ionising the gas, cregting a plasma
discharge. It istheionswithin the plasmathat facilitate the deposition of afilm.
Therefore an understanding of how the plasmais maintained and the physics within
the plasmais essentid to understand why thin films are deposited and why they have

the properties that they do.

2.1.1 Striking and maintenance of a plasma

In RF-CVD ions are accelerated from a plasma onto the substrate. The plasma is
generated by the acceleration of an eectron in an gpplied dectrical fidld. The source
of this origind €ectron is ether by photoionisation of neutral species by background
radigtion or by the field emisson caused by a strong eectric fild a a sharp edge in

the reactor. As the dectron is accderated it gains energy. When it reaches a high
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enough energy it is able to ionise a gas molecule by indadtic callison. This process
releases a second eectron, which in turn is accderated in the same fashion. This
mixture of ions, eectrons and neutrds is the definition of a plasma  Figure 2.1 shows

a photograph of a plasma.

Figure 2.1: A photograph of a plasma.

The applied eectricad fidd from the RF generator causes podtive ions to be
accelerated towards the electrodes. The ions may collide with the dectrode (where
the substrate is usudly placed). lons may undergo collisons or recombinations with
glectrons and other ions without colliding with an dectrode.  Electrons may aso
collide with chamber wals and be lot. A plasma is only dable if the rate of

production of charged particles exceeds the rate of dedtruction of these charged

particles.

The dability of the plasma is a function of many factors induding the RF-power, the

pressure of the gas within the plasma and the gas mixture.
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An increase in the RF-power increases the magnitude of the dectricd fidd and hence
the degree of accderation that charged particles experience and S0 increases the
gability of the plasma. From Equation 2.1 it can be seen that the mean free path (?)
of any particle is a function of the speed of the particle (C). Therefore if the power is
too high the dectrons mean free path will increese and the plasma may become
undable (this typicdly does not happen because the magnitude of the gpplied
electricd field increases causing more dectrons to be generated). If the RF-power is
too low the dectron does not have enough of an acceeraing potentid to ionise gas

molecules.

N | Ol

Equation 2.1: Wherel isthe mean free path of the particle, C isthe Root Mean Squared (RMS)
velocity of the particleand zisthe collision frequency of the particle.
High pressures increase z, this should incresse the number of ionisation events which
increases plasma dability. But it dso increases the number of recombination events
and collisons with the chamber eectrodes. At low pressures ? is very large and the

likelihood of ionisation events decreases.

The ionisation potential of the gas mixture is extremedy important, if it is too high it is
more difficult to ionise the gas. The mass and dze of the gas molecule is dso
important.  If the molecule is large the collison cross-section is increased and if the

charged particle has a high mass € is lower for the same gpplied force than a lower

mass charged particle, hence ? decreases.
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For most gas mixtures a dable plasma can be mantaned by finding the optimum

vaues of pressure and RF-Power for that mixture.

2.1.2 The sheath region

In plasmas of the type described above there are a least two regions, the bulk plasma
region and the sheath region. Sheath regions surround any surface in the plasma
They are formed due to the large difference in speed between eectrons and positive
ions in the plasma. Because dectrons have a much lower mass and move much more
quickly they arive a the dectrode surfaces more quickly than podtive ions, and a
negatively charged region is formed due to chaging a dl sufaces (such as
electrodes, or the substrate). This negative voltage region grows until it is baanced
by eectron repulson. Figure 2.2 illustrates the sheath region. The sheeth region does
not have as high a concentration of light emitting species as the bulk plasma due to
the lower concentrations of eectrons in these regions and as a consequence is darker.

The sheath region is therefore aso known asthe ‘dark space’.

The potentid across the sheeth region is very different to that of the bulk plasma
Hence if a pogtive ion drifts from the bulk plasma region into the sheeth region it
experiences acceeration towards the surface that the shesth surrounds. The potentia
between the bulk plasma and the sheath region is known as the sheath potentid

(Vsheath). The potentid in the bulk plasmais known as the plasma potentid (Vp).
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Figure 2.2: lllustration of theregionsin a plasma.

2.1.3 DC-Bias

In an RF plasma sysem the dectric fidd is oscllating a the frequency of the
RF-generator.  In order to maximise the power going into the plasma the impedance
of the RF-generator must equa that of the plasma Passing the RF-sgnd through a
matching network does this. A maching network condsts of a pair of vaiadle
capacitors, an inductor coil and several other components. Figure 2.3 shows a typica
matching system used for RF plasma depostion sysems. An effect of this network is

that the net RF current for each cycle must be equel to zero?.

For plasma reactors with two pardld plates of equa area this requirement is eadly
satidfied, but if the areas of the dectrodes are not the same the sheath potentids
around each dectrode have to be different to compensate. The DC-Bias Vyc) is the

difference in the sheeth potentids of the two eectrodes. The powered eectrode is

Chapter 2 — Deposition Methods 43



usudly by desgn smdler ad caries a negaive DC-bias. As a consequence the

sheeth region islarger on the smdler powered dectrode, thisis shown in Figure 2.4.
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Figure 2.3: A typical RF matching system® G1 isthe generator C1and C1 arevariable
capacitors, Tlisatransformer and L1isan inductor coil.
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Figure 2.4: Timeaveraged valuesfor the potentialsin different RF-reactors®.

When a podtive ion enters the sheath region near the powered eectrode it is

accelerated by the potentid Vgc + Vp towards the powered electrode. As Vg is
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typicaly much larger than V,, Vqc is a good gpproximation for the potentia through

which anionis accderated.!

2.1.4 The Average lon Energy

The average energy of ions griking the subdrate directly affects the properties of the
film. So being able to cadculate the average ion energy and the spread of energies is
important.  May et al*® have published numerous interesting papers on this work
detaling the dynamics of the plasma within the chamber. They cdculated the effects
of various factors on the average ion energy and the spread of these energies,
amulatiing variations in energy across the sheath. May dso completed his PhD using
the same deposition chamber as used in this sudy. He determined that the design of

the chamber was such that the DC-Bias gave an gpproximate vaue for the average ion

energy”.

Fed et al® introduced a smplified approach to ion energy disributions. In this
amplified approach the potentid across the sheath region is averaged, which means
that it is only a vaid modd for RF plasmas with frequencies above 10 MHz. The
modd conveniently gives vaues for the average ion energy and the spread of the ion
energies (<Eions> and ?E respectively). They are caculated usng Vgc and the peak-
to-peak voltage (Vpkpk) that ae usudly measured directly from the chamber
electrodes. The value Vpi-pk is the pesk-to-pesk voltage of the RF sinusoidd wave

that is fed into the reactor by the RF power supply.
<Eions> = w

pe, max

Equation 22
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R is the ratio of the area under the Vpe(t) curve (the potentid curve within the sheeth
as a function of time) which equates to the average vaue of the potentid mentioned
above. Riscdculaed usng the following integrd:

» V(M
© 2pv .1

Equation 23

The integrd shown in Equation 2.3 does not have an andyticd solution, but a table is
provided by Fied et al that directly gives the vaue of R if the area ratio of the
electrodes (AJ/Aa) and Vo ae known (the reationship of Vo to Vpk.pk iS shown in

Equation 2.4). V, isthe amplitude of the snusoida wave from the RF- power supply.

Vv

V= PP
° 2
Equation 24

Vpemax 1S the maximum of the potentid curve across the sheath and is caculated
usng:

v =Vo - Voc +VF(’) B kTe Ir‘(l"'A:/Aa)

pe, max
Equation 25

Te isthe electron temperature and V. isthe floating potential. The floating potential

isthe potentid held by an isolated subgtrate in the plasma. It is calculated using

Equation 2.6.
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Equation 26
Where T; istheion temperature, 7, isthe proportion of each process gas, me isthe

mass of one mole of eectrons and my, isthe mass of one mole of each ion type.

The eectrode area (AJA,) iscdculaed usng Equation 2.7.

2

+V o3
A% /A g dc
V Vdc ﬂ
Equation 2.7

?E, which isthe range of ion energies, is caculated using Equation 2.8.

Nl w

0.899(eV
DE = 289XV pama)

pefl . /2m

Equation 28

eisthe charge on an eectron, my; isthe average mass of theionsin kg (equivadent to

the denominator a the fraction in Equation 2.6) and | nax is the maximum height of the

sheath on the powered eectrode. |max is caculated usng Equation 2.9.
l e =4.93 10° :el_u pemax
i2m fS

Equation 29 °

If Imax 1S higher than the mean free path of the ions, the ions are lesslikely to undergo
collisons within the sheeth region, thus the scatter of the ion energieswill be less, the
ion energy digribution (IED) will be smilar to that shown in Figure 2.5, there will be

two well-defined pesks. The two peaks are due to the phase of the sinusoida RF
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potentiad when theion enters the sheeth region. If Imax is higher than the mean free
peth of ionsin the sheath it is very likdy thet theion will collide with aneutral gas
molecule, thiswill reduce the average energy of the IED and cause scatter to occur,

hence the IED will be more like a curve, without the two well defined points (Figure

2.6).
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Figure 25: Thewell defined peaks of an ion energy distribution in alow pressure RF-plasma®®.
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Figure26: ThelED at higher pressures, showing the scattering that occurs®.
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In concluson IEDs are extremely important to know and understand, as they can
affect the depostion of thin films In this dudy, the plasma conditions will be

optimised for both stability and the best film growth.

2.2 Pulsed Laser Ablation at the Solid-Liquid interface.

Pulsed laser ablaion (PLA) is a wel-known method to produce thin films by ablaing
materid from a solid target of known compositiont*. PLA usualy occurs in vacuum,
or sometimes in a background of inert gas such as Ar or more reactive gases such as
ammonia or nitrogen. Recently a new variation of PLA has been reported whereby
the target is immersed in a liquid medium and the laser beam is focused through the
liguid onto the target surface™®. Figure 2.7 shows the satup for this type of

experimen.
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Figure 2.7: Theexperimental setup for liquid phase pulsed laser ablation.

The interaction of the high intengty laser pulse with the target surface produces an
ablation plume of gected materid, in which the surface of the solid target and a smdl
amount of the surrounding liquid are vaporised to form bubbles within the liquid. As
more materid is vaporised, the bubbles expand, until, & a certain criticd combination
of temperature and pressure, they collapse™. It is believed that when the bubbles
collapse the species within are subjected to temperatures of thousands of K and
pressures of several GPa and that these extreme conditions dlow novel materids to be
created™. Figure 2.8 shows severa images of a laser induced cavitation bubble. This
bubble was created at a solid boundary, as it can be seen as time passes the bubble
grows larger. It then becomes unstable and collgpses. In image (g) the shockwaves

from the bubble collapse can be seen.
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Figure 2.8: images of a single cavitation bubble at a solid boundary, at times (a) 110, (b) 170, (8
200, (d) 210, (e) 215, (f) 217, (g) 220.5, (h) 224.5 ps after thelaser pulse. Taken by Shaw et al .

The conditions indde these bubbles are smilar to cavitaion bubbles generated by
ultrasonic waves, or by arc discharges under liquids. lonisation and breskdown of
components within the bubbles can occur and the subsequent electronion
recombination followed by radiaive cascade can produce dgnificant opticad emisson.
The advantage of the laser induced cavitation bubble method is that large amounts of
a solid target can be vaporised and incorporated into the bubble as well as the liquid,
dlowing materids to be made which contain a mixture of aoms from the target and

the liquid. Unlike the arc discharge method which requires the solid dectrode
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materid to be dectricaly conducting, the liquid phase PLA method can utilise
insulaing target materiads, alowing a much wider range of novel materids to be
produced. The products ae usudly in the form of nanopaticles that reman
suspended within the liquid medium and can be isolated by filtration and evaporation

of the liquid.

This novd liquid phase PLA (LP-PLA) technique has been used to produce a variety
of maerids Lu and Smekin et al produced DLC films from liquid aromeatic

hydrocarbons and non polar solvents'®*®

. This was done by focusng a KrF laser onto
a dngle crystd S subgtrate immersed in the liquid (cyclohexane, benzene or toluene).
The S crydd was covered in DLC. This was identified by lasr Raman

spectroscopy.

Yang et al produced nanocrysds of carbon nitride by ablating graphite in ammonia
solution’.  High resolution transmission electron microscopy (HR-TEM) and selected
aea dectron diffraction (SAED) were used to identify the nanocrysas. SAED

identified the cubic crystal phase of carbon nitride.

Dolgaev et al*® produced nanopaticles of Ti, Ag, Au, S and TiC. This was by
ablaing the parent metal targets in various liquids. The nanoparticles were identified
by TEM and they were found to have a uniform size digribution. When ablating Ti in
carbon containing liquids it was found that TiC was formed. They thought thet this
was due to the breskdown of the liquid and the cataytic nature of the titanium

surface. It was proposed that this LP-PLA may be a good way of making many
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different types of nanoparticdles of materids that have no efficient synthetic route for

nanoparticle production.

Recently, Wang et al.'® converted hexagona boron nitride crystas into cubic boron
nitride crystals. The motivation for this was because of cubic boron nitride’s extreme
properties. It is has propertties smilar to diamond (high hardness, high thermd
conductivity), but unlike diamond it can be deposited on ferrous materias (diamond
quickly becomes iron carbide when it is deposted onto ferrous materids) making it a
useful meterid for abrasves and cutting tools. It was produced by the LP-PLA of
hexagond BN under acetone liquid. They presented HR-TEM and powder X-ray

diffraction data to support their claim of producing cubic boron nitride.

Nanocrystdline diamond has aso been produced by LP-PLA using a graphite target

2022 The authors main conclusions were

with water or acetone as the liquid medium
that OH groups formed from the oxygencontaining liquids were etching non
diamond cabon gpecies from the surface, thereby dlowing diamond to form

preferentidly.  Thus the OH was thought to be playing a role anadogous to tha of

aomic hydrogen in conventional diamond CVD?3.

From the novel materids that have been cregted, the above work shows that this
method may alow for the production of new materids. It ishoped in this study by
usng LP-PLA asa‘micron szed high pressure high temperature’ reactor that

crystaline carbon phosphide may be produced and studied.
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