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ABSTRACT

It is well known that ion bombardment of growing films can
strongly influence their microstructure and consequently
their physical properties. The available technology for ion
assisted deposition, particularly where separate sources are
used for the deposition flux and the ion flux, is difficult
to implement in many production situations. The planar
magnetron provides a controllable ion flux while retaining
the many other desirable features of simplicity, high
deposition rate, geometric versatility and tolerance of
reactive gases. This assists in the implementation of ion
beam assisted deposition in both research and production.

The unbalanced magnetron is a new type of planar deposition
source that gives the normal deposition behaviour of a planar
magnetron plus a beam of ions whose intensity at the
substrate can be varied independently of the deposition flux
by changing the magnetic field configuration. It is shown by
using the unbalanced magnetron the reactivity of the plasma
and the deposited film properties can be improved. For a high
floating potential and ion bombardment of the deposited £film,
the partial pressure of oxygen required is considerably
lower. The use of the unbalanced magnetron for reactively
sputtered titanium nitride and titanium oxide on glass
substrates at room temperature result in an improvement in
the deposited film optical and electrical properties.

The type and degree of film modification due to the ion
bombardment of the growing films depend on the kinetic energy
of incident ions and the ratio of the fluxes of bombarding
ions and condensing atoms. In addition, bombardment of the

-.substrate surface before coating begins results in a variety

of induced surface modifications that are generally
beneficial to film adhesion. The design and construction of
an unbalanced magnetron providing a high current density with
high floating potential are described here.

It has been observed that the high energy reflected neutral
species at magnetron voltages around 500 V may cause a
radiation type <damage,- which in turn influences the
microstructure and morphology and, hence, the film properties
and film stresses. The design of a low voltage magnetron
operating at voltages between 50-500 volts is described here.
This design was shown to give TiN films of improved quality.’

By modifying the filament position in conjunction with the
magnetic field, a plasma source based on the unbalanced
magnetron has been achieved. Using this, a plasma beam
assisted magnetron system for low voltage sputtering of
sensitive material was demonstrated.
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CHAPTER-1
INTRODUCTION
The rapid growth in sputtering since the early 1960's has been due to the use of the
technique for the fabrication of thin films and to the increasing use of films in modern
technology. This is a rebirth of the sputtering technology, which developed in the half
century following the discovery of the sputtering phenomenon by Grove (Refs. 1,2).
During that period, the technique was widely used for the preparation of metallic films,

which were generally employed as reflectors (Ref. 3). When improvements in vacuum

technology made possible the routine attainment of pressures in the 104 Torr range,
evaporation displaced sputtering for this application. A cursory examination of the
literature shows that films containing almost every element in the periodic table have been
prepared, many of them by the radio frequency (RF) sputtering technique first described
by Anderson et al as recently as 1962 (Refs. 3,5). Essentially all the reported film
deposition work has been carried out in a glow discharge environment, maintained by the
application of either direct current DC or RF (13.56 MHz) power in various

configurations.

There has been a large number of review articles devoted to various aspects of sputtering.
A brief history of the development of sputtering can be found in a review article by
Wehner and Anderson (Ref. 6) and by Bishop (Ref. 2). For detailed information on
sputtering theory and basic understanding, the reader is referred to References 6-9.
Sputtering apparatuses can assume an almost unlimited variety of configurations,
depending on the application. The simplest is the planar diode (Refs. 6,10,11) which
consists of two planar electrodes, typically 10 to 30 ¢m in diameter, which are placed
facing one another at a spacing of 5 to 10 cm. One electrode contains the target. The

substrates are placed on the other one. Planar diodes have played a major role in the




development of sputtering technology in the 1960's and 1970's. The substrates in a
planar diode are in contact with the plasma. This makes it relatively easy to execute the
processes of substrate sputter cleaning and bias sputtering. However, the heating
associated with plasma and electron bombardment prevents the use of planar diodes for
coating thermally sensitive substrates. In diode sputtering, electrons emitted from the
cathode by ion bombarc'lmcnt are accelerated to near the full applied potential in the
cathode dark space, and enter the negative glow as so-called primary electrons, where
they collide with gas atoms and produce the ions required to sustain the discharge. At low
pressures, ions are produced far from the cathode where their chances of being lost to the
walls are great. Therefore, ionization efficiencies are low, and self-sustained discharges
can not be maintained in planar diodes at pressures below about 10 mTorr (Refs. 12,13).
At high pressures, the sputtered atom transport is reduced by collisional scattering (Ref.
10). In order for a glow to operate at lower pressure or in the same pressure but with an
intense plasma, then, it is necessary to provide some source of electrons other than those

emitted through secondary emission of ions.

Therefore, thermionically sputtered glow has been used (Refs. 14,15), so called Triode
sputtering. In a Triode source, a heated filament is added to a diode source to provide
electrons to sustain the glow discharge, independent of the target. In this manner,
ionization efficiency is increased, and thus the discharge is able to operate at lower
pressures (0.5 to 1 mTorr) and lower target voltage (Ref. 16). As a result, higher
deposition rates can be achieved with triodes than with planar diodes. The main
disadvantage of the Triode source is the systern complexity, especially the shortened

lifetime of the filament.

If, instead of increasing the number of electrons emitted at the cathode, the efficiency of

the available electrons is increased, it will be possible to sputter at lower pressure, or, if
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the pressure is not reduced, to obtain grater current for a given applied voltage. In this

case the magnetic field is used to enhgnce the glow discharge via the electrons, the
influence on the much heavier ions being negligible. The addition of a static magnetic
field to the plasma, perpendicular to the plane of the electrodes, causes the electrons to
move in a spiral path, effectively increasing the path length of the electron many times.

The result is that collisions are now more likely, and the net density of ions and electrons

in the plasma increases.

In 1858 Gassiot first passed a comment that placing a magnet close to the plasma caused
some distortion of it (Ref. 17). If the magnetic field is oriented parallel to the cathode
surface, the electric field ExB effects will be observed. This was the first thought about
magnetron sources, when the magnetic fields are used in concert with cathode surface to
form electron trap, which are so configured that the ExB electron-drift currents can close
on themselves (Ref. 18). This method led to an almost unlimited variety of magnetron
configurations. The first operation in the magnetron mode for sputtering appears to have
been achieved by Penning and Moubis using configurations of cylindrical-post
magnetron (Ref. 19) and cylindrical-hollow magnetron (Ref. 20). These two shapes of
cylindrical magnetron are described in Reference 18. The most active development of
cylindrical magnetron technology has occurred over the period 1969 to 1980 by Thomton
(Refs. 18,21). Thornton gives not only the basic understanding of the magnetron
characteristics (Refs. 22,23) but also the related effects in the deposited film by this

technique compared witﬁ others (Refs. 24-26).

An alternative to the cylindrical magnetron is the conical geometry, often known generally
as a "S-gun". In this case, the cathode has the form of an open, high-angle cone. the

magnetic field lines from either a large, single permanent magnet or an electromagnet

located behind the cathode, traverse the cathode surface almost parallel to it. The ExB




drift path is circular, and inclined at an angle parallel to the cathode surface. The sputter
Gun and S-Gun were invented by Clark (Ref, 27). For more details the reader is directed

to References 16 and 28.

The geometry of the ExB drift current is unimportant and hence dozens of geometric
permutations have been invented using the same basic effect. An alternative to the S-Gun
are the planar magnetrons. The magnets in this design are arranged so that there is at least
one region in front of the cathode surface where the locus of magnetic field lines parallel
to the cathode surface is a closed path (Ref. 29). One of the first descriptions of a planar
magnetron device may have been that of Kesaev and Pashkova (Ref. 30) who used the
magnetic field to constrain the motion of the cathode spot in a mercury arc lamp. The two
well known shapes of the planar magnetron are the circular (Ref. 31) and the rectangular
planar magnetron (Ref. 32). These are described in Reference 29. Generally, the electron
confinement in a magnetron tunnel significantly increases the efficiency and as a result, a
magnetron can operate at low pressure (1-3 mTorr) and low voltage (300-500 V). The
current density at the cathode of a magnetron is a maximum where the magnetic field lines
are tangential to the surface of the cathode (Ref. 33). Therefore, the erosion of the target

is nonuniform.

The dc magnetron discharge is characterised by a superlinear dependence of the current
on the cathode voltage. This behaviour is understood in terms of gas heating and
rarefaction resulting from collisions with sputtered atoms (Refs. 34,35). An investigatibn
with particular reference to magnetron characteristics has recently been made by
Rossnagel et al (Refs. 36-40). The magnetic field does not directly affect the ion motion,
however, because of electrostatic aftraction the ions move with the electrons, keeping the
plasma neutral. In a conventional magnetron, most of the discharge is confined close to

the cathode surface, and therefore bombardment of the growing film by electrons and




ions in minimised.

It is well known that ion bombardment of growing films can strongly influence their
microstructure and consequently, their physical properties (Refs. 39-41). The available
technology for ion assisted deposition (Refs. 42-44) particularly where separate sources
are used for the deposition flux and the ion flux, is difficult to implement in many
production situations. There is an ability to provide a controllable ion flux from a planar
magnetron while retaining the many other desirable features of , simplicity, high
deposition rate, geometric versatility and tolerance of reactive gases. This assists in the

implementation of ion beam assisted deposition in both research and production.

As early as 1986 (Refs. 45-47), Window and Savvides developed a new type of planar
deposition source, which gives the normal deposition behaviour of a planar magnetron,
plus a beam of ions whose intensity at the substrate can be varied independently of the
deposition flux by changing the magnetic field configuration. This is called an
“Unbalanced" magnetron. It was anticipated that enhanced bombardment would lead to
improved film properties and film densification at low deposition temperatures. Recent
work by Howson et al (Refs. 48-52), Musil et al (Refs. 53-56) and others (Refs. 57,58)
has indeed shown that the unbalanced magnetrons can be used to stimulate increased ion
densities in the region surrounding the substrate. The design of unbalanced magnetrons
can take a variety of geometries depending on the ion flux density that is required and the

uniformity of the beam at the substrate. This can be seen in the review by W. Munz (Ref.

" 61).

The coating sources and systems described in references 45 to 60 are mostly laboratorial
and single magnetron systems. One of the first industrial systems was described by Teer

(Refs. 62,63). This technology considered in multi-cathode system. A greatly extended




and more flexible design is current under development at Hauzer Techno Coating Europe
B.V. (Ref. 61). Recently Rohde et al (Refs. 64-66) have developed a so called
dual-cathode system. In this design face to face unbalanced magnetron was used.
Generally, multi-magnetron systems are capable of coating pieces as large as 15 ¢cm in

diameter and approximately 40 cm in length, or a number of smaller parts.

The improvement of optical and electrical properties of deposited films is seen readily
using the unbalanced magnetron (Refs. 52,54,59,60), and efficient uses in industrial
products and hard coatings of TiN and TiC (Refs. 60,66,67). With high ion current
performance and floating potential from an unbalanced magnetron, polymer etching and
diamond-like carbon deposition was achieved (Ref. 51). The unbalanced magnetron
offers the possibility of creating plasma conditions similar to those which are normally
attainable only in typical "ion plating” processes. This makes it possible introduce the
uncontested advantages of cathode sputtering, namely its exact controllability and its
ability to deposit alloys without problems into hard material coating. This promising
coating instrument should also be made accessible to other fields of application, in
particular wherever dense ceramic coatings, i.e. high-melting materials, are to be
deposited onto heat-sensitive substrates. Examples are oxide coatings used to coat
architectural glass or in the modem packaging industry, currently deposited primarily

using the balanced magnetron.

It has recently been demonstrated that the injection of electrons into the race track of a
magnetron independently of these supplied by the sputtering process at the cathode, can
result in a much lower operating potential for the magnetron and allows it to operate at
lower pressure (Refs. 68,69). It seems that this is a very important develdpment, in that it
reduces the energy with which high energy neutrals will bombard the growing film

(causing radiation-type damage) and will allow for more efficient operation of the




magnetron. Accordingly we have created an unbalanced magnetron (Ref. 70) which can
operate at very low voltages and pressures, and have evaluated its use in reactive

sputtering.

In the work reported by ULvac group (Ref. 71), significant improvements in the
properties of indium-tin oxide films could be obtained if oxide targets were sputtered at
low voltages. TiN coating onto glass substrates at room temperature using a low voltage
unbalanced magnetron also show significant results where the film resistivity drops by
half (Ref. 72). The use of thermionic electrons injected from a high temperature filament
not only reduces the magnetron potential but also enhances the unbalanced magnetron
performance (ion current and floating potential). These advantages have been taken into
account and with small adjustment of the filament position followed by a series of
investigations, a plasma source providing high current, low voltage ions was achieved
(Ref. 73). The use of this source for low voltage sputtering is also investigated. Directing
this source to either a biased plate target or other unbalanced magnetron, low voltage
sputtering of highly sensitive material can be achieved. ITO film deposition by using this

technique is still on going.
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CHAPTER-2
THEQORY AND BACKGROUND

2.1 Glow Discharge Initiation

The most widely used method in laboratory and in technology for obtaining a plasma is
the electrical gas discharge. In nature an example of this phenomenon is seen in lightning,
in technology, typical examples are electric spark, electric arcs, sputter sources for thin
film deposition and etching, and other gas discharge devices. Ionization in a discharge
depends on the production of an electron avalanche. This process is of the same type as a
chain reaction in chemistry or multiplication of microbes in an epidemic. This processcan
be clearly explained by considering an evacuated glass tube with two internal metal plates
separated by a distance d Fig. 1 (Ref. 1) and biased by an external dc power supply. If a
low pressure inert gas is introduced into the chamber, a charged particle (electron) may be
liberated near the negatively biased electrode (the cathode). The cause of this electron
could be the passage of a cosmic ray through the apparatus, the decay of a radionuclide in
the metal, ﬁhoto—clcctron field emission by the sun or by the fluorescent lights, field
emission from the metal plate, or a host of other processes (Ref. 1). Because of the

applied electric field, the electron will start to accelerate toward the anode.

Gas pressure and the applied electric field are related parameters, and together produce an
electron avalanche. If the gas pressure is low enough, an electron will not suffer any
collisions as it proceeds to the anode where it will be collected. Hence, there will be no
free charge left in the apparatus. If the pressure is high enough, however, the electron
will collide with neutral atoms along its path. When the applied electric field is low, the
electron will not gain sufficient energy to ionise the atoms. It will simply drift at a speed

determined by its mobility. These can be attached to the neutral gas by electrostatic




Fig.2.1 Discharge apparatus.

Fig.2.2 Discharge generated

by a D.C. power supply (Ref. 3)
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means, when the gas atom is sufficiently electronegative. These negative ion, however,

have substantially smaller mobility .

It is necessary, then, that the applied electric field be large enough. Hence the energy
imparted to electron in their mean free paths is sufficient to knock out at least one
electron from an atom on impact, In this time, the ions will drift to the cathode and the
electrons to the anode. As a result of ions impact to the cathode and the electrons to the
anode the secondary electrons will be emitted. But only those released from the cathode
are useful. The secondary electrons that ejected from the anode will simply return to it.
The current of electrons toward the anode has been calculated by Townsend, this was of

the form; (Ref. 2)

exp ( ad)
I=1,
1-B(exp(ad)-1)

where:

Ip= The current of electrons from the cathode due to the external source (e.g.

photo-emission)
B= The ion impact secondary electron emission coefficient.
o= The first Townsend coefficient; the number of ionizations per unit distance.

From this equation two cases can be seen; i) for small value of o, P and d, the
denominator is unity, so the only current that flows is that released from the cathode by

the photons, but amplified slightly by small value of exp(ad), ii) for moderate or large

values of &, B, and d, such that the denominator equals zero or is negative, the current
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grows faster than exponentially, and breakdown occurs. At the same point the equation
fails, because it does not take into account the decrease of neutral atoms in the system
because of ionization or the change of potential in the system, and so forth (Ref. 1). The
current that flows in such an apparatus is shown versus voltage in Fig. 2. At low
voltages, the current grows with the voltage until the ionization probability, related to o, |
approaches a value large enough to breakdown the gas. Then the Townsend region

occurs, and the voltage is constant as the current rapidly rises.

When the gas is highly ionised, i.e. it is a plasma, the electric field between the two plates
(electrodes) has been drastically altered. A sheath exists at the cathodes still promoting the
acceleration of ions to the cathode and of secondary electrons into the plasma. The glow
does not cover all the cathode. An effort to increase the voltage increases the glowing area
and the current. This is termed the normal glow. Note that the voltage required to

maintain the normal glow is less than that required to achieve breakdown.

Finally, when the entire cathode is covered with a glow, the I-V characteristic changes,
The current does increase with the voltage (see Fig. 2), and the abnormal glow has been
obtained. This type of glow discharge has been found to be the dominant discharge in

diode sputtering equipment.

In the glow discharge the dominant criteria is the cathode sheath. As will be shown later
this sheath has a several distinct regions. Attached to the cathode is cathode fall region.
There, the ions extracted from the plasma by the cathode fall are limited in current by

electrostatic repulsion because the electron density there is less than the ion density.

The law describing this was derived by Langmuir and Child (Ref. 3,4) for plane parallel

geometry and is:



5.5x 106 Vsm

s (A/CIT?) = _l\.d_]q_

where:
V¢ = Voltage drop in fall region in volts

d; = Sheath thickness in cm. and

M = Atomic mass of working gas in amu
From this equation the thickness of the fall region;the so called dark space, has been
estimated to be = 0.5 mm for magnetron sputtering, which is less than ordinary diode

sputtering.

2.2  Plasma Discharge

In principle, a plasma is an ionised gas, that is a gas in which at least a proportion of the
atoms or molecules is broken down into charge carriers. Its dimension should be less
than Debye length. Freely moving electrons can transport electric current ; in other
words, a plasma is a conducting gas . In plasma the particles can be forced to move in

~ regular fashion by using the magnetic field.

2.21 Plasma Measurements

To specify the plasma behaviour there are some important parameters like ion and
electron density, ion and electron temperature and Debye length need to be known. In
plasma diagnostics a reasonable method to characterise the plasma parameters can be

achieved (Ref. 5).

In our investigation an electrostatic or Langmuir probe (Ref. 6) has been used. A metal

probe is inserted into the plasma and the current to the probe measured as a function of




the probe potential { I-V characteristic). An important property of plasmas emerges clearly
in the probe method (i.e. plasmas do not obey Ohm's law). The electron current is
determined simply by the magnitude of the charge which transported by the positive
potential. This current is found to approach a limiting value which is independent of
potential. This current limit is called the (saturation current) and is determined by the
charge which is transported by the electrons that strike the surface of the probé in their
thermal motion . If the thermal speed of the electron is known the plasma density can be
found from the saturation current. The thermal velocity is calculated from the electron

temperature, which is found by inspecting the slope of the voltage-current characteristic.

In an unperturbed plasma (Ref. 5) elementary gas kinetic theory shows that the number

of particles of a given species crossing unit area per unit time (from one side) is:

] -

If the plasma were unperturbed these would be eliminated by electrons

eAN.v 2.1

Ie =

PN

where:

e = Charge of the electron
Ne= Electron density

v = Average velocity of the electron

A =Probe area

Electron velocity is related to the electron temperature T, by the expression:
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ve= (SKTe )uz 22
M,

where:

M,= Electron mass

K = Boltzmann constant
The electron temperature can be determined with respect to the I-V characteristic of the
probe on region in which the probe has a negative potential relative to the plasma
potential( retarding region). In this region the probe repels the electrons and the surface of

the probe can only be reached by these electrons in the Boltzmann distribution which

have energy sufficient to over come the potential difference (V - V) where V is a probe

potential and V, is a plasma potential.

Hence,

<V
I= I,.cxP(KT) 23

]
By plotting the current I as a function of the probe potent:ial’V on logarithmic scale, the
slope in the retarding region this will allows us to determine the temperature T.. By using

equation 2.1 the plasma density can be estimated.

2.2.2  Debye Length

Any charge imbalance in an ionised plasma, sets up electric fields that tend to limit its
extent ‘and neutralise it Fig. 1 (Ref. 7). It has been shown (Ref. 8) that the sheath
thickness is always related to a plasma parameter known as the Debye shielding distance
(Debye length), which depends on the temperature and densities of the various species of

charged particles present.

If the resultant potential at any radius r is V(r), the concentrations of positive ions,N; and

electrons, N, in this field can be predicted from the position distribution form of the
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Fig.2.3 Appearance of Debye shielding distance in an ionized
' plasma (Ref.?7).




Boltzmann law.
Hence,

N.=N exp( ) 24

N, =N, exp( ) 2.5

N, is the electron density far from the perturbing charge where the potential V is taken as

zero, and T is the temperature, assumed to be the same for both. If we suppose that eV
<< KT nearly everywhere, from Taylor series the exp{e V/KT) can be Approximated by
(14+eV/KT) and exp(-eV/KT) by (1-eV/KT).
Then we can write |

eV

=N_(l+—>= T 2.6

N, ~ N(l- ) | 2.7

From Poisson's equation,for spherical symmetry,

P _e(Ni-No) 2N €V

€ € § KT

82
=)

1
r

p is the real charge density in the microscopic space and € is the permittivity of free

space. The solution of this equation (Ref. 4) is:

V=.——exp(=)

41t90r

where:
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Because the ion-electron mass ratio My/M, is large, it is assumed that the positive ion
concentration is unperturbed, so that the ions do not move but form a uniform
background of positive charge, and only the electron varies according to Boltzmann's law
in this case the factor 2 is omitted from equation 2.8, and T is always the electron

-

temperature. The final expression to equation 2.8 is:

%= ( KTe ap 29
N_e

From equation 2.8 we can say ,roughly, that the plasma screens the charge of an
individual particle for distances greater than lambda. The ratio of probe dimension to
Debye length is therefore very important when a probe method is to be used for plasma

investigation.

223 Ion Current
The most important criterion in probe characteristic is the sheath formation around the
probe, which has been demonstrated by Bohm (1949) (Refs. 4,9). The effect of this

region is to increase the velocity of ions entering the probe sheath.

Fig. 4 (Ref. 10) shows the potential variation near a negative electrode. In the sheath

region, it is difficult to relate the ion current density to N;j,, of ions in the bulk plasma,

because there is a quasi-neutral presheath region where a potential drop V, of the order of
half of the electron temperature occurs, that is:

VIO) = 5

To determine the ion presheath density can be assumed to obey a Boltzmann




Fig.2.4 The positive space charge sheath (Ref.10).
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distribution. Hence,

N,©) = N_exple=)
Therefore
N;(0) _
—— =06

The ion Speed In terms of temperature is:

KT, )w_

%=

The ion current, which flows due to the electric field is:
[;(0)=eN;(0) V; S
where S; is the surface area of ion sheath, for simplicity we assume that Sg =Ag. Where

Ag Is the probe area. The ion current that flows to the probe is then:

KT..1/2
Mi“') As 2.10

L(0) = 0.6 N,(

2.2.4 Floating Potential

The true potential on the substrate in glow discharge sputtering has been studied
extensively (Refs. 3,11-13). From I-V plasma characteristics, the floating potential can
be defined as the point where the amount of electrons and ions to arrive at a probe must
be the same in order to obtain the zero current of a probe. This potential usually arises
because of the higher mobility of electrons as opposed to ions. So that, electrons arrive
at the isolated substrate surface much faster than ions. Residual electrons which cannot
recombine on the surface form a negative electric field there. This negative electric field

reduces the speed of electrons. It increases until the ion and electron currents become the
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same. This mechanism is called ambipolar diffusion, and the floating potential is ~ the
negative potential formed by it. As a result the sheath around the substrate (dark space)

will be formed. The electrons which enter this sheath and reaching the substrate, should

have an energy equal to e(Vp-Vp). From Maxwell-Boltzmann distribution function

L(W=I exp(KTe 2.11
From Equations 2. 1 and 2.11 :
1 8KT. 12 -6V
(W) =7 Nl Asexplye)
At V¢ Point,the criterion for net zero current becomes |
L(Vp =1;(0)
1 8KT, eV; KT, 12
FNod i )‘%A( =06 eN () As |
{
|
-€V; K’I; 12 iMa 12
Xl =2 8;4':‘.5)
V= KL Ln¢ M, m 2.12

G2em

Equation 2.12 tells us that the floating potential is related to the electron temperature T,

and the masses of the electron M, and M; involved in the discharge .




2.2.5 Magnetic Effect

The motion of the particles in an ordinary gas is limited only by the collisions which they
undergo with each other or with walls. The motion of plasma particles, however, can be
constrained by a magnetic field. Plasmas can be confined in a magnetic trap. Plasma
particles are constrained to circle around the lines of force of the magnetic field although
they can move freely along the magnetic field. The combination of free motion along the
field lines and gyration around the lines results in a helical motion. The particle motion
across the magnetic field is thus greatly restricted although the motion along the field is
essentially as before. therefore, the electric probe is unsuitable for absolute measurements
in 2 magnetic field. The ratio of gyration radius (r) to the typical dimension A of the
probe, plays a significant role for controlling the magnetic field effects. If r >> A, then,
the previous treatment should apply. For probes which capture electrons this cannot be
done because the electron Larmor radius is too small. The ion radius is thousands of
times larger ( for comparable T, and T; ) by the factor V(M¢/M;) (Ref. 5). Therefore
absolute measurements can be made with an electric probe in a magnetic field if the ion
current is used rather than electron current,and the probe significantly negative. So that
most of electrons are reflected, then the electron density will be governed as before by the

thermal Boltzmann distribution.

The ions, being relatively unaffected (for r >> A) by the magnetic field satisfy the same
equations as before. So the ion current, which depends only on Ne and ion dynamics, is

just as before. The electron current will also maintain its exponential dependence on the

Bohm potential V(0). So that analysis of the current slope will again provide T, As will

be shown later, the first thing that happens to the probe characteristic when a magnetic
field is present is that the electron saturation current is decreased since the electron flow is

impeded. This was the evident as a reduction in the ratio of electron to ion saturation




current as the magnetic field behind the probe increases.

23 Sputtering Phenomena

Sputtering of target atoms from a solid surface under ion bombardment has long been
studied for both the physical understanding of the collisional processes involved, and for
various practical reasons as well, for example sputter surface cleaning or sputter thin film
deposition in large scale technical application, or as a research tool for high resolution
depth profiling SIMS (Ref. 14,15 ), or in plasma wall interaction problems (erosion of
first wall materials and plasma contamination in fusion devices (Ref. 16) ). A detailed
compilation of sputtering yields of different beam and target species is given by
Andersen and Bay (Ref. 17 chapter 4) and Behrisch (Ref. 18). Sigmund and Robinson
(Ref. 17 chapter 2 and 3), Jackson (Ref. 19) and Harrison (Ref. 2Q) gives a numerous

explanations and theoretical concepts in predicting the sputtering yield.

Knockon sputtering by ion bombardment has been classified to three different situations
as shown in Fig 5; (A) the single knockon regime, (B) the linear cascade regime, and (C)
the spike regime. In the single knockon regime, the bombarding ion transfers energy to
target atoms which, possibly after having undergone a small number of further collisions,
are ejected through the surface if energetic enough to overcome binding forces. The linear
cascade is different from the spike regime by the spatial density of moving atoms which
is small in the former and large in the latter. The closest regime to the magnetron
sputtering are the linear cascade collisions (Refs. 17,21). In this region ,the processes
that are possible are shown in Fig. 5B. These are :- The emission of neutral particles by
knowing the target sputter yield this can be estimated. As a result of high energetic ion
bombardment of the target surface, secondary electron emission will take place. These
electrons are very important in the sputtering technique, which is not only sustain the

discharge but control the plasma chemistry by excitation, dissociation and ionization of



Fig.2.5 Processes possible for a cathode subjected to ion
bombardment.
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the working atmosphere (Ref. 4). Positive and negative secondary ions are created. The
positive ions are a very small fraction of the sputter flux. Nevertheless, these ions can not
escape through the dark space but draws back to the target surface as a consequence of
the high negative target potential. In contrast to that, the negative ions will be accelerated.
As will be seen in chapter 6, the ions are very important in controlling thin film
properties. Unfortunately though, the fraction of these ions in sputtering equipment is not

much as in arc evaporation.

The sputtering rate is measured by the sputtering yield Y, which defined as the mean
number of atoms removed from the surface of a solid per incident particle. The sputtering
yields depend on ion energy, mass and angle of incidence, the mass of the target atoms,
the crystallinity and the crystal orientation of the target, but they are usually nearly
independent of the temperature (Ref. 22). Below a threshold energy which is about 20-40
ev for normally incident ions, almost no sputtering takes place. Above this threshold the
yields increase with increasing incident energy and reach the maximum in the energy
region of 5-50 KeV (Ref. 10). The decrease of the sputtering yield at higher energies is
related to the larger penetration of the ions into the solid and the lower energy deposition
in surface layer. At the same energy, Larger mass ions usually give larger sputtering
yields than lighter ions (Ref. 17,18). A theoretical basis for yield calculation was laid by
P.Sigmund (Ref. 23). Subsequently, many numerical models have appeared (Ref. 24},
and they are reviewed by Zalm (Ref. 25). Nevertheless the development of theory given
by Sigmund resulted in anomalies.

The simple formula for low energy sputtering has been given by Steinbruchel (Ref. 26),

which followed directly from Sigmund's theory. From combining results from various

papers,the sputtering yield is:
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where:

E=Ion energy (keV)

U= Target binding energy (V)

Z, & Z;= Atomic number of target atoms and projectile ions

M, & M= Atomic masses for target material and projectile ions
In (Ref. 26) the comparison of experimental (Ref. 27) and theoretical (Ref. 28) sputtering
yield for single charge of Ar atom at 600 eV for different material has been illustrated. In
the following section, the sputtering yield of magnetron targets for several materials has
been calculated and compared with other references. The sputtering rate for a copper
target with an ion incidence angle of 40° to the target surface and between 50 to 600 eV

of ion energy has been investigated in chapter 9 .




2.4 The Magnetron

The purpose of using a magnetic field in a sputtering system is to make more efficient use
of the electrons, and cause them to produce more ionization. In a conventional glow
discharge electrons are soon lost by recombination at the walls. Magnetic effects can be
initially discussed in terms of the motion of isolated electrons (Refs. 21,29,30). A

moving charge in a magnetic field is subjected to a force:

F=BqV

where:

q = The charge on the particle

V = Particle velocity

B = The applied magnetc field
The direction of the force is perpendicular to both the magnetic field and the velocity. the
force will produce an acceleration that is inversely proportional to the mass of the charge
(Ref. 10). This force, then will cause the particle to move in an orbital path as shown in

Fig. 6 (Ref. 2). The orbit can be calculated from this equation (Refs. 3,31):

where:

vl = The velocity perpendicular to the magnetic field and
m = The mass of the particle.
The particle motion along the field is unimpeded, so that if it has a component of velocity

along the field line its net motion is a spiral along the field line, as shown in Fig. 6b.
' ¢
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Fig.2.6

Fig.2.7

The motion of the electron in a magnetic field only;
a) viewed perpendicular to the page and b) the same
motion viewed from the side (Ref.2).

The motion of an electron in combined electric and
magnetic fields.
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The charged particle will also undergo a drift motion across the magnetic field if an
electric field E is present as shown in Fig. 7. When the electric field is applied, the
electron experiences a constant force, in this case oriented towards the top of the page.
This has the effect of slowing down the particle on the downward side of the orbit.
Reducing the velocity is, in this case, equivalent to reducing the encrgy._Thc result is that
the orbit becomes effectively smaller on the upward path of the orbi‘t, the electron is
accelerated and its effective radius increases. The result of this cyclical motion is an
effective drift to the right, in the direction perpendicular to both the electric and magnetic

fields. This is known as the ExB drift.

The actual path of the electron can be quite complex and has only recently been treated
with monte carlo techniques (Ref. 32). For magnetron case, however, Rossnagel and
Kaufman (Ref. 33) have measured the general ExB drift current. This was done by
placing a small magnetic ficld probe on the axis of the magnetron, measuring the strength
of the magnetic field induced by the circulating current, and calculating the current

necessary to produce the field.

The electric field in front of the magnetron is greatly altered by the presence of the
conducting plasma so that the bulk of the applied potential is dropped across a small
region close to the cathode surface. This region corresponds to the cathode dark space in
a glow discharge, but in a magnetron the dark space is small as shown in Fig. 8 (Ref.
34). Assuming that the magnetic field is uniform and parallel to the target surface and the
E field across the dark space is normal to the target surface. Accelerating across the
applied potential V the electron will gain a velocity v,
2£1V)05

v
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where:

q = Electron charge

m = Electron rest mass
The introduction of these electrons with the B field will produce a circular path of radius
r, see Fig. 9. Using a typical magnetron operating parameter of V = 500 V and B = 500
gauss gives the electron path radius as r = 1.5 mm, i.e. larger than or comparable to the
cathode dark space. So that the cathode fall region is too short to allow the drift

approximation to be valid. Once in the magnetic sheath the drift approximation is valid

even for these 500 eV electron. These drift velocities are about 3x107 cny/sec (Ref. 34) a
small fraction of their total velocity (v/m) (Ref. 21). To prevent this large drift velocity
removing an electron from the discharge, the drift path must form a loop. any loop will
do and common shapes are circular or two parallel sides with semicircular ends, but some

more tortuous paths have been used (Ref. 35).

The magnetic field is generally provided from a simple magnetic circuit behind the target
and the field from this arrangement will be dome shape. Only at the centre of the target is
the magnetic field parallel to the target and normal to the electron velocity. A way from

the central region the field is at some angle (&) to the target (Fig. 10). As they accelerate

across the dark space the electrons will therefore gain a component velocity V,, = v

sin(ot) parallel to the B field. This velocity will carry the electron along the magnetic field
line across the dome and down on the other side, where it may be mirrored by the
converging B field. Because of the magnetic mirror effect and energy loss to the plasma
(via instabilities, for example) it is highly unlikely that the hot electrons will ever again

reach the cathode. However, quite a small value of alpha (about 20°) makes drift velocity
vq and V,, comparable and then the electron movement will not be along the drift

direction but diagonally across the dome field (Refs. 36,37). Generally, these drifts take
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Fig.2.10 The effect of an inclined B field on the electron
motion

Fig.2.11 Motion of electron drifts in a magnetron (Ref.34).
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the electrons on orbits around the magnetron (Fig. 11). The net pattern of their motion is
a zig-zag between the inner and outer poles. Figure 11 shows that at the zero order, only
the cyclotron motion around B is included. The first order correction to the motion
includes reflection as the electrons enter regions of increasing B. The second order
description includes drift motion due to the crossed E and B fields and the grad B (see
Ref. 34, page 198 and 255).

Electron created by ion impacts on the target where B is parallel to the target surface will
have a small velocity across the dome. Electrons created at or reflected from a point on
the target where the magnetic field is not parallel to it will move across the dome through
the region where B is parallel to the target. So the highest electron density will be in this
region. The creation rate of ions will be higher here and, if the ions do not move larger
distance from their point of creation. Tﬁe maximum sputtering of the target will be

beneath this region.

24.1 Target Sputtering
To obtain the actual target sputter yield, one must know the ion flux (target current) and
the target lost mass (atom flux) from the sputtering condition such as the target current

and voltage, and the total operation time. The actual target sputter yield can be estimated

by this equation:
= 96352——
y= JtW
where:

R = Target lost mass (gm)
J = Target current (A)

t = Operating time (sec)
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W = Target atomic weight (gm/mole)

Target lost mass (R) was measured within an error of ¥ 0.0005 g. Ion flux is estimated

as a single argon atom charge (Ar+) at normal incidence. The calculations have been done
for several targets as shown in Table 1. This is compared with Ref. 38 . For comparison
the interpolation of the sputter voltage need to be considered. As can be seen in this
Table, the measured yield is almost 60-65% of the predicted reading. This discrepancy

can be related to several reasons, (Ref. 39), such as:

1- The magnetron current is not carried across the dark space solely by ions.

2- The ion energy is less than the energy gained by the fall across the applied potential.

3- The target has some oxidation.

4- redeposition of backscattered material onto the target (present of virtual source) (Refs.
40,41).

5- There is argon included in the sputtered target.

All of these parameters are almost related to three main conditions; the target, vacuum and
discharge conditions. For lower atomic weight material sputtered at high argon pressure
(10 to 100 mTorr), more backscattering of material will take place. There was a
considerable deposition from the backscattered material seen when targets like Al and Si
were used. Such coatings are usually noted in the dead zone areas of the magnetron
(outer and inner poles of the magnetron). The degree at which the back deposited material
is eroded from the target surface depends greatly on the type of the deposit (metal, metal
oxide, and/or metal nitride) and also on the location on the target surface onto which the
backscattered material is deposited. Rizk et al (Ref. 40) and Nyaiesh (Ref. 41) assumed
that the redeposit of the backscattered material is due to a presence of virtual sources
located with height (h)_ from the magnetron. They found that the deposit diameter (formed

in the dead zone area) to be dependent on the height of the virtual source, while the latter
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Table 2.1 Target sputtering yields of various materials in argon compared

with reference 38 (page 4-48).

Target Sputtering Sputtering Sputtering Yield (Ref. 38)
Material Voltage Yield
v 200 V 600 V

Al 550 0.451 0.35 1.2

Ti 472 0.296 0.2 0.6

Pd 356 1.033 1.0 24

Ag 400 1.297 1.6 34

Pt 617 0.985 0.6 1.6

Au 520 1.574 1.1 2.8




was found to be affected by gas pressure and gas type. For height measurement this

equation is used:

where:
n = Number of collisions the sputtered atoms suffer with the sputtering gas (as a
result they lose their initial energy and cool down to the gas temperature at the

height, h).

A = Sputtered atom mean free path (cm)

P = Discharge pressure (mTorr)

o = Angle of scattering of sputtered atoms by Ar gas atom, which is,

where:
Mg and Mg = The mass of the sputtered atoms and gas atoms respectively.

The results that have been obtained from above calculation were h =5.6 and h=1.12 cm
for argon pressures of 10 and 50 mTorr respectively. But the results shown in Table 1
were taken at argon pressures ranged between 2 to 3 mTorr. For such pressure the mean
free path will be longer and by interpolating the above Figures, the height h in our system
was equal to 18 cm. This is longer than the target-substrate distance or even longer than
the chamber dimension, i.e. virtual source at 2 mTorr argon pressure is hardly likely to

be effective.

Reactive metals are particular sensitive to small amounts of residual gas (e.g. water



vapour) which will decrease the measured yield substantially. This indicates that the
reaction products at the target surface will have larger binding energies than the original
metal and so a lower sputter yield. Therefore the arrival of a reactive gas at the target must
result in a reduction of the sputter yield and this reduction will be most severe for the

more reactive systems (e.g. Al+O or Ti+O).

The ion current across the dark space does not fully represent the magnetron current.
Schiller et al (Ref, 39) have measured this and gave Figure of 75% ion current across the

dark space. The ion current Ii can be represented as (Ref. 21):

(1+y)

where:

Y= Secondary electron coefficient.
The secondary electron coefficient changes with the target surface and usually increases

as an oxide or nitride forms (with a resulting change in the discharge voltage). For a

metal (y) is typically 0.1 (Ref. 10) and for an oxide or nitride it may rise to around 0.2
(Ref. 42).

In magnetron sputtering the cathode dark space is smaller than that of glow discharge and
the used argon pressure is lower, this in turn, will lead 1o longer mean free path.
Therefore, the ions at the cathode will have less charge exchange (Ref. 34) and have

energies close to that gained by falling through the applied potential.,
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2.4.2 The Unbalanced Magnetron

The unbalanced magnetron has been used to simultaneously sputter and bombard the

growing films with an ion flux up to 9 mA/cm?2 with floating potential of 20t0o 30 V. Ina
conventional magnetron, most of the discharge is confined close to the cathode surface
and, therefore, bombardment of the growing film by electrons and ions is minimised. By
unbalancing the magnetic field the substrate bombardment can be significantly increased.
The original work on the topic was performed at the CSIRO Institute in Sidney (Refs.
43-46). Soon after, this process was used at the University of Loughborough (Refs.
13,47,48) mainly to acheive an optical coating and the Academy of Sciences in Prague,
Czechoslovakia, to deposit hard TiN coatings (Refs. 49-52). Since then several papers
on this topic have appeared (Refs. 53-56). The reader is referred to a recent review by

W. Munz (Ref. 57).

There are two types of unbalanced magnetron configurations [(Ref. 43). In type one, the
flux from the central magnetron is larger than that of the outer magnet; in type two the
central flux is less than the outer flux (see Fig. 1 chapter 5). Type one has been shown to
give low ion and electron current at the substrate, low self-bias voltages (Ref. 43) and
low heat load (Ref. 58). Type two magnetrons give large ion and electrons to the
substrate by about 100 times larger than the case of type one. Electrons are channelled
along a field line extending from the discharge region to the substrate. The ions are

electrostatically dragged by the electrons and, therefore, bombard the substrate.

For creating an unbalanced magnetron an electromagnetic or permanent magnet can be
used. In all cases, the unbalanced field required a stronger magnet in the outer pole than
the inner pole. This can be designed in two ways:

1- Hiding the magnet behind the target and

2- Using an extra pole piece fixed in the front of the target.
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The advantages and disadvantages of the both design depend on the required of ion
bombardment, the impurity, and the target utilisation . Type 1 gives less unbalanced field
directed to the substrate than type 2, and therefore has less plasma leakage to the
substrate. In the case of using a thermal sensitive substrate (such as a polymer for
example) with a type 2 magnetron the substrate can be severely damaged. This can be
easily reduced or eliminated by using a water-cooled earth cap placed approximately 5
mm away from the centre pole. By connecting this cap to a variable resistance the plasma

leakage to the substrate can be controlled.

The poles will be exposed to the plasma and are at the target potential, so that it may be
possible to sputter from the poles and thus contaminate the depositing film. This can be
reduced by using the correct shape to the pole pieces with respect to the magnet locations
in the magnetron body and by the use of close earth shielding (Refs. 38,59). Sputtering
can be reduced from the pole surface if the magnetic flux exiting the surface is arranged to
be perpendicular to that surface. The electrons are removed as rapidly as possible from
the vicinity of the poles such that the ionisation and thus the bombardment is minimised
in that area. Poor design may go unnoticed if sputtering yield of the target material is
much higher than that of the pole material. In this situation there can be net deposition
into the pole pieces from the backscattered material. If the pole design cannot be altered
or there is still an unacceptable level of contamination, a close-fitting earth shield could be
added to suppress the plasma and consequent bombardment from that area. There are
two important points which need to be considered for the location of an earth shield; one
is the build up of coating on the shield especially for long magnetron operation time
which may cause arcing or short the magnetron to the earth. Thus the shield needs to be
cleaned occasionally which is not desirable manner for long-term operation. Secondly,
using an earth shield close to the poles will suppress some of the plasma close to the

target, thus the magnetron potential will be higher than usual. In the case of using a
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Fig.2.12 Cross section of Leybold's sputtering system (Ref.61).
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Fig.2.13 Cross section of three magnetrons with the measured
magnetic field and erosion profiles.
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target material like Si which runs at a high voltage without fixed shield this makes the

plasma hard to start up .

Recently some alternatives have been pointed out. By isolating the outer pole from the
target may possibly reduce the pole sputtering (Ref. 60). In this work dip insulation was
used. The insulated material is required to stand high temperatures due to the heat from
the glow discharge close to the target. Again because of the high electric field drop
across the insulator, the ion bombardment to it will cause an arc problem. Leybold (Ref.
61) have developed a new planar magnetron based on the patent "Interpole Target
Magnetron"” as shown in Fig. 12, in which the pole pieces are separated from the main
target. Leybold claim this design will give a better target erosion (target utilisation), less

arcing and contamination.

However, the unbalanced magnetrons of type 2 offer a good erosion profile (Fig. 13b).
Allowable impurity levels vary with the application and if the highest possible purity is
required, then the initial hidden pole design of Fig. 13a (type 1) is to be favoured, and
target utilisation must be sacrificed unless a moving magnet or target system is used (Ref.

62).

24.1.1 Magnetron Plasma Confinement

Fig. 14 shows the I-V characteristic taken for the magnetron of figure 1A chapter 7. As
shown in this figure, the reading has been taken in two parts, the first at the magnetron
start and the second ten minutes later. Such features have been linked to plasma
oscillation effects (Ref. 63). The oscillation has been measured experimentally (Ref. 63)
and shown in Fig. 15. This oscillation and instability (Refs. 64,65) makes the electrons

transfer across the magnetic field to the front or to the shield direction (Ref. 66).
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Fig.2.14
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Fig.2.15 The onset of plasma oscillations in a D.C. planar
magnetron (Ref.63).
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A stability criterion for oscillations has been derived for the penning discharge (Ref. 67).
This is confirmed in the general case by Cap (Ref. 65). The electron cloud is stable if the

plasma frequency (wyp) is less than the electron cyclotron frequency (wee). Wp can be

derived from electron thermal speed (V) travel a distance of Debye length (‘Mp). By

inverting the time
w, = ¥
AD
therefore,
47 n, |12
WP ( M )
where:

N, = Electron density m™3
M = Electron mass (gram)

The W, can be designed from the orbit radius (Lamor radius) so

qB
Wee = 3

where B is the magnetic field strength (T). These two equations reveal that W, is almost
related to the glecu'on density and W, is related to the magnetic strength. The observed
oscillations of Fig. 15 are related to the use of thick target material which lead to lower
magnetic strength. This would be expected as reducing B will reduce W,. Increasing
the magnetron current will increase ne and Wp, hence the onset of oscillations as the

magnetron current is increased. In the case of figure 14 an extra pole piece was fixed in
front of the target (see figure 1A, chapter 7). By doing so the pole piece will extend the

magnetic field from close to the target to the further in front . In the first five minutes the
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pole pieces are still cool and hence the magnetic field still unaffected. In such

circumstances the W, is bigger than W, and hence oscillations will take place. Soon

after the pole pieces start to warm up from the plasma and after 10 minutes they become

hot and then the magnetic field set up was effected (the magnetic field at the target surface

is stronger). W, is bigger than W, and hence no oscillations takes place. To prove such
features of the unusual behaviour a magnetic probe needs to be mounted inside the glow
discharge so the magnetic strength can be measured. Unfortunately there was no probe
which can stand high temperatures available in our laboratory. Instead, then, we have
cooled the pole pieces which will keep the pole éool all the time and keep the magnetic
field unaffected by the plasma heat. By doing this the I-V characteristics reveal the same
reading immediately and after 10 minutes. The conclusions are consistent with the work
of Figure 15. As these oscillations lead to an increase in the plasma impedance where an-
increasing loss of electrons leads to an increasing operation potential. So that in order to
design a magnetron particular attention needs to be paid to the above because such

criteria will limit the input power and reduce the magnetron efficiency.

2.4.2.2 I-V Plasma Characteristics and Electron Temperature

By using a shielded probe the characteristic of leaked plasma from unbalanced magnetron
has been investigated (Ref. 13). the magnetron was operated at 500 mA, with a titanium
target, 3 mTorr argon pressure and the probe 70 mm from the target surface. The typical
I-V characteristic is shown in Fig. 16. When the bias is very negative over (60 V) with
respect to the plasma potential, the electric field around the probe will prevent all but the
highest energy electrons from reaching the probe, effectively reducing the electron current

to zero. The positive ions encounter only are attracted by this electric field. The flow is
termed the "ion saturation” current Isj and occurs when the voltage is sufficiently negative

to repel nearly all the electrons in the plasma. As V is made more positive the number of
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Fig.2.16 Plasma I-V characteristics of the unbalanced magnetron

(magnetron current was 500 mA and 3 mTorr argon
pressure).
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electrons which are able to overcome the repelling electric field and contribute a negative

current increases exponentially. The electron current collected is equal to Ig; at the

self-bias voltage (floating Potential) Vy. V¢ is less than the plasma potential Vp,, because

the electron thermal velocity is greater than that of the ions. Because of the greater

energies of electron than ions ,the plasma potential tends to a positive potential, and is

independent of discharge power. At a certain potential Vp, the flux of ions and electrons
reaching the probe is totally representative of the random drift of electrons and ions, and
no plasma sheath exists between the substrate probe and plasma. Voltage more positive
than the plasma potential results in ions being repelled from the probe until finally an
electron saturation current develops. As will be shown later the probe will be used to
measure the floating potential and the saturation ion current only. These two parameters
are expected to be effective in modifying thin film growth by dissipating their energy
close to the substrate (Ref. 13). In the retarding region of I-V characteristic where the
electrons follow Maxwelen-Boltzmann distribution, and by using equation 2.3, the

electron temperature can be calculated.

Fig. 17 shows the variation of electron temperature T, with argon pressure. because of

the shorter electron mean free path at high pressure than at low argon pressure the

electron temperature T, is reduced as the argon pressure increased. From the floating
-potential which is illustrated on Fig. 17, and from Equation 2.12, the electron
temperature can be calculated and compared with equation 2.3. Figure 18 illustrates the
electron temperature as a result of magnetron current. As shown in the figure the electron
temperature is nearly constant with increasing the magnetron power. This may be
attributed to the energy of the secondary electrons entering the plasma being

approximately constant. This is because the magnetron potential does not change
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Fig.2.17
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Fig.2.18
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remarkably with increasing the magnetron curreat. The slight reduction in the electron
temperature could be happened from the increase of the interaction of ions with the target

sputtered atom near to the substrate surface.

2.4.2.3 Film Modification by Ion Bombardment

Ion plating according to the Bunshah definition (Ref. 68) is a generic term applied to the
atomic film deposition process in which the substrate surface and/or the growing film is
subjected to a flux of energetic particles sufficient to cause changes in the interfacial
region or film properties compared to the non-bombardment deposition. This means that
sputtering exhibits some of the essential characteristics of ion plating, eg, the ability to
influence the quality of the coating by bombarding the condensate with energetic
particles. Substrates exposed to a glow discharge are bombarded by energetic neutral
ions and electrons. The nature and energy of the bombarding species are primarily
dependent on the process parameters and geometrical location of the substrate within
and/or outside the plasma zone (Refs. 69,70). Such bombardment can initiate a v;lricty
of reactions that may lead to substrate heating, substrate surface chemistry changes,
re-emission or sputtering of deposited material, or gas incorporation in the growing film,
as well as modification of the film morphology, crystal orientation and grain size etc.
Thus, substrate bombardment can have a pronounced effect on the properties of the film.
Ion bombardment during deposition often leads to film properties characteristic of
depositions in the absence of ion bombardment but at significantly higher substrate
temperature (Ref. 71). Fig. 19 shows Thornton's well-known diagram (Ref. 72) of the
influence of temperature and pressure on the structure of the condensing film. Dense
columnar coatings with a smooth surface (zone T and zone 2) are obtained only when the
condensation temperature is within a certain sufficiently high range. The lower the
pressure during deposition, the lower is the minimum temperature limit. Messier et al

(Ref. 73) found that the minimum temperature limit for dense smooth coatings also drops
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Fig.2.19

Fig.2.20

Influence of bias voltage on the microstructure
coatings with substrate to melting point temperature
(Ref.73).

Fifs ﬁ: 0.5 .Subslrate
i -li;:f.r,;f‘;frs‘r:i'f 0.3 Tomperature
Argon 10 ll :};;;;'(;--02 . /7.
Pressure 8

Hz
1 0.1

[mTorr]

The dependence of coating structure of film on the gas
pressure and substrate temperature (Ref.72).

of



with increasing bias voltage (Fig. 20).

The effects of ion bombardment have been described by Mattox (Ref. 74) and Takagi
(Ref. 75) who considered the effects produced on the surface prior to deposition, on
interface formation, and during film growth, Developments in ion-assisted deposition
processes have been reviewed by Matthews (Ref. 76), Bunshah (Refs. 77,78) and
Thomton (Ref. 79). Ion bombardment during the deposition of Ag and Cu films has
been observed to result in smaller grain sizes than those observed for evaporation (Refs.

80,81).

The beneficial of the unbalanced magnetron are seen from TEM photographs (Fig. 21)
and from the film's electrical and optical properties . More experimental work 1s shown
in chapter 5. Fig. 21 shows that the ion bombardment during the films's growth makes
the film denser with a small grain size and smooth surface finish, whereas without or
with less ion bombardment, the film becomes soft and a big grain size and rough surface
finish. As well as the ion bombardment its energy plays a significant role by controlling
the f'11m properties . We have seen that the resistivity of TiN film is decreased from 2.25
to 1.1 Q pum when the substrate self bias (floating potential) increases from 0 to 25

Volts.

The most significant structural effects on the film are changes in the film structure,
orientation and grain size (Ref. 71). These features are directly related to the ion-to-atom
arrival ratio and to the ion energies (Refs. 82-85). A model for growth modification
resulting from ion bombardment was proposed by Bland et al (Ref. 86) (Fig. 22). The
model assumes considerable back sputtering and scattering of back sputtered material to
randomise the deposition direction and hence fill in the shadowed "valley" areas that

develop in the absence of ion bombardment. Bland et al (Ref. 86) also demonstrated the
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Fig.2.22 Model of growth modification by ion bombardment during
deposition (Ref.86).
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effect of ion bombardment on the density of a growing film. The density of chromium
films deposited .by either sputtering or electron beam evaporation was significantly

enhanced in the presence of substrate bias.

Bombardment of the substrate surface before coating begins results in a variety of
induced surface modifications that are generally beneficial to film adhesion (Ref. 87).
Sputtering of the surface has the effect of cleaning the surface of oxides and other
contaminants normally detrimental to film adhesion. Care is required in this process
because it is possible for the recontamination rate to exceed the rate of contaminant
removal. Bombardment during interface formation results in physical mixing between
the deposition species and the substrate surface and in enhanced interdiffusion (Ref. 88).
The bombarding ions tend to sputter more of the loosely bound atoms from the
developing surface, with the net result that the more tightly bound atoms dominate the

adhesion mechanism.

The physical properties of the film itself can be heavily modified ; stress may be increased
or decreased by bombardment. In the case of the more refractory materials, ion
bombardment tends to increase the film stress. Other physical properties, such as
hardness and yield strength, may also be beneficially affected by bombardment. A
practical benefit of these bombardment effects is the ability to deposit high quality, dense,
hard film at relatively low substrate temperatures (Refs. 89,90). Stresses induced by ion
bombardment or bias voltage can lead to adhesion failure (film spalling). This failure is a
result of internal stresses which are classified as either intrinsic stresses caused by growth
defects and structural mismatch between the film and the substrate, or thermal stresses
caused by different expansion coefficients of the film and the substrate (Ref. 91). This

implies that adhesion of the film is dependent on the material of the substrate.



In magnetron sputtering the coated films showed a transition from tensile to compression
stress as the gas pressure was decreased (Ref. 92). That was iﬁterprctcd as an increase
of the energetic bombardment of the growing film. However, in magnetron sputtering
the highly energetic atoms causes a film-radiation-damage which in turn influences the
film properties and film stress. As will be shown in chapter 8 the use of a magnetron
operated at lower voltages (Ref. 93) has shown the ability to adjust the film properties

concerning the film stresses.

2.5 Reactive Sputter Deposition

Reactive sputter deposition involves the sputtering of a metal, alloy or compound in a
reactive gas mixture in order to deposit a compound thin film composed of the sputtered
material and the reactive species. The process of reactive sputter deposition can be very
complex and involves the sputtering process, the physics of the plasma discharge,
transport of sputtered and gas species, the kinetics of film growth and chemical
interactions at the target and film surfaces. These all interact in some way and therefore

can affect the properties of the film.

Several models were presented concerning the reaction of reactive gases with target
surfaces (Refs. 94,95). The deposition of a compound with a mixture of argon and
reactive gases requires a high degree of process control of the reaction inside the
deposition chamber in unstable mode called transition mode. When the reactive gas is
admitted to the working chamber during sputtering, the reactive gas pressure rises
abruptly at specific flow rate characterised by target switching from metallic to reactive
condition. When this happens the target sputtering rate drops sharply, ie, target

poisoning.

The two regimes of operation, i.c. metallic cathode sputtering and compound coated
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cathode sputtering, can be described by the plotting of the hysteresis effect between the

flow rate, f; of reactive species and the chamber pressure, P. (Fig. 23). A constant

pressure, Py, is maintained by the flow f, of the non-reactive gas (Ar in this case) into the
continuously purmnped chamber. The deposition of the target in the Ar alone would result
of the deposition of a pure metal film.

The hysteresis curve represents two stable states of a system with rapid transitions

between the two states. In state A, there is negligible change in the total pressure as the

reactive gas flow, f,, is varied. In state B, the pressure rises linearly with reactive flow
rate, but is lower by AP than the total pressure in the absence of sputtering. In state A,

essentially all of the reactive gas is being incorporated in the deposited fiim and the atomic

ratio of the reactive gas to sputtered metal in the film increases with f;. Thus, state A can

be considered as a regime in which the sputtered metal is doped with reactive gas

(Metallic Mode). In state B, a constant volume of reactive gas is consumed, independent

of f, and there is an excess of reactive gas so the formation of a stable compound is

favoured (Reactive Mode).

The main cause of the transition from state A to state B and the hysteresis effect has been
attributed to the formation of a compound layer on the surface of the sputtering target or
cathode. The getter-pumping effect of the freshly-deposited metal films is reduced by the
reduction in metal atom sputtering rate, causing the partial pressure of the reactive species
(and the total pressure of the chamber) to increase. Conversion back to the metal mode
(state A) occurs only when the flow of reactive gas is reduced to the point where it can no
longer maintain the compound layer, which is being continuously sputtered.

A number of models describing aspects of the transition from state A to state B have been
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Fig.2.23 The hysteresis "curve for system pressure,p, as
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introduced (Refs. 96-101). More recent models have been developed by Larsson et al
(Ref. 102) and by Berg et al (Ref. 103). These models use the consumption rate due to

the gettering effect as well as exhaustion by the pump.

In most cases the sputtering yield for metal atoms from the target will decrease once a
compound forms on the target surface. Some of the energy of the incident ion on the
target must go to sputtering the other component of the compound. For example (Refs.
104,105) if an Al,0O4 film is formed on the cathode surface, only 40% of atoms sputtered
from the surface would be Al atoms. Thus, if the discharge power is kept constant as the
transition from state A to state B occurs, the sputtering rate of Al would decrease by a

minimum of 60%.

The hysteresis effect is strongly dependent on the pumping speed of the vacuum system.
Okamoto and Serikawa (Ref, 106) varied the pumping speed by a factor of 20 to change
the flow of Ar from 5 to 100 SCCM for the reactive sputtering of Si in Ar/Nj. They

found that the hysteresis effect was dramatically reduced when the pumping speed
increased until at 100 SCCM Ar flow, there was no effect. The effect of pumping speed
on the shape of the pressure hysteresis curve was also explored by Kadlec et al (Ref.
107) for the reactive sputtering of TiN. Danroc et al (Ref. 108) reported the change in

shape of the hysteresis curve during the reactive sputtering of TiN, as a function of both
the pumping speed and the location of the N3 inlet. The width of the hysteresis curve

decreased as the Nitrogen inlet was moved closer to the pump throat.

Due to the change in the surface composition of the target in states A and B, there may

often be a change in the discharge voltage and current at constant discharge power. In the

case of reactively sputtered Al in Ar and O, mixture the voltage drops significantly, going
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from state A to state B. This may be due to changes in the secondary electron coefficient
of the target. The additional electrons can cause additional ionization in the plasma,

resulting in a higher ion flux to the cathode, and hence a lower discharge voltage at

constant power. We saw that, in the case of reactively sputtered Ti in O, the discharge

voltages increase, rather than decrease upon transition from metallic mode to the poison
target mode. This may be indicative of negative ion effects, or the less secondary

electron emissions due to the type of the target metal and its compounds.

2.5.1 Controlled Process by Monitoring Systems

It is desirable to operate the target in metallic mode, but as close as possible to the critical
flow for transition to rich gas mode. This usually gives an stoichiometric film structure,
higher deposition rate and less trouble (for example Arcing). In reactive sputtering, the
response of the magnetron in the reactive gas is not a simple linear function of the reactive
gas flow for a constant power, and the conversion from metallic to rich gas mode may be
rapid and difficult to control. Hence, a method of continuously adjusting the operating
point to maintain constant deposition rate and film properties is necessary. This involves
some means of monitoring any change in the operating point and providing a feedback
control to change either the reactive gas flow or the discharge power accordingly. To
monitor the operating point in such system requires a sensitive method. If the pressure
increases significantly, it will be impossible to recover the operating point without
essentially @cing out the hysteresis curves in Fig. 23. This is also clearly unacceptable
for the deposition of homogeneous films. The parameters which change rapidly near the
critical flow transition are the system pressure and the partial pressure of the reactive gas
species, the discharge parameters, such as the voltage or current and the resultant film
properties. An additional, observable change is the emission of light from the plasma

which is indicative of both particle density as well as discharge parameters. All of these
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parameters have been used as monitors (Refs. 109-119).

Optical emission from the plasma has been successfully used to drive the feedback loop
in several cases (Refs. 111-113,115-118). In general, these techniques monitor either a
reduction in the emission of metal species or an increase in the emission of the reactive
gas species near the critical flow point. The advantage of a plasma emission monitor
(PEM) is that it samples from region where the reaction is actually taking place, there is
no need for differentially pumping as in the case of the residual gas analyser monitor
(Refs. 109,110). This means that the response time can be much faster. The control
system which was used in our Laboratory has been developed by Spencer and Howson
(Ref. 115). This is shown schematically in Fig. 24. They showed that breaking the
cycle which causes target poisoning by matching the admission and consumption rates to
give zero surplus, can give better controlled film properties and higher deposition rates.
The way the controller works is that the signal or emission intensity of the metal line is
passed from the dense plasma region via an optical fibre to the optical filter which
provides stable filtration of the transmitted light of the metal line concerned. This signal
is transferred to the photomultiplier that is connected to the pressure controller 80-1. By
adjusting the percentage of the metal line set point from the pressure controller, the
piezoelectric valve will control the reactive gas consumption which will be displayed on
unit 80-3 (the main gas flow displayer) and that percentage will be disi)laycd as an output
signal from the photomultiplier in terms of volts. This signal can also be transformed to a

percentage of the metal line set point.
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CHAPTER-3
MEASUREMENT TECHNIQUES FOR THIN FILMS

3.1 Talystep Stylus

In stylus instruments, a diamond needle of very small dimensions (e.g. 13 um in tip
radius) is used as the arm of an electromechanical pick-up. The position of the pick-up is
determined by a slider which is pressed on the area surrounding the needle to give the
- mean zero position. The thickness of a film is measured by traversing the stylus over the
edge of the deposit, the thickness being recorded on a pen recorder as the difference in
level between the film and the substrate. The substrate should generally be smooth
compared with the thickness of the deposit. To ensure this, measurements are often
made on a sample specimen deposited on an optically flat substrate, a portion of which is
masked off. Build-up of deposit at the edge of the step is sometimes repeated. A well
known instrument of this type is the Talystep, constructed by Rank Taylor-Hobson,
England, and this is the one used in our Laboratory. The stylus force is adjustable from
1 to 30 mg and vertical magnification from 5000 x to 1000 000 x is possible. Although
the measuring unit is mounted on an anti-vibration platform, the high sensitivity of the

device demands its use on a rigid table standing on a firm floor.

3.2 The Ellipsometer

A plane-polarized light reflected from a film at non-normal incidence assumes elliptical
polarisation. The ratio of minor to major axis of the reflected beam is determined by the
relative phase difference A and azimuth W(Ref. 1). The thickness and refractive index of
transparent films can be determined from the values of A and'¥. The apparatus used was

a Gaertner L117 ellipsometer. This apparatus is shown schematically in (Fig. 1). For

the results given in this work we simply determined the polariser and analyser angles (P;,
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A and P5, Aj) which gave minimum detected light levels, There are 2 minima required;
the first is found in the range 0 <A; <90 and 0<P; <140 and the second is
approximately at Ay = 180 -A; and Py =90 + P;. Aland ¥ are given by (Ref 2).

180- (A2-A;)

Y = 3

and

A=360-(P1 +P2)

The feature of this calculation is that the dependence on A is periodic as shown in Fig. 2
(RefS. 3 and 4), so that the solution is of the form d = d + k x Period, where k is any
positive integer. To obtain a unique value for d a second measurement is required and

this can be obtained from stylus section 3.1 or by optical means as shown below.

3.3 The Spectrophotometer

A scanning spectrophotometer which covered the wavelength range of 170-2600 nm
(model UV-VIS-NIR) was used. The explanation of this technique has been explored in
references 5 and 6. This equipment was used on virtually all the coatings to provide
details of the changing performance of the refiectance, transmittance and absorptance
throughout the visible and near infrared spectrum to compare with changing deposition
parameters.

Simplistcally the optical transmittance T of a metal slab varies with thickness d as:-

T=Tyexp(- d)

where:
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o = Absorption coefficient (Ref. 7)
=4 xk
A

A = Wave length.

k = Extinction coefficient (imaginary part of refractive index).
Assuming that d = R. t. Where R is the deposition rate and t is the deposition time , the
deposition rate R can be found and hence the film thickness, d. For thicker transparent
films the interference effects can also be seen. By measuring the transmittance on the

spectrophotometer the interference maxima or minima occur when (Ref. 8) :

m.A=n.d
where

n = The film refractive index

In order to estimate the film thickness d from this method, several values for lambda
(wave length) at maxima or minima is required. In our measurements 3 transmission
peaks were enough to measure d. However, to find d from top equation m should be
eliminated and the optical thickness nd can be found. From the measurement of n at 633

by the ellipsometer the film thickness can be found

3.4 The Film Resistivity
After measuring the film thickness d from the techniques mentioned above, the film

resistivity (p) can be measured by:

p = d.Rs

where Ry is the film sheet resistance
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By using a four point probe method (Ref. 4,9) Rg can be measured. These 4 probes are

connected by springs which allow them to press against the film. The potential difference
V is read between the inner probes while a known current I flows between the outer pair
of probes and this allows the calculation of the surface resistance and therefore the film

resistivity. Fig. 3 shows a schematic diagram for the four probe system. If the distances

S between the probes are equal i.e 8 = S; = S5 = §4 and S >> film thickness d, the

sheet resistance can be obtained by the following equation:

s”Tn2
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CHAPTER-4
VACUUM CONSIDERATIONS
In this chapter the effect of residual gases (base pressure) on the plasma parameters,
magnetron I-V characteristics and film properties and purity is investigated. In this part of
investigation residual gas analysis (RGA) is used in order to study the base pressure

components and then partial pressures. Coburn and Kay (Ref. 1) observed a number of

ion species (H,O+, H30+,  H*) due to the presence of residual water vapour. In the

presence of a glow discharge, water molecular dissociation could happen (Ref. 2). As a

result ions such as OH-, Ot, O+, O3+ may remain (Ref. 3). The ions present in the
negative glow may reach the growing film with energies of at least a few volts (Ref. 4).
In the case of the unbalanced magnetron, this energy is represented by the substrate
floating potential (Ref. 5). In this investigation a batch bell-jar system is used. Its
dimensions are 50 cm diameter and 60 cm height. It was pumped initially by a 1000 I/min
mechanical pump and later by a diffusion pump. The RGA is connected through a tube

in line with the middle of the vacuum chamber.

4.1 The Effects on Magnetron Potential

The impurities in plasma presented in UM glow discharge are found to effect the
magnetron potential. In order to demonstrate this fact, magnetron potential characteristics
have been studied with pumping time, with and without a nitrogen trap, with air and
water vapour partial pressure as shown in Tables 1 and 2. The results were achieved with
conditions of 1 A magnetron current and 2 mTorr argon pressure. The magnetron target
was titanium, Table 1, column 1, shows that the magnetron voltage drops as the base
pressure reduces with the pumping time. With the use of a liquid nitrogen trap (cryo-coil)

(NT), the base pressure will fall about one order of magnitude for the same pumping
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time. Water arrival rate at the coil is 15 L/sec/cm2, Coil area was 500 cm?2. Considering
the major condensable species as water and the sticking coefficient of 1, a pumping rate
of 7500 L/sec can be achieved, which is larger than that of the diffusion pump by a
factor of 100. The magnetron potential for this case is measured and shown in Table 1,
column 2 to be compared with column 1. The pressure that is reached without using the
NT in one hour can be reached in 20 min by using the NT. At 20 min pumping time the
base pressure is reduced from 5 x 10-3 Torr to 1 x 10-5 Torr using the NT; the
corresponding magnetron potential reduces from 398 V without NT to 378 with NT.
Column 3 in Table 1 shows the effect of the pumping speed on the magnetron potential
and the base pressure with the pumping time. In this case the diffusion pump port was
reduced from 160 mm to 50 mm diameter. As shown in columns 1 and 3, the pumping
speed has a significant effect on the magnetron process. At 20 min pumping time the total
pressure difference between column 1 and 3 was 5 x 10-6 Torr. This small rise in the
pressure, achieved by decreasing the diffusion pump port causes the magnetron potential
to increase from 398 to0 427 V. Also seen from column 3, in order to achieve the same

base pressure of column 1, a Ionger pumping time is required.

To ensure that the voltage drop does not result from target sputter clean during the
experiment, air and water were deliberately leaked to the vacuum chamber through a
needle valve. Table 2 illustrates the magnetron potential and the total base pressure with
different air and water partial pressures. Air admitted to the chamber when the base
pressure was 10-6 Torr, water partial pressure was 4.125 x 108 Torr, and the magnetron
voltage was 330 V. As can be seen from column 1 the magnetron voltage increases with
increasing air partial pressure. If the pressure reached the same value of 20 min pumping
time ( 3 x 10°5 Torr) the magnetron voltage reads 352 V; which is dissimilar to that at 20

min pumping time (398 V). By admitting water to the vacuum chamber the effect
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Table 4-1 The effect of pumping time (base pressure) on magnetron characteristics for:
1)without nitrogen trap, 2) with nitrogen trap and 3) with lower pumping speed

e ko) N
without nitrogen with nitrogen with smaller diff.
trap trap pump port diameter
Pumping | Base Magnetron Base Magnetron| Base Magnetron
Time |Pressure Voltage Pressure Voltage Pressure| Voltage
Min Torr v Torr v Torr v
20 3x 10-5 398 1x10-5 378 3.5x 105 | 427
40 1.8x10°5| 372 4x 10-6 354 2x 10-5 390
60 1x 105 | 360 2.8x 106 348 1.2x 105 375
90 7x 10-6 352 1.8% 10-6 342 8x 106 363
120 5% 106 346 1.6x 106 339 6x 10-6 358
150 4x 106 343 1.5x 10-6 336 48x106] 354
180 3.2x 106 341 1.1x 10-6 335 4x 106 351
240 2.7x 106 335 1x 10-6 334 [3.4x 106 | 347
300 2x 106 330 1x 10-6 333 [2.8x106 | 340




Table 4-2 The effects of air and water partial pressure on magnetron

characteristics.
(1) Air (2) Water
Air Base Magnetron| Water | Base Magnetron
Partial | pressure Voltage Partial |Pressure | Voltage
pressure Pressure
Torr Torr v Torr Torr Vv
9 -6 -8 -6
4x10 1x10 330 4, 12x10 1x10 330
7. 2x10 1. 5x10 330 1. 35x10 1. 5x10'6 333
1. 8x10 P 4x10 334 5. 25x10 4x10 337
1. l7x10 8:!:105 337 1. 17x10 8x10 346
1. 6x10 lxl()5 339 1 6x10 1x 10 353
4.35x10 3x10 352 4.35x10 3x10 394




becomes clearer as shown in Table 2 column 2. By increasing the water partial pressure
to the same level of 20 min pumping time the magnetron voltage will read the same value
as that measured at 3 x 10-5 Torr (see Table 1, column 1 and Table 2, column 2). The
conclusion of this particular work is that the base pressure has a significant effects in
magnetron potential. All the voltage measurements have been taken after 10 minutes
running, because major target sputter cleaning occurs in this time. The titanium target
used in this experiment was sputtered clean and was not exposed to the atmosphere for a
long time. Fig. 1 shows the magnetron voltage with the running time for 1 hour and 8
hour pumping time. As can be seen from this Figure the maximum drop in magnetron
voltage occurs in the first S minutes. This measurement has been taken for target current

1 A. Similar results were seen when 2 A target current was used.

With the use of new targets, especially for materials like aluminium or titanium, the
arcing problems on the magnetron target caused by the oxide layer often happen. A target
sputter clean could take a long time, depending on the surface compounds of that target
and the thickness of the oxide layer. The consideration of base pressure in this case is
very important. By reducing the base pressure less oxygen interaction with the target
material will occur, which in turn depending on the circumstances of target surface, the
sputter clean can be started immediately without any arcing. If the target surface has a
greater oxide covering, reducing the base pressure will at least reduce the oxygen
contamination rate, discouraging arcing on the magnetron. This will help to initiate the

magnetron for sputter cleaning,.

4.2 Plasma Parameters

A planar probe of 1 cm?2 area was used to measure the ion current density at a probe bias
voltage of -100 V and at the floating potential of the substrate. The use of this technique

showed no major effects in the plasma parameters with reducing base pressure, i.e the
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floating potential and the ion currents are almost constant with pumping time. The probe

reading gives a floating potential of 35 V and ion current density of 10.2 mA/cm2, taken

for target current of 1 A and argon pressure of 2 mTorr.

In order to investigate the consequences of residual gases in the presence of the glow
discharge, a special plasma diagnostic is required. The probe used in our experiment is

not sufficiently sensitive to estimate the changes in the plasma parameters, especially in
this range of H,O and O, partial pressure. At this stage the argon ions will dominate the

probe reading especially with 1 cm? probe area.

4.3 Impurity and Film Properties

In diode sputtering, the presence of a residual gas, such as hydrogen (Ref. 4), can
produce a significant change in the sputtering rate, because of the different sputtering
yields, and the changes this causes in the deposition rate. Westwood and Boynton (Ref.
6) reported that the sputtering rate increased by 20% as the hydrogen partial pressure
decreased during prolonged sputtering of tantalum and platinum targets in argon. In
magnetron sputtering there are no significant changes in the sputtering rate of the titanium

target when reducing the base pressure.

In order to investigate the effect of residual gases on film properties, electrical sheet
resistance has been measured for a set of samples. Titanium films were deposited on
glass substrates with a magnetron current of 1 A and an argon pressure of 2 mTorr. Fig.
2 shows film sheet resistance as a function of the pumping time (base pressure) without
using the nitrogen trap, then using the nitrogen trap, and with low pumping rate (pressure
gradient effects). As can be seen from this Figure the major effect appears when the base

pressure is high (at 20 min pumping time). By using the nitrogen trap the film sheet
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Fig.4.2 The effects of the vacuum conditions on theTi film
properties.
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resistance is less affected, because within 20 min pumping time the NT reduces the base
pressure to the same level of one hour pumping time. The advantages of using the NT is
not only to save time, but during deposition much outgassing could take place, resulting
from plasma/wall interaction or from other effects. So, the presence of NT will keep the
pressure at the same level by condensing the water vapour that is released from the wall

(water vapour is the major part of the outgassing).

The self gettering process is very useful for reducing the base pressure, especially for
long process times. We have seen the chamber base pressure reduced from 3 x 103 to

6 x 107 Torr during a one hour TiN deposition .

The gettering processes can be more effective when the sputtering power is increased.
Fig. 3 shows the film resistivity as a function of magnetron current. This Figure
demonstrates that the resistivity reduces as the magnetron power increases and keep

constant after a certain power level.
As can be seen from Fig. 2, the film purity plays a significant role in controlling the film

properties. The film purity can be estimated by calculating the sputter metal to gas arrival

rate ratio,

Purity =——=

where:

Vm = Metal arrival rate
Vg = Incorporation gas atom arrival rate

Vp, can be determined from the sputtering rate of the used target as follows:
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m

Rp
=— A
v i v
where:

p = Density
R = Deposition rate
M = Molecular mass in amu and

Av = Avagadro's number

Vg can be calculated from the HyO and O partial pressures. In this case the arriving gas
atoms may not all be incorporated in the deposited film. Hence this number should be
multiplied by the sticking coefficient of that gas. Then from the kinetic gas theory V, will

have the following formula: (Ref. 7),

Vg=2aP(21tka)‘0-5

where:

o = The sticking coefficient of the ambient gas
P = The partial pressure of the ambient gas in Pa
m = Molecular mass of gas

k = Boltzmann's constant

=1.38x 1023 JJK

T = Absolute gas temperature in Kelvins

The Q, sticking coefficient in many cases is found to be around 0.054 (Ref. 8); in this

reference the Auger depth profile of oxygen was used to estimate the relative oxygen
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Fig 4.3 The effects of magnetron current on film resistivity.

Fig.4.4 The effects of vacuum conditions on the film purity.
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concentration on the aluminium film. By introducing some extra calculation concerning

the experimental parameter they found that (@) = 0.054. For reactive In,O3 sputtering the
oxygen utilisation is found to be around 0.05 as well (Ref. 9). However, the film purity
can be simply calculated as shown in Fig. 4. This curve concems, the data illustrated in

Table 1 column 1 and the film data of Fig. 2 when no nitrogen trap is used. Since the

deposition rate is constant, Vi, will not change, so that, as shown in Fig. 4 the film
purity will be affected only by the base pressure.

By increasing the magnetron power the deposition rate, in turn, will increase. Hence, the
arrival target atoms rate in this time will be higher. If we assume the base pressure is kept
constant in the case of Fig. 3, by repeating the purity calculation the expected result
shows that the film purity will increase as the deposition rate or the magnetron power
increases. That makes the film resistivity decreases with increasing the target current.

This is almost consistence with the work done by Popov et al (Ref. 8). In their

experiment they have demonstrated that O, concentration in a deposited aluminium film

reduces with increasing magnetron power.

In another using a load-lock system, the oxygen incorporation in deposited silicon film

(analysed by Auger system) is shown to be zero (Ref. 10).
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In summary, the salient points of this chapter are that;

1- the chamber pressure has a large influence on the I-V

magnetron characteristics.

2= the chamber pressure plays a significant roll in

( controlling the film impurity level and hence its properties.
y

-~
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CHAPTER-5
SUBSTRATE EFFECTS FROM UNBALANCED MAGNETRON

Ion bombardment is not a general feature of all magnetron sources. The unbalanced
magnetron has been intentionally designed to provide an ion bombardment of the
growing film (Refs. 1-3). This chapter will concern the unbalanced magnetron design,
performance in terms of ion and electron bombardments at the substrate and the heat load
delivered to the substrate compared with that of an I-V plasma curve. The measurements
concentrate on the bombarding properties of magnetrons important for thin film growth;
namely the ion current on the substrate and the self-bias voltage acquired by a floating
substrate. The radial distribution and pressure dependence and oxygen usage at a typical
source to the substrate distance are also explained. Finally the use of this magnetron to

deposit TiN and ITO are studied.

5.1 Unbalanced Magnetron Design and 1.V Characteristic

The unbalanced dc magnetron of 80 mm diameter chosen for our studies is shown, with
its magnetic configuration and probe circuit in Fig 1. The unbalanced magnetic field
configuration is made by adding an extra fringing field to the usual magnetron trap or
tunnel. The simple way to achieve the unbalanced design is to place significantly more
magnet poles on the outer magnetic ring than in the centre. The motion of the secondary
electrons in the unbalanced magnetron field is more complex than in the balanced
situation. The electrons are trapped initially by the magnetron tunnel, and move back and
forward along field lines while drifting around the track. Within the sheath, there will be
the ExB drift, and out in the body of the plasma, where the electric field will be small,
there will be both grad B and curvature drift components. After suffering many ionising
collisions, the secondary electrons will leave the primary magnetron trap, to enter the

fringing field
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Fig.5.1 Lay out for the used unbalanced magnetron.
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region. Although the field in this region is small, perhaps only 30-50 Gauss, the
electrons have little energy, typically 50 eV, so such fields are sufficient to prevent the
electrons moving across the field lines to the chamber walls or the anode. The field
configuration is a magnetic bottle, with an electrostatic reflector (the cathode) at one end.
To leave the trap, the electrons have to move towards the substrate.To maintain electrical
neutrality in the conducting plasma, the ions move with the electrons towards the

substrate.

Unbalanced magnetron can be also identified by a stream of visible plasma following the
magnetic bottle shape from the target to the substrate. This enhanced emission could be of
interest in optical rate control technology, as the sputtered atom flux can be more readily

measured at the substrate.

5.1.1 I-V Magnetron Characteristics

By using an MDX magnetron drive, there are three options for setting the magnetron
power. These are, voltage, current and power. By fixing the magnetron current constant,
the voltage will be an available parameter. Hence, by controlling the magnetron at a
constant pressure, the I-V characteristic for this magnetron can be determined. The
relations are shown in Fig. 2. Cufrcnt-voltage relationship in a magnetron has been

empirically found to be (Ref. 4):
I=Kvn

where k is a constant and the exponent n is in the range of 1 to 15. The constant k and the
exponent are dependent on the type of magnetron used, the cathode, and the gas species
and pressure. Other effects can be seen as a result of thermalization of the sputtered

atoms. In general, there is a decrease in the sputtered atom energy as a result of either
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increasing pressure or cathode-to-substrate distance. During this process, however,
significant amounts of thermal energy are transferred to the gas atoms, and their
temperature can rise significantly (Refs. 5,6). As a result, the local density near the
cathode can decrease. The effect is strongly dependent on the thermal conductivity of the
gas, the sputter yield of the target, and the applied discharge power. The local reduction
in gas density near the cathode has a number of significant implications for the plasma, as
well as the deposition process. Ions in the plasma are created by ionization of the
background gas. Reducing the local gas density by sputtered atom heating results in a
more resistive plasma. This effect has shown to be dominant in setting the current-voltage

relationship of the magnetron (Ref. 7).

In our experiments, the magnetron characteristics have been measured for different target
materials, such as Cu, Al and Ti. The results are shown in Fig. 3. The higher the target
sputter yield, the more magnetron voltage can be reached. This agrees with that
determined by Rossnagel and Kaufman (Ref. 7). The magnitude of sputtered atom
heating, therefore, plays the major role in determining the effective impedance of the
plasma. Hence, the I-V magnetron properties can be strongly altered by changing the
cathode material or the gas species. The latter has not been investigated in our
experiment, we have used only argon as a working gas. In general, the I-V relation has a
higher exponent n in cases where the gas rarefaction effect is weakest. This would occur
for cases of low sputter yield (Ti, Al). The exponent n is smallest for cases of high
sputter yield (Cu). The rarefaction of gas near the magnetron cathode has other effects.
The emission of light from the plasma becomes nonlinear at high discharge currents,

primarily because of the depletion of gas species (Ref. 8).
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Fig.5.3
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5.2 Magnetron Efficiency

Sputtering is a low temperature process. In fact, heating of the target, even if localised,
can lead to evaporation of material, which is a totally different process and generally
unwelcome. In order to keep the target cool, the heat generated by the discharge must be
removed by water circulation. The energy dissipation of the target (Fig. 1) into the
cooling water, the substrate and the plasma, was measured for a 2.2 A discharge current
(Ref. 9). Platinum resistance temperature detectors were used to measure the heat losses
into the cooling water; they were placed in the inlet and the outlet water pipes of the
magnetron. Foﬁr—wire sensor operation was used to obtain maximum accuracy. Vacuum
operation prevents any significant losses either by convection, so the energy that went
into the cooling water can be calculated. The amount of heat that will be removed from

the sputtered target can be calculated by the following equation:

Q=FcpAT

where:

p = Water density
F = Water flow rate
AT = The increase of water temperature
¢ =The specific heat of water
By measuring the water flow rate and the temperature difference the removed heat can be

calculated. It was equal to 82% L.V i.e.
Q=0821LV
where:
I = Magnetron current in A

V = Magnetron voltage in V

By using glass substrates the total sputtered mass was measured; hence the total heat due
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to condensation of atoms was calculated, and equalled 20% of the substrate heat. By
using a movable planar probe the total energy delivered to the substrate was measured by
integrating over the whole area in front of the target. The total energy that went into the
substrate, including the heat of condensation, was 3% of that supplied. The rest of the
energy was assumed to go into heating the plasma. The maximum power at which any

magnetron can be operated depends on the efficiency of its cooling system.

5.3 Ion Current and Floating Potential

A simple planar probe of 1 cm? area has been used to measure substrate effects. This was
used with coaxial shields at the probe edges connected to the probe potential, to reduce
the edge effects (see Fig. 1). The probe was positioned on the centre-line of the target,
where the dense beam of plasma is created, at a distance of 70-80 mm from its surface.
Ion current density and substrate self-bias voltage have been measured for different argon
pressure and for different magnetron current. These are demonstrated in Figures 4,5 and
6. Generally, the ion current increases with increasing magnetron current and with
decreasing argon pressure. The floating potential increases as the argon pressure

decreases, whilst almost keeping constant with the magnetron current.

The self-bias voltage is important in thin film deposition because it gives the potential
reached by an insulating substrate. The growing film will then be bombarded with ions of
energy equal to their charge times the voltage difference between the self-bias potential
and the plasma potential, and by an equal flux of electron. From I-V plasma
characteristics, the plasma potential was found to be close to ground potential. If there is
no sputtered particle-gas ion collision near to the substrate surface, the floating potential
will represent almost the incoming ion energy. This assumption is experimentally
confirmined in the next section. From the magnetron I-V characteristics, the operating

voltage for target and gas combinations is affected slightly by increasing the cathode
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Fig.5.4 Argon pressure effects on the ion current density
( magnetron current 500 md ).
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Fig.5.5
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Fig.5.6 Substrate self-bias measured with different magnetron
currents and argon pressures,
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current. Thus the energy of the secondary electrons entering the plasma is approximately
constant. In this case, as observed thc floating potential will be fairly constant or
unaffected by increasing the magnetron current. As the pressure decreases, a longer
electron mean free-path will be obtained and less elastic scattering will take place.
Therefore higher energy electrons will arrive at the substrate and in turn the substrate
self-bias voltage will increase (Figs. 4 and 6). Ion current measurements yield different
observations as the pressure decreases, the probability of ionization in the plasma
decreases, as does recombination and charge exchange. The probe ion current will
increase for a constant magnetron current (Figs. 4 and 5). This situation is different if

thermionic cathode (hot filament) is used as will be shown in chapters 8 and 9.

54 Heat Load Measurement

The understanding of the various components of the cathode heat flux can also provide
further understanding of the film growth environment, and for this purpose the combined
heat-flux and probe current characteristics are useful (Ref. 9). For such investigations a
calorimeter probe has been widely used in thin film processing (Refs. 10-12) and in
many plasma reactors (Refs. 13,14), In the latter case it is used as a technique to
determine the ion energy in the plasma (Ref. 15). Under steady state process conditions,
energy is put into the substrate from plasma-surface interactions involving etching,
deposition, recombination of radicals, electron and ion bombardment, and kinetic energy

of fast neutral gas atoms.

In our experiments, the same probe described in the previous section is used. This probe
was of low thermal capacity, made of stainless steel, and was used to record the initial
rate of change temperature through a thermocouple welded to its back surface, from
which the absorbed power density could be calculated. The power flow to the probe is

approximately given by:
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where:

m = The total mass

cp = The probe specific heat capacity
By measuring the temperature history, then, P can be calculated. Fig. 7 shows the current
flow to the probe as a function of negative bias, with the magnetron operating at 3 mTorr
argon pressure with a target current of 500 mA. also shown is the heat loading resulting
from the bombardment. The initial rate of the temperature rise was measured, rather than
using the equilibrium temperature, in order to eliminate the complications of energy
exchange by thermal radiation (Ref. 16). At zero net current to the probe the ion current
will be approximately that which is measured at -100 V bias, and the electron current will
be equal to it, so that from the current shown in Fig. 7 we have estimated the ion
bombardment of the substrate, and the heat load at self-bias which was -27 V. These
were 3.5 mA/cm? and 100 mW/cm? respectively. As shown in Fig. 7, the measured rate
of energy dissipation in the substrate increases with increasing negative bias voltage, and
this power is smaller than the calculated power from the I-V current (I x V). This can be
attributed to the dynamics of the sputtered particle-gas ion collision near to the substrate
surface which dissipate their energy close to the substrate. It was, however, sufficiently
close (75%) for the adoption of a simple model in which the majority of ions are
accelerated through the floating potential to collide with the substrate, their number bciné

indicated by the saturated ion current.
For different argon pressures, the floating potential and the heat load to the substrate have

been measured, and are shown in Figs. 8 and 9 respectively. The heat load is closely

related to the ion energy (floating potential). As the argon pressure decreases, the ion
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Fig.5.7 Comparison of voltage multiplied by current with the
measured power (target current 500mA}.
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Fig.5.8 Pressure effects on the floating potential at constant
target current (500 ma).

Fig.5.9 Pressure effects on the power delivered to the substrate
at constant target current (500 ma}.
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current and floating potential will increase. Consequently more heat will be delivered to
the substrate. Several mean free paths are necessary to thermalize a sputtered atom. In
this case, this would be about 3 mTorr in a magnetron system with a source-to-substrate

distance of 70 mm. Below this pressure the radiation creates damage in the film.

When using oxygen as a reactive gas, the magnetron performance of floating potential
and ion bombardment to the substrate is increased. Consequently, the heat load is seen to
increase. In the presence of oxygen, electron impact dissociation accompanied by
negative ion formation will take place. .  Jhas and otheh processed lesd & fo

éhanjes fn Plafrna Prrarn aters o\osu»'q/.

5.5 Radial Distribution of Plasma and Film Deposition

The distribution of heat load and deposition rate for this magnetron was measured as a
function of radial distance from the centre of the magnetron at a distance of 70 mm from
the target face, as shown in Fig. 10. For this measurement it was estimated that the
effective area of this unbalanced magnetron beam is approximately a 40 mm diameter
circle at 70 mm distance from the target face. This gives a uniformity of ion current

bombardment of ¥ 10%.

The beam distribution on the substrate is 2 major problem when using the unbalanced
magnetron, especially for a stationary substrate. In the case of a moving substrate the
uniformity on the coated substrate can be excellent (Refs. 17,18). For stationary
substrates with circular magnetrons (Fig. 1). Many techniques can be used in order to
optimise the beam uniformity in the substrate. The modification of the magnetic field by
changing the outer and inner pole srength can help to give a better shape (Ref. 19). The
beam distribution compensates for this deficiency by decreasing the beam performance.

Other techniques can be used such as scanning the plasma beam over the substrate, or by
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Fig.5.10 Heat load and deposition rate distribution
radial distance from plasma centre bean
pressure 3 mTorr and target current 500 mA.

with the
at Argon

°-3°’1 B H.load(w cm=2)
O D.Rate(nM/Sec)
0.25
0.20
o
c
2
‘n
Q
£ 0.157
(]
3
©
o
3
54
0.10
0.05-
1
1 n ! 12 14
0.00 12 L 6 3 10
0

disicnce(cm)



scanning the substrate around the beam. This technique, of course, will add

complexityto the system.

The electron energy in such a process ranges between 2 and 30 eV; we observe that with
magnets behind the substrate, the plasma can be formed to the same shape as the
magnetic field configuration. Fig. 11 demonstrates this fact. By using an unbalanced
magnetron facing the main one, the plasma will take the same shape of magnetic field

configuration (Fig. 11).

5.6 Auxiliary Magnets Effects

To suppress the negative effects of the plasma on growing films it is necessary either to
prevent energetic particles from the plasma from interaction with the film, or to
completely separate the substrate from the active plasma (Ref. 20). Many investigations
have been made to control the plasma parameters and film properties by using auxiliary
magnets installed behind the substrate (Refs. 9,21-23). Magnetic bias has been used to
increase or decrease the surface bombardment during film deposition. In our work an
electromagnetic coil has been used to study the influence of the magnetic bias on the
plasma extending from the magnetron (see Fig. 1). The coil has been constructed using
No 24 SWG of 1 mm diameter with more than one thousand turns around a copper tube
and with an outer diameter of the same size as the magnetron. The desired magnetic field
strength can be achieved easily by adjusting the coil current, and either opposing or
aiding magnetic field attained by reversing the polarity of the dc power supply. All the
measurements have been taken as a function of the coil current. The field strength in
gauss is reached by multiplying the current by a factor of 208. Normally, the magnetic
strength at the probe with no current across the coil was about 40 gauss. The probe and

the coil were installed at distances of 70 mm and 90 mm from the target face respectively.
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Fig.5.11 A photograph shows the plasma shape for face to face
magnetrons




Fig.5.12 A ‘'schematic diagram of the effects of a magnetic field
generator being placed behind the substrate (ref. 22).

R

pposing
Substrate = ' magnef
No auxiliary
— magnet
Aiding

magnef



Fig.5.13 A photograph show the plasma shape for a) opposing
magnet, b) no magnet and c) with aiding magnet.







When using an unbalanced magnetron the plasma-substrate interaction is the dominant
mechanism increasing substrate temperature. Our calculations show that only 3% of input
power reaches the substrate, compared with d.c. diode sputtering where 40% of the input
power was expended at the anode and the remainder at the cathode (Ref. 16). The
substrate temperatures in this case ultimately depend upon the secondary electron
emission from the cathode. However, the case of diode sputtering is rather different from
magnetron sputtering because of the magnetic field used. To vary such effects as
required, D. B. Fraser et al (Ref. 22) studied the influence of the auxiliary magnet on the
glow extending from beneath a sputter gun into the chamber. A cylindrical magnet placed
beneath the substrate, whose axis coincided with that of the sputter gun was used in tests
to create an aiding or opposing field. When an magnet opposing the magnetron was used,
the plasma was dispersed. With an aiding auxiliary magnet, the plasma became confined,

resembling a column (Fig. 12).

In our case an electromagnet coil was used. Using this method, the unbalanced
magnetron performance at the substrate can be easily controlled. Fig 13 shows

photographs taken of the plasma for the three cases illustrated in Fig. 12.

5.6.1 Controlling the Unbalanced Magnetron Performance

With reference to the photographs of Fig. 12, the substrate heat load, floating potential
and ion current have been measured. The magnetron was operated in the standard
conditions of 500 mA current at 3 mTorr of argon pressure with different target materials.
The results are illustrated in Figs. 14,15 and 16. Figures 14 and 15 show the floating
potential and ion current for the case of the auxiliary magnet (coil) in aiding mode, where
the magnetron outer pole and the coil have different polarity. It can clearly be seen that
such a device can increase both the intensity of the ion bombardment and the energy of

ions. This bombardment will depend on the type of material being sputtered, which in
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Fig.5.14 The effects of the additional magnetic field and the

type of the material being sputtered on the ion current
density at the substrate.
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Fig.5.15 The effects of the additional magnetic field and the

type of the material being sputtered on the floating
potential of the substrate.
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Fig.5.16 The effects of the opposing magnet on the delivered
heat load and the substrate self-bias.
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turn affects the operating potential of the magnetron. Fig. 16 shows the floating potential
and the heat load for the titanium target as a function of coil current, when using the
auxiliary magnet in opposing mode. With the use of a coil in opposing mode, the plasma
can be moved backward or forward only by increasing or decreasing the coil current.
Hence, this method allows us to control the substrate plasma environment and

consequently modify optical and electrical film properties.

5.7 Applications

5.7.1 Titanium Oxide (TiO,)

In the last decade the deposition of compound films by means of high rate reactive d.c
sputtering of metal targets in an argon-reactive gas mixture has been widely investigated
(for TiO, see Ref. 24). Howson et al have investigated the properties of TiO, by reactive
ion plating (Ref. 25), followed by reactive magnetron sputtering (Refs. 26,27). The
result of reactive magnetron processes are shown in Fig. 17. This Figure shows an
optical properties of TiOy; the refractive index at 633 nm for the different floating

potentials. This result has been achieved under controlled conditions of PEM with 0.3
mTorr oxygen partial pressure, usiﬁg the electromagnetron system. PEM is used in order
to provide a high deposition rate of the component and better quality film by controlling
the reactive gas partial pressure within the transition region. Thus, PEM is used to
suppress the resulting hysteresis where the target uncontrollably switches between metal

and reactive modes.

In our investigations a rectangular magnetron has been used. Single layer of TiO, films

were made using this system in an atmosphere of Ar-O, mixture. In order to maintain the

process in the transition region, the oxygen partial pressure was controlled by a closed
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Fig.5.17 The refractive index at 633nm for different floating
potential (Ref. 27).!
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feedback loop controller. The pressure signal was used as the input signal. This
experiment utilised the load-lock, which provided a rapid turnaround of samples without
disturbing the discharge or pumping the vacuum system out each deposition time. The
chamber used was 0.65 x 0.45 x 0.6 m3 , pumped through a 150 mm diameter orifice.
The chamber was initially puaped by a rotary pump and later by a diffusion pump,

giving an ultimate chamber pressure of less than 106 Torr.

By changing the magnetron from balanced to unbalanced mode the refractive index of

TiO, increased from 2.41 to 2.54, measured at 633 nm. Magnetron power was 1 KW,

argon pressure was 3 mTorr and oxygen partial pressure was 0.35 mTorr. The
improvement in film refractive index and the film appearance is due to the ion
bombardment of the growing film caused by increasing the activation energy and the

adatom mobility at the substrate.

5.7.2 Titanium Nitride (TiN)

5.7.2.1 The Load Lock System

TiN coatings are extensively used in industry because of their wear and corrosion
resistance, as well as their golden colour. such coatings have been made by sputtering
(Refs. 28-32), ion plating (Ref. 33), activated reactive evaporation (Ref. 34), chemical
vapour deposition (Ref. 35), plasma enhanced chemical vapour deposition (Ref. 36) and
arc evaporation (Ref. 37). These coatings are used as decorative and protective agents for
watch bezels, watch straps (Ref. 38), pen barrels, decorative trim, and jewellry. They
are used as diffusion barrier layers for electronic applications (Ref. 39) and are further
used in wear/corrosion applications such as tool bit coatings (Ref. 40).

The electrical properties of TiN characterised by high conductivity attracted large scale

investigation for its application in IC technology (Refs. 31,41,42). Recently the optical



properties of TiN have been widely investigated in order to investigate the possibility of
using it as a heat mirror. The ihclusion of TiN with other materials and multilayers as a
heat reflecting surface in a solar control system or low-emmisivity energy conservation
system necessitate very well controlled films with characterised stoichiometry that could

compete with noble metals (Refs. 43,44).

TiN films were produced onto glass substrate using the UM and the load-lock system,
where an air to air mechanism is implemented. The differentially pumped load lock is
evacuated to approximately 1 mTorr before the gate valve is opened, to allow access to
the deposition chamber. Following the opening of the valve, the loading arm is pushed
forward, so that the substrate locates 70 mm along the normal from the magnetron target,
After deposition is completed the substrate can be removed from the chamber, the gate
valve closed and the load lock vented whilst still maintaining the full base pressure of the

deposition chamber.

In order to control the nitrogen partial pressure, the pressure signal was used as an input
signal to an electronic system. The investigation has been made with different magnetron
power, argon pressure and exposure time. It is well known that the electrical resistivity of
thin films is very sensitive to composition, vacancies, grain size, porosity and film stress.
We thus use four-probe measurements of resistivity to assess film quality. The ensuing
results are shown in Figs. 18,19 and 20. Fig. 18 displays the effect of magnetron power
on the film properties. The film resistivity decreases with increasing magnetron power.
That may be attributed to less contamination with increasing power. A. Mumtaz and W,
Class specified TiN colour by Auger analysis and found that the brightest film had the

lowest oxygen content incorporation (Ref. 45). The use of PEM with an air to air system

gives results showing that the O, content in the plasma reduces as the power increases.
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Fig.5.18 The effects of the magnetron power in the film
resistivity, deposition rate and nitrogen consumption.
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Fig. 19 shows film resistivity with argon pressure. The film resistivity increases as the
prcssufc increases. The film appearance deteriorates as the pressure increases. Deposition
under such conditions showed characteristic porous, fibrous, columnar growth (Ref. 46)
and the film has large voids. By decreasing the working gas pressure, longer mean free
path and higher energies will be achieved and less gas atom capture in the film will occur.
Fig. 20 shows the film resistivity with exposure time. If the film thickness increases its
electrical properties will improve. This happened for the case of TiN and may be
attributed to an increase in the concentration of carriers. No specific investigation has

carried out for this case.

TiN films obtained using the ion plating process possess a colour that is greener than the
standard yellow gold. In contrast, sputtered films are slightly brown in appearance giving
more redness in the film (this is seen for films produced with 1 KW, containing no
stress). This has been attributed to columnar microstructure and to the slightly over
nitrided films typically obtained from sputtering (Ref. 47). Films produced with high
power and low pressure tend to be yellow/gold in appearance, but not as deep as the
colour of films produced by an arc evaporation source. The colour of the nitrides and
their metallic lustre is due to electron transitions in the energy band. It is these electrons
which, on relaxation, emit the yellow light and their number is a measure of brightness
(Ref. 45). Savvides and Window (Ref. 3) showed that TiN properties are improved by
heating the substrate up to 500 centigrade with bias voltage around 50 V. Film stress was
found to increase with increasing ion energy (bias voltage). They demonstrated that films
deposited at temperature around 300 C° were observed to spall either during deposition or
soon after removal from the vacuum. Our TiN films deposited on room temperature glass
substrates had distinctive stress which we have not quantified. As soon as removal of the
sample from the chamber is complete, the film resistivity is measured. This allowed

production of thin films upto around 100 nm thick because as the thickness increases the
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Fig.5.20 Variation in resistivity with increased exposure time.
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high stress results in complete adhesion failure. To achieve stabilised and good

properties of TiN film, heating the substrate during deposition is required.

5.7.2.2 Getter Box System

A getter box system has been set up in our laboratory. The results obtained above have
been compared with this getter box system which has been investigated with R. A.
Swady (Ref. 44). The system used here has a two stage rotary pump and roots blower
with a polycold meissner trap to remove water vapour. The vacuum pressure can be
obtained after pumping out the system for 10 minutes is 3 x 10-5 Torr. A closed getter
box within this system was designed to allow the sputtering process to take place in a
confined place. This getter box is described in detail by R. P. Howson et al (Ref. 48).
The argon gas is leaked from outside the getter box through a small conductance, while
the reactive gas (nitrogen) flows through manifold placed between the magnetron and the
substrate. The box had a sliding lid to allow sputtc.r cleaning on a sacrificed surface. This
lid can be moved to bring the substrate to the deposition zone without opening it. For
controlling the reactive gas flow PEM was used (Ref. 49). The emission of titanium line

is used as a feed back signal rather than the pressure signal.

The advantages of using the getter box is seen from the Al film reflection. Al optical
performance is improved when a getter box was used (Ref. 48). This system is used for
high rate reactive sputtering of TiO,/TiN/TiO; solar control films as well (Ref. 43,44).
Reactive deposition of TiN using the getter box system has also been done for both
balanced and unbalanced magnetron (Refs. 44,50-52). A balanced rectangular magnetron
of dimensions 250 mm x 100 mm x 3 mm was used as a titanium sputtering source. A
glass substrate was used, and the target-substrate distance was 75 mm. To produce a TiN

film an argon-nitrogen gas mixture was used. In this experiment the argon pressure was
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Fig.5.21 Nitrogen consumption versus Ti line Set point for two
magnetron currents,
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Fig 5.22 Effects of variation in nitrogen flow on film
resistivity.
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fixed to 5 mTorr. Fig. 21 shows the relationship between nitrogen flow rate and Ti line

set point at wave length of 451 nm with magnetron current 3 and 4 Amperes-. Fig. 22

shows the films' resistivities as a function of N, flow rate. As can be seen from Fig. 21,

the N5 flow rate increases with increasing Ti line set point until the maximum flow is
reached; this region represents the formation of optimum TiN films, electrically and
optically (Fig. 22). If the Ti line increases further the flow drops rapidly, revealing a high
incorporation of titanium to the full percentage, which indicates that pure titanium has
been deposited (at zero nirogen flow). One interesting observation that can be made from
these results is that the formation of optimum TiN occurs when the consumption of
nitrogen gas within the system is a maximum. This fact can not be seen when manual or

pressure signal control is used as in the previous section. By using the pressure signal

rather than PEM, N flow represents continuous increase with increasing pressure signal

(input signal). Due to using a small volume (getter box) within the vacuum chamber the
admitted nitrogen is assumed to be consumed totally by the film. This does in fact occur,

because throughout all the process steps the total chamber pressure was constant. For the

case of using the load-lock system when a large volume is used, the increase in the Ny

partial pressure with increasing the flow rate indicates an excess amount that has to be

pumped by the system.

As can also be seen from Figs. 21 and 22a higher N, consumption is needed, with larger
currents due to the higher sputtering rate which in turn requires a higher flow in the
reactive process to form a compound of TiN. Fig. 23 shows the specification of TiN
colours with Ti line set point at magnetron current 4 A. As shown at flow rates of 4.2 and
4.4 sccm a gold colour is formed. The use of ion bombardment, arising from the use of

an unbalanced magnetron, was demonstrated to give films of improved properties. The
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Fig.5.23 Specification of colours with Ti line set point for
opagque TiN films at magnetron current 4 A,
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Fig.5.24 The behaviour of TiN resistivity with the nitrogen
flow by using PEM and getter box system.
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influence of the ion bombardment is to give films of lower ultimate electrical resistivity,
lower than that of titanium metal. The partial pressure of nitrogen at which this is
obtained is taken as that which gives stoichiometric TiN. The decrease in the resistivity
obtained with ion bombardment is attributed to the increased density, which can be seen
in cross section by SEM. The ensuing results are shown in Fig. 24, The results achieved

using the getter box system and an unbalanced magnetron are summarised in two points:

1- electrical resistivity as low as 1.7 Q um

2- refractive index as low as 1.4

The load lock system with the unbalanced magnetron gave these results: _
1- Minimum electrical resistivity as low as 0.8 £ um

2- Refractive index as low as 1.16

5.7.3 Indium-Tin Oxide (ITO)

Transparent conductive films have been used widely as window electrodes of solar cells,
infrared reflective films or to prevent moisture condensation on window glasses. In
recent years, thin and light weight display devices such as liquid crystal displays (LCD),
electroluminescent displays (ELD) and electrochromic displays (ECD) are replacing
traditional CRTs. These flat panel displays often use ITO films as the display electrode.
ITO films are prepared by various methods including chemical vapour deposition (CVD),
evaporation (Ref. 53), activated reactive evaporation (ARE) (Ref. 54), rf sputtering (Ref.
55), rf magnetron sputtering (Ref. 56) and dc magnetron sputtering (Refs. 52,57). The
latter is widely used for making ITO film for LCDS (Ref. 58) because this method is
superior in its controllability, and the films obtained show good uniformity thickness

over a wide area on large size substrates.

In our laboratory within the last few years a series of investigations in depositing In;O4 ,
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Fig.5.25 Variation in oxygen flow rate in ITO sheet: resistance
and magnetron potential.
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ITO and ZnO:In onto glass or flexible roll coating polymer substrate have been made
(Refs. 59-62). The use of unbalanced magnctrdn to produce ITO on glass substrate has
been investigated. This particular investigations have been made to be compared with ITO
prepared at low magnetron voltages (see chapters 8 and 9). In this experiment, again the
load-lock system is used. Oxygen flow rate was controlled with a piezovalve through a
pressure feed back signal in order to maintain the stability in the stoichiometric region,
where the conducting transmitting oxide film is formed. Using conditions of 0.5 KW
magnetron power, 3 mTorr argon pressure and chamber base pressure of 3 x 105 Torr ,
a set of samples with different oxygen partial pressure was made. Fig. 25 shows the film
sheet resistance and the magnetron potential for different oxygen flow rates. If the film

thickness was known the film resistivity can be measured, but is found to take the same

behaviour of the sheet resistance. The O, partial pressure is seen to increase
approximately with increasing the oxygen flow rate. At the stoichiometric point a film

resistivity of 4.4 ¥ 0.4 x 104 Q cm and refractive index of 2 ¥ 0.2 was determined.

By using an extra magnet fastened behind the substrate, the unbalanced magnetron
performance at the substrate can be increased. By doing so, the properties of ITO
deposited films show no improvement. The interesting factor that is seen from this part of
experiment is that the oxygen consumption reduces for higher energy and more intense
ion bombardment. This is shown in Fig. 26. This happens due to the higher reactivity at
the substrate when more plasma is leaked towards it. It was concluded that the surface
bombardment increased the sticking coefficient or alternately, re-sputtering occurred. The

deposition rate remained approximately the same for both cases.

RF biases to the substrate had not given any improvement in film electrical properties

(Ref. 63). By heating the substrate during deposition and reducing the sputtering
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Fig.5.26 ITO resistivity versus oxygen partial pressure for two
different floating potential.
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Fig.5.27 Oxygen consumption calculated by subtracting the flow
without the process from the flow to the pumps and
process.
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potential the resistivity has been reduced to 1 x 10-4 Q cm (Ref. 64). However ITO

deposition contaminated by iron from the magnetron outer pole reduces the film

resistivity from 4 x 104 Q ¢m to 2.5 x 10-4 Q cm with little absorption in the blue region

(Ref. 65).

By using the In line set point as an input signal to control the oxygen flow rate the same
result was achieved. However, the excess O, flow to the ITO film was quantified by
subtracting the O, flow rate to the pumps alone from the flow rate to the pumps and

process. This is shown in Fig. 27. Here, the O, flow rate usually takes a maximum at or

near the optimum film composition. This agrees with the results obtained by using PEM
in a closed volume (getter box) as demonstrated in section 4.7.2.2. This is attributed to

all the reactive gas flow going into the deposited film when the getter box is used.
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In summary, the plasma produced by the unbalanced magnetron
and its effects on the substrate in terms of ion bombardment

has been investigated here.

The use of the unbalanced magnetron in the deposition of TiN

result in improved optical and electrical properties.

The use of the unbalanced magnetron in TiO2 deposition leads

to an increase in its refractive index to 2.54.

It has been shown that the unbalanced magnetron does yield an
increase in the reactivity at the substrate which decreases

considerably the oxygen partial pressure required.
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CHAPTER-6

A COMPARISON BETWEEN AN ARC EVAPORATION SOURCE AND
AN UNBALANCED MAGNETRON SPUTTERING SOURCE

Physical vapour deposition such.as vacuum evaporation , sputtering and ion plating is a
process extensively used for depositing many different coatings onto a wide range of
substrate materials. Over the last decade coating technologies based on these techniques
have found widespread industrial applications. In spite of this fact, comparison of these
techniques, their possibilities, advantages and limitations including the properties of the
film created still remains an open physical problem and a question widely discussed by

users.

Recently, literature has appeared explaining the different features between the cathodic arc
evaporation systems and magnetron sputtering system. Comparison of typical parameters
for these two techniques is given by J. Musil et al (Refs. 1,2). Influence of the nitrogen
partial pressure on the composition and colour of TiN coatings have also been compared
(Ref. 3). A comparison between the performance of an arc evaporation source with ion

selection and an unbalanced magnetron sputtering source have also been done (Ref. 4).
The film thickness distribution at large target-substrate distance and the film surface

morphology and structure have also been compared for a dual purpose cathodic

arc/magnetron sputtering system (Ref. 5).
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6.1 Arc Evaporation Source

An arc evaporation source has been built in our laboratory. The unbalanced magnetrEm
has many of the feature of arc source. A comparison of the unbalanced magnetron
performance with that of the arc source has been made. The cathodic arc deposition
(CAD) method employs a vacuum arc to generate vapour emission from a target, which is
the cathode in an arc discharge circuit. Material is eroded from the target in several forms,
those of greatest interest being ions and microdroplets. Ions of the target material are the
species of primary importance in the film deposition. ionised vapour of the target material

is deposited onto the substrate.

The CAD method is characterised by the following (Ref. 6):
1- The very high percentage of the emited vapour that is ionised 30-100%
2- The emission of ions that are multiply charged; and

3- The high kinetic energy of the emitted ions, 10-100 eV

These characteristics yield the following benefits in coating quality and process control:

1- High film adhesion and density

2- High deposition rates with good uniformity

3- High-quality, stoichiometric coatings over a wide range of processing conditions.

4- Low substrate temperatures during deposition, and

5. Retention of alloy composition from target to deposited film.

The major disadvantage of the CAD source is that in addition to the desired vapour, it
produces droplets of material being evaporated, typically of the order of micrometers,

which can degrade the coating quality and surface finish.

Magnetic assisted arc evaporation has been used in order to reduce droplet formation, by

increasing the cathode spot velocity (Ref. 5). It is also used to bend the arc plasma
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Fig.6.1 The arc evaporation apparatus.
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around a comer in order to filter the ions from the droplets (Ref. 7). This second
technique led to a lower deposition rate and poor uniformity over a large area. Fig. 1
illustrates the CAD system used for the work presented here. An arc source was created
which had magnetic stabilisation of the arc on the surface of the electrode and a solenoid
to divert and direct the plasma created around the surface of the target onto the substrate
and growing film surface. Less conventionally it was operated in a similar partial
pressure of argon to that of the magnetron and had a hot filament and anode arrangement
to create additional plasma around the target surface. This was operated at around 35
volts and a current of 3 Amps. It was hoped that such an arrangement would allow
simple ignition of the arc and provide stabilisation of its operation as well as providing
plasma for direction to the substrate surface (see Fig. 1). It did not provide consistent
initiation of the arc and mechanical starter had to be used. The plasma beam that was
directed along the axis of the solenoid, when the arc was operated at 95 Amps and 10
volts, resulted in the deposition of a thin film of the target material even though there was
no direct line of sight, indicating a high proportion of ionised species in the evaporating

material,

By using the technique shown in Fig. 2, the ionised sputtered material created by an
unbalanced magnetron source was investigated. Bending the plasma, with an external
magnetic field, to be incident on a substrate out of the direct line of sight of the target
surface leads to a great reduction in the deposition rate, indicating that this plasma does

not contain a large concentration of ionised sputtered material.

6.2 Plasma Properties
The same probe was used in order to investigate the plasma properties of cathodic arc
system. A probe placed in the substrate position was used to give I-V characteristics and

hence to give a value of the floating potential and saturated currents flowing to the film
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Fig.6.2 Lay out of the unbalanced magnetron with bent plasma
for metal ions investigations.
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Fig.6.3 The I-V characteristics
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surface. These results are shown in Fig. 3. In the arc source, the floating potential has a
value between 2 and 20 volts, and an ion current between 40 and 80 mA/cm?2, This did
not change when the filament generated plasma was switched off and might be expected
to consist almost entirely of ions of the evaporated material. The unbalanced magnetron
plasma could give up to 100 mA/cm? ion current and floating potential up to 70 V without

using oxygen or up to 100 V with oxygen (see chapters 5 and 7).

The arc evaporation process was not affected by the admission of a reactive gas and

reactive processes could be undertaken with little additional problems.

6.3 Reactive Processes

6.3.1 Gas Flow Control

Commonly the admission of the reactive gas in a reactive sputtering process is done
through control of the flow with a simple mechanical vz-ﬂve or an electronic feedback
device which can indicate the magnitude of the flow. In high rate reactive sputtering with
a planar magnetron conditions are often created where the process is unstable, switching
between "metallic" and " oxide" sputtering modes without allowing access to the
intermediate point, which is the one generally required. Control of the partial pressure of
the reactive gas with rapid feedback can prevent this instability. In reactive arc
evaporation (RAE), the required stoichiometry can be obtained over a wide range of

reactive gas pressure.

6.3.2 Film Products

The preparation of titanium nitride by sputtering requires great care and evidently is much
easier by arc evaporation. The reflectance characteristics of TiN films deposited on glass
by both techniques is shown in Fig. 4. The sputtered film was prepared by a getter

sputter technique using careful partial pressure control of the nitrogen added for the
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Fig.6.4 The
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reaction and that made from arc used an atmosphere of 1.5 mTorr of nitrogen and 3.5

mTorr of argon.

The flux of the titanium particles striking the substrate surface in the case of reactive AE
consists basically of positive titanium ions (Ti+ and Ti++). The reason for this is the low
voltages present in an arc, for which there is a considerably greater cross section of
ionization of atoms by electrons than at the higher voltages encountered in electron beam
and magnetron systems (Ref. 2). The titanium ions have energies in the range of 20-30
eV (Ref. 3). When the deposition is carried out by reactive magnetron sputtering the
titanium atoms predominate in the titanium flux (the concentration of the ions is about
0% in this case). The energy of the sputtered titanium atoms is about 10 e¢V. Hence, the
energies of the metal particles bombarding the substrate are about 20 times larger in the
case of arc than in the case of magnetron. The energetic titanium ions striking the film
surface are neutralised and penetrate in the film, losing their energy. Thus, near and on

the film surface, atoms with high mobility are formed.

The surface mobility of the nitrogen atoms is also larger during arc deposition than during
magnetron sputtering (Ref. 3). This high mobility of the reacting components explains
the higher reactivity of titanium and nitrogen during film growth by reactive arc
evaporation. This is the reason behind the wide range of reactive gas pressure used by

arc evaporation.

In a mixture of 3.5 mTorr argon and 1.5 mTorr oxygen the reactive evaporation of
aluminium oxide was also processed. A clear film of refractive index of 1.66 was

obtained. These films are notoriously difficult to sputter because of arcing on the cathode

surface
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' 6.4 Other Remarks

Magnetron sputtering enables a wide range of material to be used, even those with low
melting points. The arc system is more popular with high melting point materials. In the
case of arc system less contamination of the film has appeared during TiN deposition.

That is because the bombardment of incident ions produces the equivalent of high

temperatures in the film (Ref. 8). Rejection of TiO; may be the result of sublimation. The

melting temperature of TiN is 2930 *C while the melting temperature of TiO; is 1825 °C..
The reduction of oxygen concentration on TiN film give it a high degree of brightness
(Ref. 9). Target-substrate distance, in the case of AE source can be longer than that in a
MS system. Power loss in the cathode is about 30% in case of AE (Ref. 1) and about

80% in the case of unbalanced magnetron (Ref. 10).
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The comparison between an arc evaporation source and the
unbalanced magnetron has been described here. Demonstrating
the general feature and the advantages and disadvantages of
both systems. The magnetron enables a wide range of material
to be used and less droplet contamination is observed. The
magnetron can deposit onto a much larger substrate compared

to the arc evaporation source.

The measurements of ion content of target material in plasma
shows that the unbalanced magnetron has a considerably lower

ion content than the arc evaporation system.

The presence of metal ions during deposition has a large
influence on the optical and electrical properties of TiN and

Al films.
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CHAPTER-7 |
HIGH ION CURRENT PERFORMANCE FROM AN UNBALANCED
MAGNETRON

It is well known that ion bombardment of the growing films can strongly influence their
microstructure and consequently their physical properties (Ref. 1). Magnetron sputtering
is now a widely used deposition technique. Its essential disadvantage is a lack of

substrate ion bombardment during deposition.

In principle there are many possible ways to increase the ion current density on the
substrates in magnetron sputtering, these are:

1- In the area of sputter-deposited hard coatings, ion-bombardment is typically performed
by extraction of ions from the discharge using a 10-200 Volts of negative bias applied to
the substrate. For insulating substrates a RF bias can be used (Ref. 2).

2- Additional ionisation, for instance by a hot cathode electron beam (Ref. 3) or a hollow
cathode arc electron source (Ref, 4).

3- A magnetic confinement for the plasma, for instance by an unbalanced magnetron
geometries as a means of increasing the ionisation density in the region near the substrate

(Refs. 5-7).

In plasma assisted PVD (PAPVD) processes, the plasma plays a very important role in
deposition. In general, it can be said that (1) electrons control the plasma chemistry by
excitation, dissociation and ionisation of a working atmosphere, and (2) ions control the

microstructure of films,

The kind and degree of film modifications due to the ion bombardment of the growing
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films depend on (1) the kinetic energy of incident ions and (2) the ratio of fluxes of
bombarding ions and condensing atoms Fi/Fm. Ion energies near the threshold of
resputtering, desorption and impact induced displacement of surface atoms during film
deposition will take place. At energies below 100 eV, the yield of ion impact events
strongly decreases. To ensure sufficient effects in the film, then, the impact ratio of ions

and condensing particles must be very high (>10) (Ref. 7).

To achieve such a value, the field of the.conventional unbalanced magnetron is not
enough. Extra magnets fastened around and behind the substrate are used to confine the
plasma extracted from the unbalanced magnetron (Refs. 9-11). The disadvantage of such
a design is that it localises the plasma beam in a certain area rather than distributing it
across the substrate surface. Musil and Kadlec (Refs. 7,12,13) have combined the use of

the unbalanced magnetron with biased substrates to achieve a double-site-sustained

discharge (DSSD). The yield of this system showed that the impact ratio F;/Fy,, can be
increased from 2 with the use of the unbalanced magnetron to >10 with using the DSSD.
Recently a dual magnetron has been used for hard coatings purposes (Refs. 14-16). With
this technique two unbalanced magnetrons are used facing each other (Ref. 14). The
maximum ion current achievable between was 5 mA/cm?. Despite , all the techniques
illustrated above, there is no single system that can provide the high impact raﬁo without
using an enhanced magnetron process, such as , biasing the substrate , using two
magnetrons or using an additional cathode for gas ionisation. The design of a single
unbalanced magnetron in such a way to provide high ion current density and bias voltage
on the insulating or isolated substrate has been achieved (Ref. 17). The feature of this

system is discussed in this chapter.
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7.1  Magnetron Design

A configuration of an unbalanced magnetron (UM) has been considered which directs a
significant amount of the plasma onto the substrate surface. This immersion of the
insulating substrate in a dense dc plasma provides a high ion bombardment of the

depositing film.

The unbalanced dc tﬁagnetron with its new construction and magnetic configuration is
shown in Fig. 1a. Extra rings are used, fixed on the outer pole of the magnetron and
extended to a considerable distance from the target surface. Leakage of magnetic field
with better confinement can be achieved. The magnetic field configuration is compared

with the original unbalanced magnetron, Fig. 1b.

The key factor of this approach is the magnetic field configuration. The field lines in the
new UM generally leak further to the front with less divergence. More magnetic flux will
strike the substrate than with the original UM, see Figures 1a and 1b. Figure 2 shows a
photograph taken of the new UM, using iron fillings to highlight the field. This Figure
shows the field configuration, the null point (zero magnetic field point), and the
magnetron with its target. The maximum field strength measured at the cathode surface at
a radial distance of 20-30 mm was 200 gauss. At this distance is the most intense glow in
the plasma, in addition the highest etching rate of the cathode (target) took place here.
This magnetic strength is lower than that of the old magnetron by 70 gauss. That is due to
the extension of the outer pole, weakening the field strength that is attracted by the inner
pole, which leads to less magnetic field strength at the cathode surface. With this design
the null point moved forward. The critical point concerning the maximum magnetic field
that leaks towards the substrate is observed to have larger distance than that of the
original UM. These two points, however, can be controlled only by adjusting the number

of mild steel rings that are fixed on the outer pole of the magnetron. With this technique it
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Fig.7.1 A cross section of an unbalanced magnetron a) the new
design and b) the conventional unbalanced magnetron.
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Fig.7.2 A photograph shows the magnetic field profile of the new

o

unbalanced magnetron.
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is not only desirable to control the critical point of the maximum field. It will optimise the
leakage of the plasma and consequently by controlling the target-substrate distance and
the number of the mild steel rings, the impact ratio of ions to condensing atoms can be

adjusted.

7.1.1 I.V Characteristics of The New UM

Figure 3 shows the I-V characieristics of the magnetron discharge for both the original
and the new unbalanced magnetrons. The measurements have been taken with argon
pressure of 3 mTorr. The results that are shown in the figure confirm that better
confinement has been achieved compared with the original one. The discharge
characteristics of Fig. 3 are very similar to those observed for conventional magnetrons,

and can be fitted to the same functional form:

with values of n which depend on the magnetic field and gas pressure (Ref. 18) (see

chapter 5 section 5.1.1). .

7.2 Substrates Effects From UM

7.2.1  Floating Potential and Ion Current Measurement

A planar probe of area of 1 cm? has been used to investigate the plasma properties. Such
a probe can be used effectively to measure substrate effects arising from the modification
of the plasma used in sputtering. The observed dependence of the substrate parameters on
the sputtering variables makes this technique useful for controlling the effects of ion
bombardment during sputter deposition. The floating potential and the ion current
bombarding the substrate are important parameters in thin film growth. For using an

insulating or isolated substrate the floating potential represents almost the ion energy that
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Fig.7.3 Unbalanced magnetron I-V characteristics.

Fig.7.4 Probe measurements of ion current density for oxygen and
argon plasma.
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bombards the growing film.

Oxygen is used in many reactive sputtering applications, we have also used it in addition
to argon in order to study the magnetron performance. In all the following Figures a
comparison between the argon and oxygen uses is shown. Figs. 4 and 5 show the probe
measurement of both ion current and the floating potential respectively. These
measurements were taken as a function of the magnetron current. As the magnetron
power increases additional ionisation to the working gas at constant pressure will occur.
In turn, some of these ions will escape towards the substrate, followiné the electrons ,
and consequently the ion bombardment of the growing film will increase. For argon gas,
a feature of magnetron discharge is that the floating potential is approximately constant.
That is due to the energy accompanying the secondary electrons that enters the plasma is

nearly constant at a fixed pressure.

Ionization in molecular gas discharges normally occurs predominantly by electron impact

(Ref. 19). Reactions of this type include:

such a reaction predominates with high probability. In addition, other possible reactions

involve O2*+ and O, the ion density in the oxygen plasma is higher than in argon

plasma (see Fig. 4).
It is noted that plasma discharges often contain relatively large numbers of low energy

electrons which have spent their energy in making inelastic collisions. These electrons

can attach to electronegative molecules to form negative ions (Ref, 20), thus one has:
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Fig.7.5 Probe measurements of floating potential for oxygen and
argon plasma.

Fig.7.6 Plasma properties of unbalanced magnetron with oxygen
partial pressure.
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There is a large supply of atoms, free radicals, and negative ions in the discharge. The
high oxygen reactivity, the presence of the radical, excited atoms and molecules and
negative ions, allow the substrate self-bias to assure a value double that when argon gas
alone is used (see Fig. 5). As will be shown later, this energy is high enough for the
etching of polymer. By using the oxygen and argon mixture the floating potential and ion
current density can be adjusted merely by changing the oxygen partial pressure, Fig. 6.
With such condition, and in addition to the reactions above, gas ionisation by

oxygen-argon interaction can occur (Ref. 21). Reaction of this type includes:

Oy + Ar-----ereeienaen Oy +Aft +e

As shown in Figure 6 the ion current and the floating potential increase as the O, partial

pressure increase.
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7.2.2 Floating Potential and Ion Current Distribution with Axis Distance

The new unbalanced magnetron shown in Fig. 1a provides significant plasma
confinement at the race-track. This provides a simple way of varying the ion
bombardment to depositing species ratio at the substrate. This ratio can be estimated by
dividing the ion current density by the deposition rate, at that distance from the target
face. Fig. 7 illustrates the ion current density and the substrate self-bias with the plasma
beam axis. This Figure shows the ion current extends to a larger distance compared with

the original one.

7.2.3 Auxiliary Magnet Effects

Generally, magnetic bias has been used to increase or decrease the surface bombardment
during deposition (Ref. 8). The configuration of such a design shows that the magnetic
field is leaked forward a large distance from the front face of the ring before divergence
far closure of the field lines. Hence a small magnetic field strength behind the substrate,
opposing the magnetic polarity of the outer pole, can assist the magnetic field
concentration and orient it perpendicular to the substrate surface. By using an
electromagnetic coil positioned behind the substrate, the magnetic strength can be chosen
by varying the biasing current of the coil. A 2 Amps current through the coil giving 150
gauss allows the self-bias voltage and probe ion current to be 15% higher. Figure 8
shows the experimental iron filling shape for N-S polarity.

The performance achieved from the new unbalanced magnetron ignores the use of
magnetic bias. Alternatively, the use of magnetic bias in a such a way permits the plasma
to be constricted to a 20 mm diameter. In turn, the substrate becomes red hot. The
magnetic bias, then, is used to control the ion bombardment and floating potential, rather
than enhance the plasma properties. Figure 9 shows a photograph of iron fillings, for

N-N shape. Using N-N configuration, the substrate self-bias voltage and the ion
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Fig.7.8 Magnetic field profile for N-S polarity.

Fig.7.9 Magnetic field profile for N_N polarity.
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bombardment can be controlled with ease. By passing a dc current through the
electromagnetic coil the magnetic strength at the substrate can be controlled and in turn,

the plasma can be moved backward or forward.

7.3 Plasma Activation

Generally, by using the unbalanced magnetron, an increase in reactivity of the process on
the substrate surface can be seen, giving a requirement for less reactive gas to be present,
and hence a lower operating partial pressure (Refs. 22,23). Because of the highly
confined plasma on the substrate and lower deposition rate with increasing distance, high
plasma activation at the substrate surface, even with low base pressure occurs. In
sputtering, film formation reactions at the substrate can be activated by the proximity of a
plasma (Refs. 24,25) or by ion bombardment (Ref. 26). In order to estimate the extent of
the concentrated plasma on the film purity, the reflection of a copper film in the visible
range of the spectrum has been measured. These results are demonstrated in Figure 10
and compared with those of the original UM. As shown in this figure, the copper film
that is deposited from using the new UM is more oxidised compared with the samples

that were made with the original UM, but with less plasma intensity at the samples.

7.4 Applications

7.4.1 Plasma Enhanced Chemical Vapour Deposition (PECVD)

The earlier work on plasma-enhanced chemical vapour deposition (PECVD) is reviewed
by Reif and Kern (Refs. 2,27). PECVD is an established commercial technique for the
deposition of insulating films such as silicon nitride and silicon oxide. The major
advantage of PECVD is its lower temperature capability compared with that of thermally
driven CVD. Most of the glow discharges used for thin film plasma deposition are
created by subjecting the gas to a radio-frequency (rf) electric field. Inelastic collisions

between high-energy electrons and gas species generate highly reactive species, such as
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Fig.7.10 The effects of the plasma activation on the film optical
properties.
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excited neutrals and free radicals, in addition to ions and electrons. By these mechanisms,
the energy of the electrons creates reactive and charged species without substantially
increasing the gas temperature. The reactive species that are generated in the plasma have
a lower energy barrier to physical and chemical reactions than the parent species, and
consequently can react at a lower temperature. In PECVD, these reactive species are
utilised to form thin films at temperatures lower than those possible with thermally
activated CVD. The charged species in the glow discharge may also affect the properties
of the deposited film (Refs. 28,29).

7.4.1.1 Diamond-Like Carbon Deposition by PECVD

Hard diamond like amorphous carbon films offer extreme hardness, chemical inertness,
and optical transparency over a wide spectral range. However, the realisation of these
favourable properties depends sensitively on the microstructure, and thus on both the
method and parameters of deposition. Much work has been done on the preparation of
hard carbon films using rf (Refs. 30-33) and dc plasma deposition (Refs. 34,36), ion
beam (Refs. 37,38), and sputtering technique (Refs. 39-43).

D.C. magnetron sputtering of carbon in an Ar-C,H, gas mixture, using a metal cathode
overcoated with a-C:H film, was reported by Carring and Harding (Ref. 43). Both post
cathode and planar geometries were employed. Recently Savviides and Window (Ref.
41) reported 'DLC films' prepared by magnetron sputtering of graphite. Biederman et al
(Ref. 40) used the same technique of Savvides. He compared the result of the unbalanced
magnetron sputtering of a graphite target with that of using argon/propane mixture. Our
experiment followed the same technique. The new unbalanced magnetron, graphite
target, argon, oxygen, hydrogen and methane gases were used. In the first experiments
the argon/methane mixture was used. The magnetron current range was between .5 and

5 A with corresponding voltages between 300 and 450 V. With these conditions, carbon
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films were made at different argon and methane pressure, magnetron current and with
addition of oxygen and hydrogen. In our investigation several measurements were made.
For hardness estimation, a hard metal stylus was used. Other investigations were
achieved by arbitrary examination of the appearance of the film, and by measuring the
refractive index and the optical gap. The refractive index was measured by using an
ellipsometry method. The optical gap was measured by following the procedure below
(Refs. 17,40-43).

By using the spectrophotometer, the transmission T and reflection R can be measured.

The optical absorption coefficient ¢ was determined from this formula:

_(1-R)® e0d
1-R® e20d

T

!

The optical gap Eqpt can be found by following this equation:

(@E)2=A (E-Egp)

where A is a constant.

The conclusions of this work can be illustrated by several points. In general, the film
hardness was not satisfactory, but the film tended to be harder as methane pressure and
magnetron current are decreased , and argon pressure is increased. The effects of oxygen
partial pressure on the film properties show that general film features are improved.
Biederman in his work demonstrates that the optical gap is increased as the propane
partial pressure is increased. He witnessed the incorporation of hydrogen in the film
structure and highlights that more polymeric inclusions are involved at the highest

propane concentrations. This also happens when higher magnetron current is used.
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In the second experiments, graphite sputtering when using pure argon and
argon/oxygen-hydrogen mixtures was examined. Amorphous carbon was made by using
pure argon. An optical gap of (1 +0.3 eV) was observed. This is in a good agreement
with References 40 and 41. When oxygen is used, hard, transparent films of DLC were
obtained. Oxygen partial pressures from 1 to 30 mTorr with magnetron currents of 3 to 5
A was used. These results demonstrate that the film becomes harder, more transparent
and higher refractive indices between 1.98 and 2.4. There are no significant changes
observed when additional hydrogen and nitrogen gas is used. For greater understanding
of DLC properties the updated review of properties of diamond-like carbon in reference

44 is of great use.

7.4.1.2 Silicon Oxide (SiO,)
Due to high magnetron performance and lower sputtere rate when Si is operated in
oxygen partial pressures, this system is used as a plasma activation source rather than a

sputter deposition system. PECVD of SiO is well explained by Reif and Kern (Ref. 2).

Analysis of the silicon based compounds tetraecthyoxysilane Si (OCsHy)4 in the
production of the silicon oxide was investigated using this system. This compound,
liquid at room temperature, was contained in a glass chamber external to the evacuated
reaction chamber. With reduced pressures in the reaction chamber of less than 10 mTorr,
quite high flow rates of the compound vapour were achieved. No heating of the

compound resulted whilst in the liquid stage was maintained.

Initiaily a small flow of silicon compound vapour was allowed into the system. Using
this as thé only gas present, a glow discharge was set up. Samples were produced with
typical magnetron current of 1 Amp and exposure times of 6 minutes. These samples
were found to have very high refractive indices, in the region of 2.3. This was far higher

than the normal measured values for transparent silicon oxide film of 1.5 or less. We
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have found, discharge deposited silicon compound does not oxidise the magnetron target
and hence its sputtering is not reduced. These form a more dominant film formation
process than that of the dissociation and reformation of the silicon molecules in an oxide
form. In order to minimise this problem, oxygen gas was used and by controlling the
argon and oxygen partial pressures the SiO refractive index of < 1.5 can be achieved, as
shown in Figures 11 and 12. The argon optimises the activation process and oxygen
enhances the film formation. In the use of this process, some problems had to be faced.
Because direct PECVD was used rather than remote, SiO will be formed at the magnetron
target and causes arcing and consequently the process has to be stopped. Other problems
related to the pumping system occurred. The high flow rate of vapour into the reaction
chamber caused contamination of the oil in the rotary pump and generally took a long

time for the pump to recover and hence the efficiency of the pumps was reduced.

7.4.1.3 Titanium Oxide (TiO;)

The oxides of interest are titanium dioxide TiO, and silicon dioxide SiO,. These oxides
have the physical properties of optical transparency, with TiO2 having very high
refractive index of around 2.4 and SiO2 a lower refractive index of less than 1.5. This
makes them ideal for use in multi layered thin film interference stacks which are used in

the manufacture of frequency selective optical filters.

In plasma induced coating methods dissociation of the compound molecules takes place
along with the normal ionization processes found in plasma discharges. Recombination
of the ions to form the oxide on the substrate surface is then possible. This process has
the advantage of much reduced thermal affects than the vapour deposition method. It has
already been demonstrated that production of oxide films can take place using this method
with the use of titanium chloride compounds (Ref. 45). It is hoped that a similar effect

can be achieved using an organic titanium compound in the production of an oxide.
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Fig.7.11 Variations in argon partial pressure on refractive
index of sio0,.!

Fig.7.12 Variation in oxygen partial pressure on refractive
index of sio;,
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For this part of the investigations a tetraisopropylorth-otitante liquid Ti(OCH(CHz) }4
was used as in SiO deposition. The investigation of TiO2 is carried out by varying the
titanium compound vapour partial pressure, argon pressure, oxygen partial pressure and
plasma exposure time. The initial samples were made with the titaniurn compound
vapour as the only gas present within the system. The magnetron used a carbon target.
Typically short duration exposure times of around 3 minutes were used. These samples
were found to have a dark powdery deposit laid down on substrate surface, later
identified as contamination from the carbon target material. In order to reduce target
sputtering, again argon and oxygen gas were used. With argon the refractive index of the
deposited film shows very slight improvement. With oxygen, a series of samples were
made using the optimised levels of the compound vapour and similar levels of argon
vapour to those used in the experiments above. All the samples were made with
magneuon currents of 1 amp and exposure times of 3 minutes. The resultant films are
shown Figs. 13 and 14. As can be seen from these two Figures the best results were
seen at lowest deposition rates. At levels below the optimum point, the ratio of oxygen
ions to reactive titanium jons is insufficient to allow a high deposition rate of the required
oxide film. As the ratio of oxygen to titanium ions varies, there will be a point where the
ratio of the reactive ions will produce the purest possible form of the oxide coating.
Beyond the stoichiometric point an excess of oxygen atoms exists, and production of
another oxide form may begin altering the films properties. Figure 15 represents the
deposited thickness for a range of exposure times. For this it can be seen that a linear

relationship exists between the coating thickness and the exposure time.
Analysis of the refractive index of the film is shown in Fig. 16. With an increase in

exposure time there is a marked increase in the refractive index, particularly for the

exposure of 18 minutes, where a refractive index of almost 2.4 was measured. It is a
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Fig 7.13 Effects on TiO, refractive index of variations

in oxygen partial pressure.

Fig 7.14 Effects on TiO; deposition rate of variations
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Fig.7.15 Variation in deposition thickness with increased
exposure time.

Fig.7-16 Variation in refractive index with increased in exposure
time
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feature of thin films that the electrical and optical properties may be improved as the

thickness of the deposited film increases.

The major problem with this process is to evaporate the titanium compound directly into a
process chamber. It was too difficult to control the flow rate of the compound vapour. By
heating the titanium compound container, the evaporation took place, but the flow rate
conirol was still‘difﬁcult. Once again these sorts of organic compounds contaminate the
diffusion and rotary i)ump oil, in turn shortening their lives. The problems concerning the
target contamination remained. The plasma source (see chapter 9) will be shown to adopt
this technique for use as a remote PECVD rather than a direct process, which in turn,

gives more control ability and less contamination.

7.4.2 Polymer and Positive Photoresist Etching

Dry plasma etching is a new approach for an environmentally safe cleaning and drying of
metallic and polymer surfaces. In the case of plastics, plasma etching is accompanied by a
modification of the polymer surface thus creating active sites for an improved adhesion of
subsequent metallic or organic coatings. By using reactive ion etching, the textured
surface consisting of submicrons columns for selective absorption and optical storage
(Refs. 46-49). Some of optical properties in light scattering by diffuse reflectance and
interface roughness have been investigated (Ref. 50). The influence of polymer
temperature, ion current density, ion energy and ion dose on etch and deposition rate of
PTFE and FEP has been investigated (Ref. 51). The results of an investigation of the
effect of rf bias ion plating on CR 39 plastic and PET have been investigated (Ref. 52). It
was shown that the plastic substrate is easily etched by ion bombardment and chemical
/structural changes in the surface depend upon the bombardment condition. It was found

that the etching rate increase directly with increasing the rf power (Refs. 19,53).
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In this work, the plasma produced from the new unbalanced magnetron was employed
for investigation the photoresist and PET polymer etching. This study has been carried

out in a pure oxygen plasma.

74.2.1 Plasma Parameter Effects

It is really the evidence clarified in our early investigation that the intensity of ion
bombardment and their energy can be increased by the addition of the oxygen. So that the
reactivity of the process on the substrate surface and the radical species needed for this
investigation will be enhanced. The dissociation of oxygen molecules by electron impact

as well as the ionization will occur, so that reactions such as,

e + Oy -rmmemees Opt 4 2e
are a major source of atoms, free radicals, and negative ions, in the discharge, and these
reactions are quite important in photoresist etching or stripping (Ref. 2). Consequently
these components are controlled by discharge condition like gas pressure and magnetron
power which in turn, control the intensity and energy of ions and the generation rate of
active species necessary to create a reaction for etching. As oxygen pressure is increased
(at constant magnetron power) the collision rate will increase but the average electron
energy will eventually decrease simply because the existing field will have less time
accelerate an electron collision. So that the generation of active species or its precursor
will be decreased. Hence, the etching rate must eventually decrease with increasing

pressure as shown in Fig. 17.

With increasing the magnetron current (at constant pressure), the energy of species is
relatively constant but the generation rate of radical atoms will increase. The latter leads to
an increase of the etching rate as shown in Fig. 18. We have also found that the etching

rate is inversely proportional to the argon partial pressure. We have also found that when
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Fig.7.17 Variation of etching rate with oxygen pressure.

Fig.7.18 The effects of magnetron power on the etching rate.
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Fig.7.19 Variation of the etching rate with increasing exposure
time.
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the partial pressure of argon exceeds 50% because there are less radical atoms, etching
deczreases and the deposition of a polymer film due to sputtering of the carbon target
will be increased. In that sense, using the plasma beam free of oxygen reduces the
etching rate so that it can not be measured by the talystep or estimated. Fig. 19 shows the
etching depth and rate with increasing etching time. By using SEM, the surface
morphology of the etched resist can be shown in Fig. 20. Figure 20a demonstrates the
general aspect of the etched and unetched resist. The unetched surface was covered by a

razor mask. Figs. 20b,c and d exhibits the surface morphology as a function of etching

time. These three photographs are related to Figure 19, the time is increased from b to d.

7.4.2.2 | Selective Surfaces

Selective surfaces are needed in many applications (Ref. 54). The most conceptually
simple technique for fabricating a textural surface (Refs. 46,47) is to use a thin island
film as a mask for an etching process. This film must resist the etching and able to form
island of the correct size and density. Fig. 21 shows a schematic view of the mask

pattern.

The Au and Al have been used in our investigations as a mask which is deposited on the
resist film or the polymer by using magnetron sputtering. The nucleation and the structure
of the growing stage have been investigated in the literature (Refs. 54-56). Fig. 22 shows
the pertinent structure and thickness scales of thin Au film deposited onto glass for both
ion-assisted and conventional evaporation technique. However, in our technique, there is
a little information concerning the thickness of the thin island film of Au or Al mask.
Hence, the resulting etching of different Au thickness has been carried out as a function
of different Au deposition time as shown in Fig. 23. From This Figure , the etching rate
decreases as the island of Au starts building up till film continuity is complete, the etching

rate then becomes zero.
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Fig.7.20 The morphology by SEM for etched resist. A) comparison
between treated and untreated surface. B,C and D
exhibit the surface morphology with different etching
time. .
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FIg.7.21 A schematic view of the mask pattern. (ref.47).

MASK
MEDIUM

SUBSTRATE

Fig.7.22 Survey over growth stages, structures, and thickness
) scales for thin Au films deposited onto glass by use of

conventional evaporation and ion-assisted evaporation
{ref.56).
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The morphology of the etched surface can be controlled by varying the etching
parameters or the amount of mask thickness. The resulting microstructure of etched
photoresist are shown in Fig. 24a,b for thin Au mask (a) and for thicker Au mask made
at the same condition (b). Due to thermal effects, cracks on the etched resist surface have
been observed. A deposition of discontinuous Au film on PET substrate was used for
preparing a textured surface to study the optical properties like reflectance in the visible
part of the spectrum. In this type of substrate special attention should be paid to avoid
thermal effects. Fig. 25 shows a photograph of surface morphology of PET sample
etched with a Au mask. Fig. 26 demonstrates the reflection spectra in the visible region of
an etched PET sample compared with that of unetched sample. Microscopic surface
roughness has been used as a mechanism for selective absorption (Ref. 57). For the
columnar surface structure (Ref. 46), the graded refractive index reduces the reflection in
a way that does not depend critically on the structure or film production conditions.
Because the texture has dimensions of the order of the wavelength of visible light, these
surfaces can be highly absorbing (Ref. 48). This is primarily due to multiple reflections
of the incident photons between the relatively step sides of the surface structure and the
consequent increase in absorption probability. However, polymer etching is quite
important in thin film deposition. A film implanted to a polymer substrate, then, can be
achieved with this technique more easier than using a graded metallization technique

(Refs. 58,59).
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Fig.7.24 Morphology by SEM for Photo resist, A) thinner Au mask
and B) thicker Au mask.
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Fig.7.25 Surface morphology by SEM for PET etched with gold mask
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Fig.7.26 REflection spectra in the visible for etched PET samples
compared with untreated one.
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It has been shown here that the unbalanced magnetron can be
modified to be used as a source of high ion current density

and floating potential.

This system was used to deposit a diamond-like carbon film;
as a source in Plasma Enhanced Chemical Vapour Deposition
(PECVD) for silicon and titanium oxide; and to etche and

modifying a polymer surface.
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CHAPTER-8
LOW VOLTAGE MAGNETRON
At the normal operating pressure of a diode magnetron, only 35-50% of the sputtered
material from the target surface is deposited on the substrate (Ref. 1). The rest is lost
through scattering with the background gas and is deposited either back on the target or
on the wall of the chamber. Therefore, a lower working pressure is required. Because of
t.his, a decrease in pressure is quite useful, as it converts the magnetron deposition
process from partial scattering to direct line-of-sight deposition. The ability to operate in a
line-of-sight mode without a reduction in deposition rate due to scattering allows the
magnetron-substrate distance to be increased. The increased distance allows better film
uniformity as well as removing the samples from any ion or electron bombardment
caused by the proximity of the plasma. The increased distance also allows multiple
processes to occur simultaneously, such as multiple magnetron deposition, combination
with evaporation/deposition or ion beam bombardment during deposition. In addition by
using diode magnetron sputtering in some processes, the effects on the growing film due

to the radiation created damage by energetic atoms can be high (Ref. 1).

By using secondary ion mass spectra (SIMS) from an ITO target irradiated by 1 KeV Ar

ions, S. Ishrbashi et al (Ref. 2) have found that in negative ions spectra, a stray peak of
O- was observed, and its relative intensity was about one tenth that of Int. These negative

ions, mainly O-, are accelerated by the electric field of the cathode sheath and collide with
the substrate. Radiation created-damage during ITO (Ref. 2) and Al-doped ZnO (Ref. 3)

deposition has been observed.

In a conventional dc magnetron discharge, a negative potential of -350 to -450 V is
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applied to the target. Energetic atoms and negative ions that are generated on the target
surface are accelerated by the negative potential almost normal to the target and collide
with the substrate to cause film-radiation damage, which in turn influences the
microstructure and morphology, and hence the film properties and film stress.

A suitable way, then, to control this selective process and to reduce the deleterious effects
in the growing film is by reducing the sputtering voitage i.e the magnetron voltage. To
lower the sputtering voltage it has recently been demonstrated that the injection of
electrons into the race track of a magnetron, independently of those supplied by the
sputtering process at the cathode, can result in a much lower operating potential for the

magnetron and allow it to operate at lower pressures (Refs. 4,5).

8.1 The Hollow Cathode Enhanced Magnetron Process

The use of a hollow cathode electron arc source in a triode configuration with a direct
current (dc) magnetron sputtering source was first reported by Cuomo and Rossnagel
(Ref. 4). Dawson-Elli et all (Ref. 6), found the use of the hollow cathode facilitates the
magnetron sputtering of oxides from metallic target. The hollow cathode electron arc
source (Refs. 7,8) consists of a short Ta tube, which is constricted at one end, through
which Ar is passed. A low voltage cathode arc discharge is struck inside the tube, which
couples, through the orifice, to a glow discharge outside the tube. The hollow cathode
can be used to supply additional electrons to a magnetron discharge by placing the hollow
cathode source in the fringe region of the magnetic field (Refs. 4,6). There are two
principle reasons for this'approach: the use of the hollow cathode source decouples the
current-voltage relation of the diode plasma, and it allows operation of the plasma at any
desired voltage or current as shown in Fig. 1. The second reason to use this technique is
to lower the operating pressure of the chamber to less than 0.1 mTorr. This is much

lower than the 3-30 mtorr range of the diode magnetron at equivalent operating power.
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Fig.8.1 Magnetron I-V characteristics assisted by hollow cathode

(ref.5).
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8.2 Thin Film Stress

Sputtered thin films, as with all vacuum deposited coatings, generally exist in a state of
internal stress. The magnitude and sign ( compressive stress is, by convention, negative)
of this internal stress depends on many factors, including substrate temperature, sputter
gas species, the material being sputtered, the gas pressure, and apparatus geometry
(Refs. 9,10). These parameters affect the film microstructure and morphology through
the interplay of the direction flux of the coating atoms and the mobility of those atoms
upon reaching the substrate. The microstructure and morphology in turn influence film
properties such as electrical resistivity and film stress (Ref. 11). The stress, specifically,

is the result of the strain, "built in" to the film by the manner in which it is deposited.

In magnetron sputtering, the working gas pressure and ion bombardment during film
deposition play a significant role for controlling film properties. For dense and less
contaminated films, low working gas pressure is required. hence high energetic particles
impinging the substrate result and higher internal film stress will occur. Occasionally,
_ these stresses make the film crack and peel from the substrate. The change in film density
with increasing deposition pressure is accompanied by an increase in the concentration of

the entrapped argon in the films and by a decrease in the stress in the films (Ref. 12).

If the magnetron is driven at a lower voltage, essentially the resultant stresses due to high
energetic particles impinging the substrate can readily be reduced. The strain (stress) in a
film will cause a simply supported substrate to bend. Assuming the film to be on "top” of
the substrate, tensile stress causes the substrate to bend concave upward, while
compressive stress causes concave downward bending. Stress is therefore inferred from
the deflection of a flexible substrate. The bending force S per unit width of the substrate,

is given by (Ref. 12):
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S =0Jd o(z)dZ

where d is the film thickness and ¢(z) is the distribution of stress in the direction

perpendicular to the substrate. An approximate solution to this equation for stresses in

electro-deposited Ni was obtained by Stoney (Ref. 13) in 1909. Assuming
o(z)=constant, cylindrical curvature of the substrate, and Young's modulus for the film

equals to the modulas of the substrate, he obtained:

I-::‘S d82
6R (1-vg) d¢

where

= The poissons's ratio of the substrate

Eg = The substrate elastic modulas,

df = The film thickness,

ds = The substrate thickness,

R = The radius of the curvature of the substrate.

Brenner and Senderoff (Ref, 14) showed that Stoney's equation was accurate to within
5 %Aif E{=E, and d¢/d; <0.05. In situ stress measurements of NbN (Ref. 12) show that at
low pressure, the films are highly compressive throughout their thickness. The
intermediate pressure reveals that film growth starts highly compressive and then
transforms to a mild tensile stress. As the pressure is increased further, the onset of
tensile stress occurs at a reduced film thickness, i.e the films are predominantly tensile.
The use of the hollow cathode assisted magnetron (Ref. 4,9) causes the transition from

compressive to tensile stress to occur at a higher pressure. The hollow cathode injects 1-2
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A of electron into the volume in front of the target face, only a fraction of which are
coupled into the target. The remaining electrons, in search of grouhd, spiral down
magnetic field lines towards the substrate, creating a situation near the substrate very
similar to the highly unbalanced magnetrons. Hence, the above result shows the effect of
ion and electron bombardment to the substrate as a result of extending the plasma towards

the substrate, rather than the magnetron potential effect.

However, Windischmann (Ref. 15) relates the effect of pressure to the normalised

momentum P;, of the particles bombarding the substrate, where:

P,=Y EO.5

where:

v=Energetic pmiclé/Sputtcred atom arrival rate ratio and

E= Particle energy.
Where P, is small, a porous film is indicated. The energetic species (sputtered atoms,
reflected neutral gas atoms, etc) gain their energy at the target, and lose it through
scattering in the surrounding gas. High P, therefore occurs at low sputtering pressure,
and therefore compressive stress occurs at low pressure. High gas pressure reduces Py

through scattering which allows the film to grow with an open microstructure and tensile
stress. The projection of energetic species towards the substrate, similar to that obtained
using the unbalanced magnetrons, would increase P, and thereby add a degree of

activation to the process and the stress will increase.
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8.3 Thermionic Electron Assisted Magnetron Process
To Supply additional electrons it is possible to use a hot cathode which emits electrons
through thermionic rather than secondary emission. The potential supply of current by

thermionic emission is given by the Richardson-Dushman equation:

Ao 9
T=AT exper
where;

¢ = The work function of the metal

A = constant equal to 120 Amp/cm? deg?

K = Boltezmann constant

e = Electron charge
Such a system will provide a finite current even in high vacuum. In the latter case,
however, the available current is space-charge-limited (Refs. 7,16). In order to ignite the
plasma a substantial voltages applied to the filament are required. In the presence of a gas
at low pressure, however, ions will be produced by collisions, provided the applied
voltage exceeds the ionisation potential of the gas. As with the case of the self-sustained
glow discharge, the slow moving ions tend to accumulate in front of the cathode and a

dark space is produced.

In most sputtering systems, the thermionic cathode is a heated tungsten filament which
can tolerate ion bombardment for long periods. To increase the efficiency of the diode
sputtering, the hot cathode technique is widely referred in the middle-to-late 1960's to as
"triode sputtering”. It was quickly overshadowed by the development of "magnetron
sputtering” in the early 1970's, (Refs. 17,18). Magnetron sputtering technology led to

many advances in thin-film devices and products. As always seems to be the case,
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however, technological demands for increasing equipment performance, efficiency, and
sophistication never stop. These demands, have led to the development of the
Tri-Magnetron sputtering technique (Refs. 13,20). In such a devi_cc, filament cathode and
an anode is used to provide a discharge. The discharge is mechanically, rather than
magnetically, confined, as in the case of a magnetron, but uses the magnetic field to
increase the plasma density and uniformity. Recently, the design of a triode device in
which the cathode is a magnetron cathode and uses a hollow cathode electron source as a
second cathode to increase the plasma density has been described by Cuomo and
Rossnagel (Ref. 4). To the same end, and in order to avoid some disadvantages
connected with the relatively large dimensions of such cathodes, the simple, directly

heated tungsten filament has been used (Ref. 21).

8.4 Low Voltage Magnetron Design and Optimisation

In order to reduce the magnetron potential, a simple tungsten filament has been used. The
filament is connected directly to the race track in front of the target. The same magnetron
described in chapter 5 is used in our investigation. The layout of this design is shown in
Fig. 2. The filament is connected to the same potential as the magnetron, because
otherwise the process will not be achievable. However, that is because the available
current is space-charge limited. In this case the electron cloud is present in the immediate
vicinity of the cathode, and only the application of a substantial potential can allow full
emission current to reach the anode. Thus, by the application of a relatively small voltage
in the order of 30 V, the full emission current of the emitter can be drawn. If the total
applied voltage is further increased, additional current may be drawn from the cathode
because of enhanced heating of the cathode by the high energy ions. To create the

required thermionic electrons emissions from the filament, this was heated by an isolated

AC low voltage resistance heating supply (I2R). The electron emission is increased by

raising the temperature of the filament by passing more current. The unbalanced
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magnetron has been connected to an MDX magnetron driver. Key factors of the MDX
supply are (i) conStant power mode, where the current and voltage are automatically
adjusted to maintain a power set-point, (ii) constant voltage mode where current is
automatically adjusted and (iii) constant current mode where voltage is automatically

adjusted.

The emitted electrons from the heated filament will be distributed around the magnetron
drift loop by a modified ExB effect. The electrons are energetic enough to cause
ionisation of the background gas. The increased ionisation forms a denser plasma than is
produced by the magnetron alone. The plasma is characterised by a lower impedance,

resulting in increased currents at constant voltage or constant magnetron power.

8.4.1 Filament Position Effects

In order to optimise the system efficiency, particular attention needs to be paid to the
filament position with respect to the magnetic trap of the magnetron. The filament
position plays a significant role in controlling the coupling of the filament emission
current into the magnetron current. The small size of the filament helps to control its
position anywhere on the race track of the magnetron with ease. Positioning the filament
in the higher magnetic field area near the cathode surface leads to higher coupling. The
degree of coupling can be determined from the effects on the magnetron features,
especially the I-V chéractcristic. In our investigation, the filament has been fixed within
15 mm from the target face, and close to the outer pole, which is adjusted in such a
manner that a better enhancement of the magnetron parameters can be achieved, and to be

far enough away from the target erosion area in order to prolong its life.

8.4.2 I-V Magnetron Characteristic

The lowest potential operating voltage for the conventional diode magnetron cathode
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Fig.8.3 Magnetron I-V characteristics assisted by thermionic
electrons.

Fig.8.4 1I-V characteristics of an unbalanced magnetron with
different filament current (magnetron power 0.5 KW and
argon pressure 3 mTorr).
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varies with pressure, target material, and gas species (Ref. 22), but is in the 300-500 V
range. Below these voltages, no plasma is formed and no target bombardment takes
place. This places a lower limit on the bombarding ion energy for magnetron sputtering.
Operation at voltages just above the turn-on voltage is possible, but in general the ion
current is very low. By using a filament enhanced magnetron mode, the magnetron target
can be biased at any potential and still draw a significant bombardment current. This
feature is shown in Fig. 3. The filament power is high, because of the larger scale
process involved. Fig. 4 shows the I-V characteristic of the UM as a function of the
filament current. These measurements were taken with an argon pressure of 3 mtorr and

constant magnetron power of 0.5 KW.

8.4.3 Low Working Gas Pressure

In addition to effectively decoupling the voltage from the current in a magnetron device,
two other significant feature are present which do not occur with a diode magnetron. The
first is the ability to operate at low voltages, below the initiation voltage for the diode
magnetron. The second feature is a significantly lowered operating pressure over

conventional magnetron operation.

With the use of the filament supported magnetron discharge, the following expected
effects were seen. The system would operate at a much lower voltage, and the threshold
pressure for operation moved towards 0.2 mtorr as the electron emission from the
filament was increased, Fig. 5. This is much lower than the 2-20 mtorr range of the diode
magnetron operated at equivalent current. At lower pressures, there are simply too few
gas atoms to be ionised efficiently by the secondary electrons from the magnetron. The
additional supply of electrons from the filament remove this limitation and allows
operation of the dc magnetron between () to 2 mtorr. These pressures are well into the

long mean free path regime, and sputtered atoms or ions move in straight (line-of-sight)
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Fig.8.5 Variations of filamént current on magnetron potential

and working gas pressure (magnetron p. = .5KW).
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trajectories without gas scattering.

8.5 Plasma Properties

Measurement of plasma properties has been achieved by using an electrostatic probe of 1

cm? area. At 100 V bias on the probe, ion current density was measured. From the I-V
probe characteristic the substrate self-bias (floating potential) can be obtained. The survey
of these two parameters with magnetron potential is shown in Fig. 6. During this
experiment the magnetron power and the argon pressure were fixed at 0.5 KW and 3
mtorr respectively. As seen in Fig, 6 the plasma properties of an unbalanced magnetron
were improved, and the magnetron voltage was reduced. The ionisation that is created by
the thermionic electrons not only couples with the magnetron and reduces its voltage, but
some of them will leak to the front following the magnetic field, which leads to
enhancement of the magnetron performance by increasing the ion bombardment of the
substrate. By lowering the argon pressure, so that it approaches the operating threshold
pressure, the potential drop at the substrate (floating potential) can be higher than that on

the magnetron. This is illustrated in Fig. 7.

8.6  Sputtering Rate of Low Voltage Magnetron

The theory of Sigmund, modified for low-energy sputtering by Steinbruchel (Ref. 23)
identifies four parameters affecting the sputtering yield. These parameters are the surface
binding energy, target and projectile atomic numbers and the projectile energies (see
section 2.3 of chapter 2). In our experiment, a copi;er magnetron target has been used.
Target sputtering rate was measured in order to measure the effect of magnetron potential
on the sputtering yield. As mentioned in section 8.4, with the use of an MDX power
supply in power mode, the voltage and the current will be adjusted to maintain a power
set-point. By fixing the magnetron at 0.75 KW and the argon pressure at 3 mtorr, the

copper deposition rate was measured. The ensuing results are shown in Fig. 8. Because
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Fig.8.6 Plasma characteristic with different filament current.
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Fig.8.8

Fig.8.9
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the magnetron power is kept constant, reducing the magnetron voltage will lead to
increased magnetron current, in order to maintain the input power. Consequently, the
deposition rate is kept constant just above the threshold voltage, and the sputtering rate
will reduce dramatically below 100 V. If the sputtering yield of a material is considered in
terms of the amount of material sputtered related to input power, rather than the more
usual number of sputtering ions. Then it can be seen to peak at the voltage of operation of
the discharge of around 120 volts. The ionisation cross-section of the noble gases peaks
at around the same value, allowing operation of the process with a smaller amount of gas;

i.e. lower partial pressure.

The relationship between magnetron voltage and the sputtering yield can be better
understood if the magnetron current is fixed rather than the input power. Fig. 9 shows
the copper deposition rate as a function of the magnetron voltage. With a fixed magnetron
current of 4 Amps. It can be seen from this Figure that deposition rate decreases linearly
with magnetron potential, until it reaches 100 V. Below 100 V the deposition rate

decreases to a minimum until it reaches its zero value at about 30-40 V.

8.7  Applications

8.7.1 Low Voltage Reactive Sputtering of TiN

In recent years particular attention has been dedicated to characterising and improvement
of the electrical and optical properties of TiN. As illustrated in Chapter 5, reactive
magnetron sputtering of TiN can be improved by using a vacuum system provided with a
load-lock. Because of the high vacuum achieved, the film resistivity of TiN can be
reduced to 0.77 Q um. To achieve this value, magnetron powers as high as 2 KW are
required, or argon pressure is lowered to a minimum, These results were compared with
those achieved by the use of the getter box. Depositing TiN onto glass substrates at room

temperature with high magnetron power, or low argon pressure, in general resuits in
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stresses in the film. These stresses ordinarily cause film cracking and adhesion failure.
With the use of the low voltage magnétron, this problem may be solved. By reducing the
magnetron voltage, radiation-type damage induced by high energy neutral atoms will

reduce. The film properties will thus improve as well.

The use of low voltage unbalanced magnetron sputtering to deposit TiN was achieved.
The results show the film resistivity reduces from 2.1 Q pmat 355 V magnetron voltage
to 1.01 Q pm at 200 V. This result has been collected using magnetron power of 0.5
KW and argon pressure of 3 mtorr. By increasing the magnetron power to 1.5 KW, the
resistivity of TiN film in the optimum region can be reduced from 0.77 Q pm to 0.6 Q
pum at 280 V. Current limitation of MDX power supply limits the reduction in magnetron
voltage. Using such a design, however, means there are two problem to be faced relating
to film damage. The first is the filament heat radiation directed to the substrate, which
causes unmatched heating during film deposition, which in turn leads to stress in the
film. This problem has been solved by covering the filament with high melting point
material such as stainless steel. The second problem is ion bombardment from the
unbalanced magnetron. Recently, it has been found that in order to modify TiN film

structure, it is necessary for the ion current to the substrate to be between 1 and 3

mA/cm?2 (Ref. 24).

The filament assisted magnetron improves the unbalanced magnetron performance, in that
the ion current and floating potential at the substrate will increase as the magnetron is
driven at lower voltage. In order to control these two parameters, a water cooled copper
electrode has been used. This electrode was fixed close to the centre pole of the
magnetron at a distance of 5 to 10 mm, and is connected through a resistance to earth.
The use of such a technique in order to control ion bombardment of the substrate will

reduce it, but not to the required level. This is because the magnetic field configuration of
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an unbalanced magnetron causes electrons, followed by ions, to escape from the outer
pole side and to intercept the substrate. With these conditions the results mentioned above

were determined.

It was later found that the use of two unbalanced magnetrons, configured in such a way
that the magnetron target is positioned 15 degree from other helps to minimise the
electron ion radiation damage to zero level. This process is clearly demonstrated in the
Figures presented in chapter 9. lfull investigation of low voltage TiN sputtering
magnetrons, using the batch getter box system rather than open-load-lock system is

explained in the following section.

8.7.2 Low Voltage Magnetron Sputtering of TiN Using a
Getter Box System

TiN deposition onto glass substrates by using a load lock system (air to air) and the small
volume of a getter box was discussed in chapter 5. It was again decided to produce films
of TiN in a tightly enclosed volume, using the self-gettering effect to give greater purity,
plasma emission-monitoring (PEM) to provide stability for the reactive sputtering
process, and unbalanced magnetron (UM), with electron injection to allow operation at
low cathode potential, using the same design of Fig. 2. It is reported that operation of the
process at low magnetron potentials and under conditions that provide considerable ion
bombardment of the growing film leads to TiN of better quality, where this is assessed
by improved specular selectivity in their reflectivity and lower resistivity (Ref. 25). Figs.
10,11 and 12 show nitrogen consumption, film thickness, and film resistivity as a
function of percentage of Ti line respectively at three different magnetron potentials. As
can be seen from these figures, the nitrogen consumption reduces as the magnetron
potential reduces. That may be attributed to lower deposition rate at lower magnetron

voltages (see Figure 10). We have seen that the PEM (input) signal does increase as the
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Fig.8.10 Nitrogen consumption versus the Ti line set point

three magnetron voltages.
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Fig.8.12 Film resistivity

for different magnetron potential.
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magnetron is operated at lower voltages. That reveals not an increase in the mezal
emission line but due to the increase in electron emission at constant energy from the
filament as the magnetron operated at low voltage. It was seen (Ref. 26) that the emission
signal is related to the electron intensity and its energy in the dense plasma region (almost
in front of the magnetron target). When the filament assisted magnetron is used the

existing electrons are emitted, almost, at constant energy.

However, the influence of operating the magnetron at lower potentials in making titanium
nitride is shown in Figure 12, where it can be seen that films made at lower potential had

a lower resistivity. This reduction of film resistivity can be attributed to two reasons:

1- As the magnetron operates at lower voltage, better unbalanced magnetron performance
concerning high ion bombardment and floating potential will be achieved (see Figure 6).
As a result increased ion assisted film improvement may be seen. That is because the ion
to atom arrival rate is altered, which causes better film properties. this factor has a
significant role in controlling the film microstructure and consequent properties as

demonstrated in chapter 5 and 7.

2- Lowering the magnetron potential will reduce the high neutrals energy that bombard
the growing film, causing radiation-type damage. During ITO deposition (Ref. 2) it was
seen that at lower magnetron potentials the films resistivity drop dromaticaly, that because

the higher carrier constration and mobility were found.
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The design and characterization of an unbalanced magnetron

that operates at a low voltages has been given here.

This system shows a better plasma performance compared to

that of a conventional unbalanced magnetron.

The use of this source in TiN -deposition leads to better

electrical and optical properties.
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CHAPTER-9
PLASMA SOURCE BASED AN UNBALANCED MAGNETRON

9.1 Hall Effect Ion Source

Hall-effect ion sources are closely related to work done in Soviet Union, much of which
was reported in their All-Union conferences (Ref. 1). This work is acknowledged by the
use of the names "closed drift" and "End Hall" as types of Hall-effect ion sources.
Hall-effect ion source can be defined as a plasma device operating in approximately the
- glow-discharge regime. The ions are electrostatically accelerated into a beam with the
accelerating electric field established by an electron current of comparable magnitude to
the beam current, interacting with a magnetic field. One component of the electron motion
is counter to the ion flow. Another component is normal to the direction. The current
associated with this normal component is called the Hall current. In Hall-effect ion
sources there is a complete, or closed, path for the Hall current. In addition, for the ions
to be accelerated into a beam, rather than much more diffusely, the ion cyclotron radius
must be much larger than the total acceleration length. The high-current, low-energy
capabilities of these sources make them particularly suited to process improvement during

thin-film deposition or thin-film property enhancement.

9.1.1 Operation

There are several types of Hall-effect ion sources. The well known ones are the end-hall
type (Refs. 1,2) so named because the exits the acceleration region at the end (axis) of
the magnetic field, and the closed-drift type (Refs. 1,3) in which the ion-acceleration
channel is annular,rather than circular as it is in the end-hall. The operation mechanism

of end-Hall ion source is described here to be compared with our result.
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The source is shown in cross-section in Fig. 1 (Ref, 2). The cathode is a heated filament
in the front of the source that is employed to emit electrons both for primary discharge,
and to charge-neutralize the ion beam. The anode is configured conically, with a magnetic
field that traverses the anode surface and diverges along the central axis of the source.
The gas is fed through a plate below the anode. Electrons from the cathode are accelerated
towards the anode and can cause ionisation, both through direct collisions and through
heating of the background electron population. In the anode region, there exists an ExB
drift, which helps confine the electrons and causes additional ionisation. The current to
the anode is almost entirely composed of electrons, both the electrons from the cathode
and the secondary electrons that result from the ionisaﬁon of neutrals.

In normal operation, the gas flow is adjusted at constant anode current until the anode
voltage is also at the desired value. A weak potential difference is set up along the axis of

the source, of the form

KT B
dv = (Tc) In (_BT)

where:

B and B, = The magnetic field at two locations on the axis of the source

K = Boltzmann constant

Te = Electron temperature in K and

¢ = Electron charge
Ions are accelerated by this weak potential gradient, and the net ion energy has been
found experimentally to follow this relation (Ref. 1) The typical ion energies from tﬁese
sources are related to the anode-cathode potential as well as the field gradient. They can
be controllably varied from 20 to 100 ev. The beams, however, tend to be rather

divergent compared with the Kaufman source.
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Fig.9.1 A cross section of a Hall-effect ion source {ref2}
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9.2 Plasma-Source Based an Unbalanced Magnetron

9.2.1 Design and Optimisation

The most recent techniques for building ungridded ion-sources are based on plasma
(Ref. 4) or hot filaments (Ref. 5). These designs result from a combination of the plasma
discharge into an ion source. All of these sources show that there are too many variables
to control the output satisfactorily. To do so, system complexity is necessary. In turn,
their cost will be high. Using our approach, the unbalanced magnetron principle,
combined with a hot filament discharge aided by a magnetic field, result in high ion
current density. The controllability of such devices is achieved from the control of the
process parameters, these being argon pressure and the thermionic electron emission

from the filament (in general).

From previous chapters, we have seen that the high performance of an unbalanced
magnetron plasma can be achieved by optimising the maghctic field configuration that
leaks from the outer pole to the front, striking either the subjected target or the substrate.
The created electrons (both from ionisations and the secondary electron emission), will
react with the magnetic field lines and follow them taking the ions with them by
electrostatic means. To create a high ion-beam source, then, there are two points to
consider. Firstly, design a magnetic configuration for better plasma confinement, then,
optimised high electron generation source. By using additional mild stee! rings fixed to
the outer pole of the magnetron, thus extending it a considerable distance from the target
surface, a larger, better defined leakage of magnetic field, can be achieved (chapter 7).
The majority of electron generation will be accounted for by secondary electrons emitted
from the target surface by ion bombardment. The electrons are trapped by the magnetic

field lines creating an ExB drift which in turn will cause more ionisation. This system

provides a high ion current density of between 5 and 100 mA/cm? and with self-bias of

between 20 and 100 V at the substrate . Recently it has been found that such performance
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can improve the film property of AR ophthalmic coating and film adhesion (Ref. 6). The
operating voltage range of this source is 350-600 V. in this range of voltage the plasma
beam will be accompanied by sputtered target material. Even when operated in an oxygen

environment, the contamination is not eliminated.

From the low voltage magnetron sputtering process we have seen that the plasma
properties are improved. That was interpreted as being due to the lower plasma
impedance as the discharge transfer from the cold-cathode discharge regime to the
hot-cathode discharge (Refs. 7,8). The electrons emitted from the filament are energetic
enough to cause ionisation of the background gas. The increased icnisation forms a
denser plasma than that produced by the magnetron alone. The plasma is characterised by
a lower impedance, resulting in increased current at constant voltage or decreased voltage
at constant current. Of all the electron current injected into the volume in front of the
target face, only a fraction are coupled into the target. The rest of electrons, spiral down
magnetic field lines toward the substrate. In turn,the plasma properties the ion current

density and substrate self-bias are improved.

By accompanying the magnetic configuration of unbalanced magnetron (Figure 1 chapter-
7) with that of the low voltage magnetron performance, both pure and high flux ion beam
sources can be achieved. The plasma source with its magnetic field shape, connected with
its circuit is shown in Fig. 2. The filament position is different from that in the low
magnetron voltage configuration. The filament is connected in the centre of the source
axis in front of the reflector (so called because it can no longer be a sputtered target). It is
used as a biased surface to reflect the electrons to be diffused to the front, following the

magnetic line.
To use the magnetron as a low voltage sputtering system, the filament is positioned in the
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race track close to the outer pole and parallel to the target surface. Despite the magnetron
operated at a lower voltage, the ExB drift in front of the target will still océur. The
existence of a dense plasma in front of the target causes the target material to be sputtered
and contaminate the plasma beam. The existence of the ExB will confine a large
proportion of the plasma produced; that remaining being constricted to the front
following the magnetic field lines leaked from the outer pole of the magnetron. In other
words, this design is more applicable as a controllable voltage sputtering technique than
as a plasma source. With the connection of the filament at the centre of the plasma source,
accompanied by a magnetic field taking the shape shown in Figure 2, a Penning-like
discharge will take place. The resultant plasma is confined within a diameter close to the
filament, diffusing to the front in a cone-like shape. This is shown as a dotted line in the
same figure. Fig. 3 Shows a photograph of plasma beam produced by this plasma
source. The filament-reflector distance and the filament position within the magnetic field

both play major roles for optimising the source performance.

The filament, which is normally tungsten,is connected to a resistance heating supply,
either AC or DC. To ignite the plasma the filament and the reflector are biased to a
particular voltage by using a DC supply. An MDX magnetron driver supply having
voltage and current ranges of 0 to 600 Volts and 0 to 8 Amperes respectively, has been
used in our experiment. Consequently, the reflector current will be limited by the supply
current. When the reflector current reaches 8 A, arcing initiates and the MDX supply will
start flashing, so the plasma will be extinguished. A more convenient supply for such a
plasma source is one providing higher current in the voltage range 0 to 200 Volts. To
prevent the filament sputtering and hence prolong its life, it is necessary to bias it below
100 V. There is a threshold voltage which is related more to the filament-magnetic field

configuration than the filament-reflector distance.
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Within the bias voltage applied to the reflector and the filament, the plasma will be ignited
immediately when the filament reaches incandescence. At such an elevated temperature,
the filament will become a copious source of thermionically emitted electrons. These
electron have enough energy to ionise the background gas and initiate the plasma.
Because of the negative bias reflector, a fraction of the produced ions will be directed
towards it and reflect the electrons to the front. Thé resultant reflector current can be read
from the supply meter. Reflector current will increase as the filament temperature
increases. Electron emission is increased by raising the temperature of the filament by
passing more current through it. The relationship between the reflector current and the
filament current is shown in Fig. 4. As shown in the figure, the utilised temperature is
achieved between 40 and 60 Amperes. This range of current is related to the filament
size. A narrower gauge filament requires less current, but with broader filaments tonger
life times can be reached. Hereafter, plasma properties will be related to the reflector

current rather than the filament current.

9.2.2  The Source Performance

Ion current, and the energy associated with it, is the most interesting parameter for ion
. beam investigation. The use of electrostatic probe the source performance has been
studied (Ref. 9). Fig. 5 shows the floating potential and ion current density as a function
of the reflector current, as measured by the probe at a distance of 120 mm from the
reflector surface with 3 mtorr argon pressure. By increasing or decreasing the filament
emission, the rcquimd.ion current and ﬂ;)atin g potential can be achieved, As the filament
temperature rises, therefore it will heat the background electron population, adding not
only a degree of ionisation and increased ion current, but also accelerating the ions to

higher energies.
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Fig.9.4 Reflector current as a function of the filament current.

fig.9.5 Probe measurement of floating potential and ion current
density versus the reflector current.
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9.2.3 Axis and Radial Beam Profile

The probe described above was used to investigate the beam distribution along the beam
axis and with a radial distance from the centre line of the plasma beam. By fixing the
reflector current at 7 A and argon pressure at 3 mTorr, the ion current density and floating
potential profiles have been measured, shown in Fig. 6. If we combine the result of Fig.
6 with the magnetic strength along the beam axis Fig. 2, the ion current and the floating
potential profile can be understood. From the unbalanced magnetron principle, the
magnetic field distribution demonstrates that the magnetic strength approaches a
maximum at a distance of 90 mm from the reflector surface. That occurs where
maximum divergence of the magnetic field takes place. At this point, as we can see from
Fig. 6, the ion current density will reach the maximum, Either side of this critical point
the ion current will decrease. The plasma beam reduces as we follow the beam axis. At
the first three points, the floating potential profile is slightly different from that of the ion
current profile. When the maximum is achieved the floating potential is a minimum and
starts to rise again until it reaches a maximum and ultimately follows the magnetic field
strength. This may be due to maximum confinement of the plasma beam taking place at
maximum magnetic field strength. Consequently, that will result in plasma disturbance

,recombination and collision of the plasma and gas species.

Fig. 7 shows the ion current density and the floating potential profile as a function of the
radial distance. These measurements have been taken at a distance of 120 mm from the
reflector face and 3 mtorr argon pressure. As shown in the figure, ion current density is
greater at the centre of the beam than at larger radius. With further distance from the

reflector surface better beam uniformity can be achieved as shown in Fig. 7b.
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fig.9.6
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fig.9.7 Floating potential and the ion current profile with the
radial distribution a) at 120mm distance and b) at 160 mm
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9.2.4 Argon and Oxygen Pressure Effects

Features of the unbalanced magnetron are increasing ion current and the substrate
self-bias with decreasing the argon pressure (Ref. 10). The energy of the secondary
electrons entering the plasma in magnetron sputtering is approximately constant. Thus as
the pressure decreases, the probability of ionisation in the plasma decreases, as does the
recombination and charge exchange. Therefore, the ion current and floating potential will

increase.

Fig. 8 shows the probe measurements as a function of argon pressure for plasma
processes. Reflector current was 7 A, and probe-reflector distance 120 mm. The
emission current from the filament will be severely limited by the electron space charge
surrounding it, but with an anode located in the vacuum to withdraw the electrons, and a
suitable gas introduced to a pressure of a few millitorr, a glow discharge can easily be
generated. In our system the anode is the chamber wall and as such does not attract
electrons. Other factors influencing emission current are the filament potential and the
argon pressure. If the bias voltage to the filament is maintained in our experiment, then
the only remaining parameter which can initiate the discharge and release electrons is an
increased argon partial pressure. Because we are dealing with a copious source of
thermionic electrons, the probability of ionisation will increase as the argon pressure
increases until reaching the maximum value. After that, gaseous recombination and
charge exchange will take place, and the ion current will decrease. As shown in Fig. 8,
the ion energy will decrease as the argon pressure increases. That is due to higher
scattering with the background gas as the pressure increases, and hence, reduction of the

ion and electron energies.

The use of oxygen partial in magnetron processes has a large influence on the plasma

parameters. The influence of the oxygen partial pressure combined with argon shows
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fig.9.8

£fig.9.9
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that the ion current and the floating potential are improved as the oxygen partial pressure
increases. The presence of oxygen in magnetron sputtering, will result in the dissociation
of the oxygen molecular by electron impact. Some of the dissociative events will be
accompanied by ionisation, so that the discharge can be sustained. Such reaction will be
accompanied by a free radical and positive and negative ions in the discharge. In the
presence of the negative ions and the electrons, the potential drop at the substrate will

increase in order to equalise the charge flow to it.

Fig. 9 shows the probe characteristic of oxygen used in plasma sources. The total
pressure and the reflector current were 3 mTorr and 7 A respectively. As we can see from
this figure, the electron impact dissociation of oxygen molecular is not accompanied by
ionisation. As the oxygen partial pressure is increased the ion current is decreases, and
there is a slight increase in the floating potential as a result of the presence of negative
oxygen ions. In magnetron sputtering, the existence of highly energetic sputtered atoms,
the ExB drift current, and the high voltage process, all may lead to impact dissociation
oxygen molecular accompanied by ionisation, in turn enhancing the plasma properties

(see chapter 7).

9.2.5 Auxiliary Magnet Effects

From the previous discussion, the parameters that influence the plasma characteristics are
argon pressure, electron-emission current and the distance from the source body. The use
of additional magnets behind the substrate, enable the plasma beam to be better
characterised. For this purpose, an electromagnetic coil has been fastened at 40 mm from
the probe area. By passing 1.5 A through the coil the magnetic strength at the the probe
will be equal to 115 gauss.

Fig. 10 shows the relation between the ion current and the floating potential with the
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reflector current, both with and without the additional magnet. The ion current and the
floating potential are improved as the magnetic bias is added. As will be shown later,
such performance can be used as a device to form a dense plasma source for
low-magnetron sputtering technique. using the same coil the plasma beam can be directed
to anywhere in the process chamber. Fig. 11 shows a photograph of the plasma beam

when it is bent by 90 degree from the beam axis.

9.3 Applications

9.3.1 Metal Low Voltage Sputtering

The theory of filament assisted magnetron sputtering, used as a low voltage magnetron
was introduced in the previous chapter. For TiN depositions, the ensuing results indicate
that the film properties are improved when the magnetron operates at lower voltage (Ref.
11). Material such as Indium-Tin alloy cannot be deposited using this technique, because
of target melting initiated by the close proximity of the high temperature filament.

The use of a plasma source to provide a high ion bombardment directed to an
independently biased target enables low voltage sputtering to be achieved, even with low
melting point material. The investigations of metal sputterings of copper plate, the use of

targets based on unbalanced magnetron and reactive sputtering of ITO are selected.

9.3.1.1 Copper Plate Sputtering

A Cooled copper plate with a 120 mm diameter was chosen to be the sputtered target.
This plate is fixed at a distance of 120 mm from the refiector face with an angle of 45
degree from the centre. It is biased independently by using a dc power supply. An
electromagnet coil is used to confine the plasma beam to be more concentrated at the plate
target. The substrate is fixed in front of the copper plate at a distance of 100 mm. The

layout of this design is shown in Fig. 12. For such process, however, high ion current
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fig.9.12 Layout of the plasma source and the use of copper plate
target.
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density is required rather than high energy. As shown in section 9.2, this can be achieved
by controlling plasma operating parameters. such as electron emission, argon pressure
and the magnetic strength at  the target. Using a fairly large target diameter, most of the
plasma ions will strike the target with energies equal to the target potential. Hence, the
use of the coil in this situation acts to localise the beam at the target centre rather than

increasing plasma beam efficiency.

Fig. 13 shows the I-V characteristic of the copper plate target. Copper deposition rate has
been measured as a function of the target potential, illustrated in Fig. 14. As shown in
Fig. 13, at a bias voltage between 50 and 100 Volts the target current is related to the
target potential. This is because the applied potential at the target is not high enough to
repel all the plasma electrons, especially those at high energy. Above 100 V all ions will
be attracted and the current will keep constant. Then, the deposition rate of the plate target
will be related more to the target potential than the ion density. As will be shown in the
following section, such behaviour does not occur if the magnetron target has been used
instead. For the same purpose, bending the plasma beam to be directed onto a plate target
backed by electromagnetic coil will enable the target to be sputtered. Such a design is
shown in Fig. 15. When the plasma beam is bent by a magnetic means, some of these
ions that have a high energy will not follow the electrons. Thereby, the beam efficiency
will reduce. When the plasma is bent, the low magnetic strength will be sufficient to
influence the electrons into taking the ions with them by electrostatic means. Some ions
and electrons that gain a high energy during the ionisation have enough momentum to
accelerate to the front. To insure that all ions are bent, a high magnetic strength is
required. The escaped ions reduce the ion current density by 35% from the original, of
(Fig. 11). Essentially this technique is advantageous if the plasma beam is to be used in a
remote, shielded environment, similar to some applications of PECVD or for cold plasma

applications. With reference to Fig. 12, during deposition, and because there is no
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fig.9.13 I-V characteristic of copper plate target.

£fig.9.14 Copper deposition rate as a function of the target -
potential.
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fig.2.15 Layout of copper plate target subjected to a plasma
beam at 9¢° to the plasma source.
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racetrack in front of the target, the secondary electrons emitted from the target at a bias
voltage more than 170 V will escape to the front resulting in heating of the substrate and

stress in the film.

9.3.1.2 Copper Target Based an Unbalanced Magnetron Sputtering

By replacing the copper plate with a target-based magnetron, the process, in general, can
be improved. The set up of such geometry with the magnetic field configuration is
shown in Fig. 16. Fig. 17 shows a photograph for the plasma beam directed to a target
based unbalanced magnetron. The use of gas pressure as a factor for optimising plasma

beam utilisation is shown very clearly by this process, and Fig. 18 demonstrates this fact.

From the basic theory of the magnetron, the secondary electrons emanating from the
target as a result of ion bombardment will react with those magnetic field lines those
parallel to the target, creating an ExB drift current. In turn, The trapped electrons, will
create ionisation and enhance the input power to the biased target. Fig. 19 shows the [-V
characteristic of this design compared with that of the copper plate target, and with the
unbalanced magnetron not subjected to a plasma beam. From the ion current and target
potential, the input power for each process can be obtained. As shown in this figure, the
target based magnetron is more efficient than that of the plate target in this respect. The
investigation of copper sputtering rate with the former has been carried out. Ensuing
results are compared with those of copper plate target and the unbalanced magnetron. The
sputtering rate as a function of the target voltage is shown in Fig. 20. Because the ExB
drift current exists in front of the biased magnetron, the deposition rate is higher than that
of both the plate target and the conventional unbalanced magnetron without plasma
source. This process, then, enhances the efficiency of magnetron sputtering, such that the
magnetron deposition rate increases by a factor 10 for a given voltage. In addition, using

this system for low voltage sputtering, result in deposited films showing no stress.
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fig.9.18 1I-V characteristic of target based unbalanced magnetron
versus the argon pressure.

£fig.9.19 1I-V characteristic of target based unbalanced magnetron

compared with that of plate target and conventiocnal
magnetron.
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Further, the magnetic configuration of this system enables it to be used for low potential

sputtering at room temperature for any target material.

In order to optimise the target utilisation, the target angle with respect to the centre line of
the plasma beam should be considered. The input power to the biased target is very
sensitive to this angle. Fig. 21 shows the target I-V characteristic for different target

angles. At (°, the plasma beam will be normal to the target surface.

9.3.2 Low Voltage ITQ Sputtering.

Recently, Ishibashi et al, (Ref. 12) found that the discharge voltage during sputtering did
affect the resistivity of ITO films. By using a lower sputtering voltage, it was possible to
obtain low ITO film resistivity. In their investigation, an oxide indium tin target was
used. At normal voltage magnetron operation highly energetic oxygen ions created at the
target surface are accelerated by the electric field of the cathode sheath and collide with the
substrate, causing ITO film damage. The resultant films deposited at room temperature
show that film resistivity is reduced from 10 x 104 Q cm at 400 V (normal magnetron
operation voltage) to 4 x 104 Q cm at 100 V magnetron voltage. The latter can be

reduced to 1 x 104 Q cm when the substrate is heated to 350° C.

ITO films produced by reactive magnetron sputtering in normal operation of target
potential (300-400 V), and at room temperature demonstrate that low film resistivities of
approximately 4 x 10-4 Q cm can be achieved (Refs. 13,14). In such circumstances the
ITO films deposited in normal reactive magnetron operation at room temperature are
better than these.deposited from an indium-tin oxide target. Interesting results of low ITO
resistivity at room temperature can be achieved when reducing the discharge potential

(magnetron voltage).
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fig.9.20 Copper deposition rate of target based unbalanced
magnetron copaired with that of plate target’ and
conventional magnetron,

fig.9.21 Target current as a function of the target angle.
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Much attention has been paid o the filament assisted magnetron (so called low voltage
magnetron), described in the previous chapter. Material such as indium-tin alloy cannot
be deposited using this technique, because of target melting initiated by the close
proximity of the high temperature filament. Our attempts were therefore ccl)ncentratcd on
using the plasma source as in metal target sputtering of the previous section. The system
of Fig. 16, with an indium-tin target has been used. In order to control the oxygen gas
pressure at the correct level, especially in the pressure instability region, the Plasma
Emission Monitor, PEM, is required. However, when using this technique some
problems had to be faced, which led the experiment to end with uncertainty. The main
problem was oxygen pressure instability, because the incoming signal from the emission
fibre was noisy, in turn making the control unstable. Another approach was to use the
pressure signal as an input signal to the control system. unfortunately the output of the
pirani pressure gauge was affected by the plasma generation, in turn disrupting the input
signal and making the process uncontrollable. Ultimately manual control was used.
Using this method, the oxygen flow is controlled rather than the oxygen partial pressure.
Hence, in the stoichiometric l;cgion where the film is conducting, pressure instability
exists. Results achieved near to this point are not optimum. To achieved better
stoichiometry, then, a high pumping speed is required so that the diffusion pump port
was fully opened. At 3 mTorr argon pressure, 7 A reflector current and 150 V magnetron
bias voltage, ITO films were deposited. The resultant resistivity shows the same order as
the conventional magnetron. This is about 4 x 10-4 Q cm. A deposition rate as high as
3.3 nm/sec has been achieved with an input power of 300 W. Observations on a variety
of ITO films produced from the bias target magnetron, even when using PEM or pressure

signal control, show that the ITO film resistivity reaches saturation.

Using an ITO target, sputtered by Ar ions, generates black, high resistivity suboxide on

N
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the surface, which can be explained by the following Ion Collision reaction

In the ITO film itself, a high sputtering voltage can generate the above reaction by the
negative ion collision of oxygen to form black and high resistivity suboxide (InQ). The
film resistivity will be increased by this material. When the operation voltage reduced
below 100 V the oxygen ion energy was reduced, in turn, forming less suboxide at the

film, and the resistivity will be lower.

By using reactive magnetron sputtering Ieés oxygen ion damage results. That is because
the resulting films is not only from the ITO sputtered from the target surface but mostly
from the reaction which exists at the substrate between the sputtered target atoms and the
oxygen gas. Reducing the target voltage will only reduce the energy of that fraction of '

oxygen ions that are formed at the target surface.
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The design of a plasma source based on the unbalanced
magnetron principlé has been described here. This source can
be used as a tool in thin film modifications and as an
activation source in thin film production. The source can be
used as a plasma beam assisted magnetron system for low
voltage sputtering of a sensitive materials (the deposition

of ITO thin film).
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CHAPTER-10
CONCLUSIONS

The principle of the magnetron which is used to create low voltage sources operating in
low pressure is that crossed electric and magnetic fields can contain electrons within a
volume close to the cathode, making them available to ionise the residual atmosphere.
Implicit in this is that there is a continuous path for the circulation of these electrons.
Sputtering magnetrons can be planar or cylindrical. A recent modification to the planar
design has been the "unbalanced" magnetron, where some of the electrons can leak from
the region near to the cathode through magnetic field lines leaving one pole, hence the
magnetic field is not completely balanced. If this pole is the one in the centre of a circular,
planar magnetron the leakage field can form a field along the axis of the circle which can
also contain an extension of the cathode forming a cylindrical magnetron with leakage of
electrons from the open end. When the device is used to create a plasma, the leaking
electrons take ions with them for charge neutralisation. This plasma will impinge on the
substrate which, if it is isolated, will acquire a negative charge to equalise the flow of the
charge to it. The use of an unbalanced magnetron shows that the reactivity and the film
properties can be improved. As the reactivity increases at the substrate, the partial
pressure of oxygen is seen to be considerably lower for high floating potential and ion
bombardment on the deposited film. The use of the unbalanced magnetron for reactively
sputtered titanium nitride and oxide on glass substrate at room temperature exhibits an

improvement in its optical and electrical propertes.

The combination of both the planar and post magnetron in one system result in a high
performance unbalanced magnetron. This design has been achieved by adding extra pole
pieces to the magnetron outer pole this extend the magnetic field and the trapped plasma

far from the sputtering target. As a result ion current densities as high as 100 mA/cm2
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and floating potentials of up to 70 V have been achieved. using this system shows a
possibilities of depositing diamond like carbon. Because of the high plasma densities and
low amounts of sputtered material when operated in oxygen gas, the system was used as

plasma source rather than a sputter deposition system. Using itin PEVCD demonstrated
the deposition of Si0O7 and TiO2. Also the use of this system as a tool for dry etching of

photoresist and PET have been demonstrated.

For selective processes there are some disadvantages when the above technique is used;
either problems consistent with low pressure operation or deleterious effects in the
growing film. It has been witnessed that the high energy reflected neutrals at magnetron
voltages around 500 V may cause a radiation type damage, which in turn influences the
microstructure and morphology and hence the film propertes and film stress. Reducing
the magnetron voltage, then, can be beneficial. The injection of electrons into the
magnetic trap of the magnetron can result in a much lower operating potential for the
magnetron and allow it to operate at lower pressure. Coupling in thermionic electrons
emitted from a filament connected at the magnetron race track can reduce the magnetron
voltages from 500 to 100 V. This technique shows a better plasma performance and gives
a good quality film. Operation of the process at low magnetron potential and under
conditions that provide considerable ion bombardment of the growing film was shown to
give TiN of better quality. Where this assessed by improved specular selectivity in their

reflectivity and lower resistivity.

The magnetic field configuration provided by an unbalanced magnetron combined with
the hot filament discharge achieves a high ion current density at the substrate (plasma
source). This gives the substrate a self-bias of between 10 and 100 V, with an ion current

of between 5 and 100 mA/cm2. These parameters can be controlled easily by adjusting
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the electron emission and the process conditions. The use of magnetic field enables the
plasma beam direction to be controlled and bent into remote or shielded environments.
The dense plasma emanating from this device enables it to be used for low voltage
sputtering. The use of this device fore low voltage reactive sputtering is also possible.
My results showing that a high deposition rate of ITO at the low resistivity region can be
achieved. In order to optimise the use of the plasma beam in future work the target angle

with respect to the centre line of the plasma beam should be considered.
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