i1 M Loughborough
 University

This item was submitted to Loughborough's Research Repository by the author.
ltems in Figshare are protected by copyright, with all rights reserved, unless otherwise indicated.

Modification of the properties of D.C. magnetron sputtered magnetic thin
films by self-bias

PLEASE CITE THE PUBLISHED VERSION

PUBLISHER

© E.S. Warner

PUBLISHER STATEMENT

This work is made available according to the conditions of the Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International (CC BY-NC-ND 4.0) licence. Full details of this licence are available at:
https://creativecommons.org/licenses/by-nc-nd/4.0/

LICENCE

CC BY-NC-ND 4.0

REPOSITORY RECORD

Warner, Edward S.. 2019. “Modification of the Properties of D.C. Magnetron Sputtered Magnetic Thin Films by
Self-bias”. figshare. https://hdl.handle.net/2134/36439.


https://lboro.figshare.com/

UNIVERSITY OF TECHNOLOGY

LOUGHBOROUGH

LIBRARY

AUTHOR/FILING TITLE

e e e e e e i e~

____________________ O2600020y . .
VOL. NO CLASS MARK
LoAa Caly
30 JUN198S

0
j
a

036000209 9

UWMWWWWW







MODIFICATION of the PROPERTIES of D.C. MAGNETRON SPUTTERED
MAGNETIC THIN FILMS by SELF-BIAS

by E.S.Warner

A Master’s Thesis Submitted in partial fulfilment of the
requirements for the award of Master of Philosophy
of the Loughborough University of Technology

September 1991

(c) by E.S.Warner 1991



Loug™'.nro~r Liryarsity

of Techr iy
o Sehb 9
Chula -
Acc

No. ©36ooo 2o

L9q2 1g€36




ACKNOWLEDGEMENT

I wish to express my thanks to Dr.R.T.Giles, Dr.R.P.Howson, Dr.A.G.Spencer
and Mr.E.M.Stenlake for the advice and motivation which they provided during
this work and for their assistance in the final preparation of this thesis,
I am also grateful to all my colleagues at the Physics department whose

help and encouragement contributed to my research.



ABSTRACT

In this thesis a method to control the deposition process of D.C. magnetron
sputtered magnetic thin films is described. A biased anode, situated in
front of the magnetron, is used to alter the plasma characteristics which
influence the film deposition process. The n;agnetic field configuration
which results from biasing the anode leads to self-biasing at :hc
film-substrate location. Control of this film self-bias voltage allows for

controlled ion bombardment of the substrate.

The technique is investigated using Cobalt as the target material. With the
given experimental configuration, self-bias voltages up to -40 V at the
substrate location could be achieved. It is demonstrated that the use of
self-bias and ensuing ion bombardment, during film growth at the substrate,

influence the micro-structure and properties of the deposited films.

The micro-crystalline structure and' coercivity of magnetron sputtered Cobalt
films exhibited considerable variation with film self-bias. For increasing
self-bias, the film coercivity attained a maximum value then decreased
toward a value less than that of the unbiased case. It is found that the
maximum value of coercivity coincides with the maximum film particle
diameter. The films are found to consist essentially of single-domain
particles, which are responsible for the observed magnetic properties of the

films.
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1. INTRODUCTION

Magnetic thin films have been produced by various processes such as
chemical (1,2), electro and electroless (3,4) and ion plating (5), vacuum
evaporation (6,7) and sputtering (8,9). The latter option is the most
attractive proposition in terms of the achievable film properties, however,
it is an expensive technique due to the vacuum conditions req;ired during
film deposition. During sputtering, the film material is transformed into
the vapour phase by a mechanical (momentum exchange) process. The
implication of this is that almost any material may be considered as a
potential film coating. Moreover, sputtering can produce films at high
rates (deposition rates of 1-10 nms'l) with reproducible, controllable
properties that are uniform over large areas. The material is deposited

with energies corresponding to temperatures of a few thousand degrees

celsius. This provides for good film adhesion and crystallinity.

Magnetic thin films (<0.5 ym thick) have many uses: as recording media for
high density digital recording due to their relatively large induction (10),

as logic elements in electronics and memory elements in computers, and as
security tags. In the first instance, the necessary conditions are that the
film should have a high coercivity (H,) and as high a squareness of
hysteresis loop as possible (1,10,11). Squareness (S) is defined as the

ratio of the remanence (Mr) to saturation (MS), i.e. S = 1 ideally. In the
other cases a high squareness is also desirable. However, a small

coercivity is required due to the limiting size of the detection systems.

In this study the microstructure and magnetic properties of planar magnetron
sputtered pure Cobalt films are investigated. Cobalt metal, a ferromagnetic
material, has a large value of saturation (1.42 106 Am'l) and its hexagonal

close-packed structure a bigh uniaxial anisotropy (K, = 45 104 ym™3 at




298 K). These factors suggest the possibility of a high coercivity for

Cobalt in the form of a thin film.

The magnetic properties of thin films depend on film structure, which in
turn depend on film growth. It has been shown (12) that bias voltages
applied to the substrate during deposition can have a considerable influence
on the structure of the deposited films. The effects of bias I_I-lay manifest
themselves by altering the plasma characteristics, by thermal effects and by
re-sputtering. In metals, the combined effects of these phenomena are known
to influence the film crystallinity (13). It is known that ion bombardment
during thin film growth produces changes in nucleation characteristics, in
morphology, in composition, in crystallinity and in film stress (14). The
conventional method of depositing a film whose properties are modified by a
flux of high enmergy particles is ion plating (5,15). However, the cost of
equipment and associated technical problems are a serious drawback to the

process.

In the case of direct application of bias to the substrate, a potential
sheath is created in front of the substrate. The changes in structure and
properties of the magnetic thin films associated with bias, are assumed to
originate from increased bombarding ion energy and preferential

re-sputtering of Oxygen at moderate bias (-50 V), (16,17).

In this study an alternative method of influencing film deposition is
considered. Any isolated conductor immersed in 2 plasma will become
negatively charged due to the greater mobility of electrons over other
species. The conductor will achieve a fixed potential, the floating
potential or self-bias voltage, relative to the container walls as ground.
This occurs when the ion flux to the conductor just balances the electron

flux reduced by electrostatic repulsion. This is the condition of net zero




current to the conductor. A space charge forms in front of the conductor of
polarity such as to accelerate ions. The kinetic energy of ions impinging

on the conductor is approximately the charge per ion multiplied by the
self-bias voltage. Thus, controlling the self-bias voltage emables control

of the energy of incident ion flux. Although, in the majority of cases,

fast meutral atoms sputtered from the target represent the majority species
bombarding the substrate, the ion flux has been demonstrated to have a

considerable effect on film growth and structure (18,19).

In this study, the microstructure and magnetic properties of planar
magnetron sputtered Cobalt films 500-600 nm thick are investigated. The
deposition process is modified by altering the plasma characteristics, which
is achieved by varying the potential of an electrode immersed in the plasma

thereby altering the substrate self-bias voltage.
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2. THEQRY of FILM DEPOSITION

The films in this study were produced by D.C. magpetron sputtering of a
planar circular source in a vacuum chamber. Sputtering is a process where
energetic particles bombard a surface and eject material through momentum
transfer processes. The film material, called the target, is placed in a
vacuum chamber along with substrates and evacuated to 133 J;:Pa or so. Inert

gas ions constitute the bombarding species.

Bombardment is initiated by back filling the chamber with inert gas to a
pressure less than 13 mPa and striking an electric discharge. This is a low
pressure glow discharge and the ionized gas is a plasma. The target
constitutes the negative electrode of the discharge to facilitate ion
bombardment and plasma formation. In a magnetron system, crossed electric
and magnetic fields are employed to accelerate and confine the electrons

that ionize the working gas. The electric field accelerates ions into the
target, these ions’knockout’target atoms which constitute the film. The

flux is intercepted by substrates positioned in front of the target.

Moreover, secondary e¢lectrons emitted by the target are used to make the

process self-sustaining (1).

Film production involves three processes: sputtering of the target atoms,
the transport of these atoms to the substrate and film growth from these

atoms,.

2.1 FILM DEPOSITION

2.1.1 Basics of Sputtering

As previously stated, sputtering involves a momentum transfer process. In

sputtering, the bombarding particle transfers its kinetic energy to the



target atoms . Target atoms that attain sufficient kinetic energy to
overcome the local binding forces are ejected through the target surface.
The process may be viewed on an atomic level and compared to collision

between hard elastic spheres.

Consider a particle of mass m; and velocity vj incident at an angle ¢ to the

line of centres with a particle of mass m_ initially at rest, Fig.1. It can

t
be shown (1) that the fraction of incident kinetic energy transferred to the

target atom is:

E. = 4 mum coszqs

t ]t
2
Ei (mj + mt)

This indicates that maximum erergy transfer occurs when m; = m, for a
head-on collision, This is the ideal case. However, more generally, the
target atom is driven into the target by momentum exchange. The ejection of
of a sputtered particle ensues only when the direction of the initial

momentum alters by more than 90° Que to a sequence of collisions.

The sputtering of a single element target is defined as the number of target
atoms ejected per incident particle. It is dependent upon the nature of the
target and its surface profile, and on the nature of the incident particles,
their energy and angle of incidence (2). Fig.2. illustrates the variation

of sputtering yield for Argon ions at normal angles of incidence for various
metals. The sputtered energy distribution is approximately Maxwellian with

a most probable energy of 10 eV (2).

2.1.2 A Typical D.C. Sputtering System

The target is fabricated from the material to be sputtered. It is made to

be the cathode of an electrical circuit, Fig.3., with a large negative D.C
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voltage applied to it. The substrate, upon which the sputtered material is

to be deposited, is located on a grounded anode several centimetres from the
target. Working gas, usually inert such as Argon or Krypton, is admitted to
the chamber. Inert gases are used chiefly because they are relatively

cheap, readily available, mass compatible and unreactive. Electrons are
accelerated by the electric field, and by collisions with gas atoms, produce
ions and electrons. This constitutes a low pressure glow discharge, as
previously explained. The electric field accelerates the ions to the target

to induce sputtering and secondary electron emission. The electrons tend
toward the anode. Thus a current flows. To sustain the discharge, the rate
of production of ions in the plasma volume must be sufficient to balance the
fluxes of electrons and ions to the electrode and chamber wall surfaces.

Secondary electron emission from the target is utilized to achieve this (1).

The D.C voltage required to maintain the current through the system is a
function of the gas pressure and electron mean free path. The rate of film
deposition depends on the ion flux to the target. The magnitude of
sputtering depends on the sputtering yield. This is dependent on ion
energy (4), see Fig.4, and thus to applied voltage which is responsible for

the sheath voltage at the target.

For a magnetron in operation, a plasma exists above the target surface. The
plasma attains a positive potential, relative to the chamber walls as

ground. This occurs because electrons escape from the plasma to the walls
faster than ions due to their greater mobility. A steady state value of
potential is achieved because loss of electrons from the plasma leave it
positive and prevents escape of further electrons, i.e. the process is
self-limiting. The magnetron has a large negative potential and the plasma

a positive potential. Clearly a region or voltage sheath, a sort of

transition region, exists between the two, Fig.4. It is across this region



that the applied potential exists. Above the target surface the electric

field is such as to repel electrons, thus the region is a’dark space’(5).

A magnetron uses crossed electric and magnetic fields to increase ionization
in the plasma by confining electrons above the target surface. This

accounts for the relatively small thickness of the dark space, usually 1 mm
or less. The path of an electron under the influence of such fields may be

determined by solving the so called Lorentz equation:

d&W=gq(E+7+ B

dt m,

(the bar denotes vectors)

For mutually perpendicular uniform electric and magnetic fields the
situation above the target surface is depicted in Figs.5,6. The general
trajectory for a given initial velocity may be determined by solving the

equations of motion: F,.=4q (E - sz), F, = m, = qv,B. However, there is an

z
alternative approach. A charge of velocity v, = E/B experiences no force in
the x-direction, this means it effectively travels in a zero x-field. Now

if v, ¥ E/B, a non-zero x-field exists. If we let v, = uz+ E/B, then our
equations of motion are: F. = qB, F, = qv,B. The resulting motion, as in
Fig.7., is seen to be that of a cycloid. It is a combination of uniform

circular motion and uniform linear drift velocity in the same plane. The
radius of circular motion is given by: r = (m evqu), where the components

of v are u, and Vg

In planar D.C. magnetron sputtering the applied potential is usually in the
range -300 V to -600 V, with magnetic fields of 0.011 T to 0.11 T. For a
dark space thickness of 0.5 mm, and taking the electric field as the

negative of the potential gradient, the radius of circular motion is given
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by 21): r = (Eme)l(qu), where 0.7 mm =< r < 4 mm. This implies that an
electron may traverse the dark space and leave the region of electric field.

Upon leaving this region, the electron energy is a constant and the radius

of curvature of its path reduced. For a 500 eV electron in a magnetic field

of 0.05 T, the radius is approximately 1.5 mm. If the electron remains
confined in the electric field region, the frequency of circular motion may

be estimated by: f = (gB)/2m, ~ 4 GHz, and the drift velocity u; = E/B

is = 2 107 ms™,

As stated the drift velocity must be perpendicular to the mutually
perpendicular electric and magnetic fields. This implies that electrons
will escape form the magﬁctron. To prevent this, and to ensure a stable
discharge, a circular magnetron was employed to provide closed electron

drift paths.

To produce ionizing collisions, the electrons in the magnetron must travel
distances at least equal to that of the mean free path. For a chamber
pressure of about 0.4 Pa, the number density of atoms (from the equation of
state for an ideal gas) is around 1020 atoms per m>. The average collision
cross-section of clectrons in Argon gas for the given conditions, from

Fig.8., is around 1020 m?. The mean free path is of the order 1 m. The
previously described motion of electrons indicates that the electrons will
drift approximately half the total distance traversed. The circular
magnetron employed in this instance, with a drift path of 0.1 m diameter,

implies that electrons must be confined for at least three traversals of the

loop.

In the circular magnetron employed here, a magnetic field oriented across
the target was imposed by means of magnets, Fig.9., so as to inhibit

electron motion tangential to the drift loop. The field configuration
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implies that the electric and magnetic fields are perpendicular over the
central region. Thus there must be an electric field component parallel to
the magnetic field. Electrons accelerated by the electric field will

acquire a velocity component v’ parallel to the magnetic field. The
component will thus be unaffected by the magnetic field (v’'X B = 0). The

electron will travel along the field line away from the target.

The use of ferromagnetic target materials presents difficulties in that they
disturb the magnetic flux above the target. Figs.10,11 illustrate the
problem and its solution. The poles of the magnet are situated in front of
the target in order to create fringing fields. The purpose of this design

is to ensure that the flux crosses the space between the target and the

poles.

It is seen that the effective electron confinement can be effected by
judicious use of magnetic fields. Jons produced as a result of ionization

due to electron confinement are accelerated through the applied potential

and sputter material from the target. Ion bombardment of the target leads
to phenomena such as momentum transfer to target atoms, secondary electron

emission, ion trapping in the target and target heating (6).

Bombarding ion energy, due to acceleration through the applied potential, is
in the range 300-1000 eV. A large fraction of the incident power, 70%-90%,
is dissipated as heat in the target (7). The target must therefore be

cooled, usually by a system involving cold water circulation. The fraction

of incident power transferred to the sputtered material leads to sputtered

particle energies of 10-100 eV,

For a metallic target, the sputtered material is in atomic form. For

sputtering using Argon as the working gas, sputtered atom velocities for

10
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1 (8). The sputtered atom

metals have been found to be in the range 3-6 kms
energy depends directly on the mass and for the transition metals, such as
Cobalt, is approximately 10 eV. It has been shown (9) that the energy
distribution exhibits a tail to high energies, however, the majority of

atoms possess energies of a few eV.

2.2 ATOM TRANSPORT to the SUBSTRATE

The sputtered atoms ejected from the target possess emergies of a few eV,
The energy of atoms incident on the substrate is directly influenced by the
number of collisions suffered during transport to the substrate. Moreover,
these collisions will affect the angular distributions of atoms incident on
the substrate. It has been demonstrated that sputtered atom energy and

angle of incidence affect the structure of the deposited films (10,11).

The sputtered atom energy is considerably more than that of the gas atoms in
the chamber (normally 1 eV or less). Thermalization of the sputtered

species due to collisions with gas atoms will alter the energy distribution.
Thermalization is determined by the product of the chamber gas pressure p
and the target to substrate distance d. The number of collisions is
proportional to d and inversely proportional to the mean free path, which is
inversely proportional to p. Hence, this implies that the number of

collisions is proportional to the product pd. As previously discussed, the
most efficient energy exchange should occur for atoms of compatible mass
(the hard sphere model). For this model, collision cross-sections for atoms
of atomic number greater than 20 is approximately constant (12). Fig.12.
shows thermalization of Argon ions in Argon gas, from (35). Due to the mass
difference, thermalization of Cobalt atoms in Argon gas may be expected to

require a pd product in excess of the equivalent in Fig.9.

11
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2.3 FILM GROWTH PROCESSES

The nucleation and growth of thin films on surfaces is but little
understood, and is still an area of intense research effort. Of particular
interest to thin film growth is the interfacial region between the film and
the substrate, and the film structural development once a continuous film

has formed on the substrate.

The initial arrival of atoms at the substrate and their motion on it is
collectively known as condensation. Atoms incident on the surface can
undergo reflection, adsorption for a finite time or adsorption and stick
permanently, The probability of reflection is relatively low from a
practical point of view. The incident atoms will generally transfer a
sufficient amount of their kinetic energy to ensure that they become loosely
bonded to the substrate. These adatoms have mobility over the surface, a
diffusion process, during which they may exchange energy with substrate
atoms or other resident particles. These processes continue until they are
desorbed by evaporation or re-sputtering, or become trapped at low energy

sites (nucleation sites) on the substrate, Fig.13.

The nature of the substrate and its surface can greatly influence the
initial growth of a film, particularly in relation to the film crystal size,
orientation and phase. The substrate cleanliness, structure and defect
density can affect the nucleation site density. The nucleation site density
depends on the incident atom to substrate bond strength and the incident
atom interactions. The fraction of incident atoms that adhere to the

substrate depends on the atom energy and the substrate temperature (13).

From the above considerations, it can be seen that the parameters relating

to the initial layer growth are quite considerable. A more complete review

12
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may be found in (2). The incident atoms condense in groups at low energy
sites and coalesce to form islands. These islands coalesce to form a
continuous film. This may be established by observing the electrical and
optical properties which exhibit a marked change when the islands coalesce
(16). For metals this leads to a continuous layer at a thickness of

5-15 pm.

The stage when a continuous layer forms indicates the point where the
substrate has no direct effect on the film growth. Atoms are now incident
on a surface which is of the same nature. The processes are now determined
by three parameters. Firstly, the absorption energy between adatoms and the
developing film, secondly, the surface diffusion energy to transfer an

adatom to an adjacent absorption site and thirdly, the binding energy

between the film atoms. Structured films may now develop, for instance, the
adatoms possess surface mobility and have a high probability of being

trapped at low energy sites. Thus a preferred crystal orientation may
develop as a result, Crystals at these sites grow at the expense of their
neighbours, a sort of’survival of the fastest’(17). Moreover, energetic
particle bombardment, such as ion bombardment, can substantially influence
the nucleation and growth processes. This may occur due to removal of
impurity atoms, the creation of nucleation sites and by influencing adatom
mobility (14). All these effects have significant consequences for the
deposition and growth of magnetic thin films. It is a well established fact

that the magnetic properties of such films are dependent on their structure.

The evolution of microstructure is governed by adatom diffusion over the
surface of the same species, as previously indicated. However, evolution
and growth of such structure may also be influenced by bulk diffusion and
atomic shadowing (17). At elevated temperatures, atoms incorporated into

the film may change location in the lattice structure by bulk diffusion

13



processes. The shadowing effect is a result of an interaction between the
non-uniformity of the growing film surface and the incident directions of

the sputtered atoms.

The melting point of the film material is an important parameter, as it can
be related to adatom binding and activation energies. This indicates that

the ratio of the substrate temperature to the film melting poi;t, T/Tm, may
be used to determine which of the growth mechanisms prevails. This leads to
the concept of zone models, the first of which was proposed by Movchan and
Demischin, Fig.14. Thornton (5) proposed a modification to this model, in
the absence of ion bombardment, to account for the effect of the working gas
on the film structure. This zone model implies that the ratio Tle is
proportional to adatom mobility. At low ratios, a columnar structure
interspersed with voids develops (20). For increasing ratios, the adatom
mobility increases. This leads to increased crystal sizes thus precluding

the columnar formation,

2.4 PLASMA DIAGNOSTIC TECHNIQUES

Plasma measurements can provide information relating to the processes that
affect the performance of the glow discharge sputtering devices. A glow
discharge plasma can be imagined as a region of relatively low temperature
gas in which the degree of ionization is determined by the presence of

energetic electrons.

Electrostatic (Langmuir) probes provide an useful means with which to
investigate sputtering types of plasma (22,23). The current-voltage (I-V)
characteristic curves of probes, whose size is small enough to limit
perturbation of the plasma, are measured. Probe techniques and analyses

originate from the work of Langmuir and Mott-Smith (24). Detailed analyses
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of the theory of Langmuir probes can be found in (22,23).

A plasma consists of three species of particles. These are ions, electrons
and neutrals. On average, ion and electron densities are equal and this
density is called the plasma density. This density is usually less than
that of the neutral particles. An electrostatically isolated conductor
immersed in a plasma is subjected to the random ion and ele;tron fluxes.
The electrons possess a greater mobility than the ions and the conductor

thus acquires a net negative charge, and hence a negative potential with

respect to the plasma.

The electron flux decreases due to electrostatic repulsion but the isolated
conductor will continue to charge negatively until the ion flux just

balances the reduced electron flux. Apart from perturbations (Debye
Shielding), a plasma is field free and equipotential, This is termed the
plasma potential Vp' The potential associated with the isolated conductor
is termed the floating potential or self-bias voltage Ve with the walls of
the containing vessel taken as ground. The polarity and magnitude of V¢ is
such as to repel electrons and to equalize the ion and electron fluxes. It

corresponds to the point of zero net current on the I-V curve.

To facilitate analysis of a plasma, the following assumptions are made.
They relate to the case of a low pressure plasma such as a gas discharge

below 13 mPa:
1) Electron and ion densities are equal.
2). Electron and ion mean free paths are much larger than the probe radius.

3) Electron temperature is much larger than the ion temperature.
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4) The probe radius is much larger than the Debye length.
5) There is a Maxwellian distribution of electron and ion velocities.

A positive space charge or sheath develops in front of an isolated conductor
immersed in a plasma. The potential variation in this region, an
exponential decrease, is characterized by a decay length A d called the Debye

length given by:

A

= v (kT,)/n

d

When a conductor is biased, the sheath adjusts rapidly to screen out most of
the voltage. However, a small potential gradient, termed the pre-sheath or
quasi-neutral region, extends into the plasma., This is illustrated in

Fig.15. The electric field in this region accelerates ions, thus the ion
density at the outer sheath boundary is larger than that due to thermal

diffusion alone. The potential at this point V o has been found to be (25):

V, = (T)2q = 126

for all types of probes. This implies that ion sheath formation occurs only
ifvVv >> VO.

The ion velocity and current density at the outer sheath boundary, vis and

Jigo for a low pressure plasma where T, >> T, is given by (26):

-~

vi, = ¥ 2qV /m) = V (kT /m))

Assuming equal densities of ions and electrons in the quasi-neutral region,

and a Maxwellian distribution for electron velocities:
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no=mn,. =0, exp(-P2P) = n, exp(-1/2)

If the surface area of the outer sheath boundary S’ is assumed equal to the

probe surface area S, then:

Jo= (§18) Iy = Yy

I, = aqn, V (kT /2nm,)
J_ = 0.657 3./ (m;/m,)

The most notable feature of these equations is the deduction that the
saturation ion current density I is determined by the electron temperature
T,

Fig.16 illustrates the conventional form of probe characteristic. When the
probe voltage is large and negative, the probe is strongly negative with
respect to the plasma. The surrounding sheath prevents even the most
energetic electrons reaching it, thus the probe current is due entirely to
ions. As this potential becomes less negative, fast electrons car surmount
the retarding field so the net probe current is reduced. The point for net
zero current to the probe corresponds to Ve It is negative with respect to
the plasma since electron mobility exceeds that of ions. As the probe
voltage decreases further, the probe current (which is now of opposite
polarity) increases due to the decrease in the field opposing the electrons.
When the probe reaches the plasma potential Vp the electrons- experience an
accelerating field. The conditions governing electron current alter,
indicated by the region after the knee of the curve. The plasma conditions

determine the effects in this region.

A plot of the natural logarithm of probe current versus that of probe
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voltage, in the electron retarding region of the I-V curve, will have a

slope of (qlkTe). Measurement of the ion saturation current and knowledge
of T, enable the various current densities to be calculated. The difference
in potential between the probe and the surrounding plasma, when the net
probe current is zero, can be found by equating the expressions for the ion

and electron saturation currents. This yields:
V. = (KT_/2q) ln[(m-127tx2m )]
f e i e

where x = exp(-1/2).

2.5 SUBSTRATE HEAT LOAD

In the cxpcrﬁnental configuration, the substrates are in contact with a

plasma and are bombarded by sputtered atoms and plasma species. Energy flux
measurements are used to determine the contributions to substrate heating.

It has been shown that substrate temperature is an important parameter for

film growth (19).

It is known (27) that energy transfer processes in the discharges used in
sputtering lead to substrate heating. Measurements reveal, that on
commencement of sputtering, there is an initial rapid rise in substrate

temperature with a subsequent approach to equilibrium after a few minutes.

The most direct method to measure the effective flux at the substrate is to
measure the rate of rise of temperature of a thermally massive object which
possesses a good thermal conductivity. These conditions are necessary so
that one may neglect any thermal gradients caused by poor thermal
conductivity, and so that the temperature after a reasonable amount of time

is low enough that one may neglect radiative cooling.
For a plate of mass m and specific heat capacity cp:
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P, = mcp(dT/dt)

where p, is the incident power and dT/dt the time rate of change of
temperature of the plate. If the power is incident on one face only, the

incident flux becomes:

¢ = pdcp(dTldt)

where p is the mass density and d the thickness of the plate. This relation
may be considered adequate provided the thermally massive object

approximates to a linear, homogeneous, isotropic medium whose dimension in
the direction of incident power is such that the medium may be considered to
always be at equilibrium, i.e. thin. Thus, ¢ may be considered as the
effective absorbed power density at the substrate position. A normalized -
parameter of & divided by the input power flux may be determined to compare
the heating effects at the substrate in a sputtering system under various

conditions,

2.6 FERROMAGNETISM and INTERNAL ENERGY

Cobalt is classed as a ferromagnetic material because it possesses a large
positive magnetic susceptibility and may be magnetized by a weak magnetic
field. This type of material exhibits hysteresis, i.e. the magnetic flux
through the material depends not only on the presence of a magnetic field
but also on the previous magnetic history of the material. When the

material is magnetically cycled energy dissipation occurs during the cycle.

The energy in a ferromagnet consists of several components: exchange energy,
anisotropy energy, magnetostatic or demagnetizing energy, domain wall energy
and if external magnetic fields are applied, Zeeman energies. For any

physical system to achieve a stable equilibrium condition, the energy of the
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system must be minimized. Note, a ferromagnetic material cycled around a
hysteresis loop is not in its minimum energy state. In such a material the
minimization of energy leads to the existence of domains. A domain is a

0'12 m3, which contains

region of crystalline matter of volume 108 10 1
atoms whose magnetic moments are aligned in the same direction. It is thus
a magnetically saturated region and behaves like a magnet with its own
magnetic axis and moment. Domain formation depends upon the existence of
exchange forces between atoms in a ferromagnet. Domains are separated by
finite boundaries called walls, within which the spin orientation changes

from one to the other by rotating about an axis perpendicular to the plane

of the wall. Ferromagnetism is a cooperative phenomenon. It is due to the
alignment of atomic spins and associated magnetic moments, and is expressed

as the magnetization per unit volume M. In Cobalt, ferromagnetic behaviour

is believed to be due to the uncompensated spins of the 3d electrons.

2.6.1 Magnetic Energies

To determine the properties of a ferromagnetic sample a magnetic field H is
applied and the behaviour of M is studied. When a field H is applied to a
sample of magnetization M, there is a torque M x H experienced by M. This

torque attempts to align M with H. The external field energy is:

Eext = - yoH.M

This is a minimum when the two entities are parallel.

If at any point in the sample M is no longer continuous, then magnetic poles
are created. These poles are associated with an internal field that opposes

magnetization. The magnetostatic energy due to these poles is:

Emag = -1/2 *"onag'M
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The factor 1/2 occurs because a self-energy is concerned.

The properties of a sample may depend upon the direction in the sample along
which they are measured, i.e. the sample exhibits anisotropy. This may be
envisaged as the direction M takes with respect to a set of co-ordinate axes
fixed in the sample. If the direction cosines of M are X(» X5, X3 then the

anisotropy energy is:

Ek = Kuf(xl, X5, x3)

Ku is the anisotropy constant, and is some function of the direction of M
takes in the sample. E, may attain minimum and maximum values depending
upon the direction of M. These directions are termed easy and hard
respectively. In gemeral, Ek is dependent on the sense of M so these

directions are called easy and hard axes.

Spin alignment is due to a quantum effect, the exchange force. The
consequence of this effect is to prevent deviation of M from alignment. If

a deviation occurs, then the exchange energy is given by:

a2 2
E, = AM” |VM|

where V is the grad operator, A is the exchange constant of the material.

Thus the total energy of the sample is the sum of these contributions. Each
component is, in general, a function of sample position and of the direction
of M at that position. For any given material, any of these may or may not
be present. Similarly, under various conditions, certain of the components
may be the dominating factor.

2.6.2 Magnetic Anisotropy

This may be taken to mean the dependence of the internal emergy on the
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direction of spontaneous magnetization. Several components may contribute

simultaneously to constitute the magnetic anisotropy energy.

The geometric shape of the sample leads to the creation of a demagnetizing
field due to the presence of magnetic poles on the surface of the magnetized
sample. The amount of demagnetization is dependent on the shape and
magnitude of the magnetization. For regularly shaped geome;ﬂes, e.g.
ellipsoidal, the demagnetization field is:

Hmag = NxMx+ NyMy+ NZMZ
where the subscripted N’s are the demagnetizing factors for directions in

the sample.

If the sample is a single crystal, a magneto-crystalline anisotropy exists
due to spin-orbit coupling. The energy E depends upon the direction of M

with respect to the crystal axes.

If ¢, is the angle between the easy axis and M and Ku is the anisotropy
constant, then an anisotropy of the form sit12¢0 is known as an uniaxial
anisotropy. There are two states of lowest energy (¢, = 0.17) and

E, =K, sinzqs o~ Uniaxial anisotropy is often characterized by an effective

field H, = 2K /u M (28).

Magnetostriction is that process occurring when the shape of a ferromagnetic
sample changes during magnetization. The ratio of change in length to
original length, 81/1, is small (~ 107 1o 10’6). The strain due to
magnetostriction varies with increase of magnetic field, ultimately reaching

a saturation value. For a uniform stress ¢ applied to a randomly oriented
polycrystalline sample, the energy of the strained state is E = 3/2 sin2¢o,

where ¢  is the angle between M and the direction of stress.
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2.7 SMALL PARTICLE MAGNETISM

The domains in a ferromagnetic material are separated by boundaries or walls
of finite thickness. These walls may move in the presence of an applied
magnetic field, causing the bulk magnetization to change accordingly. The
wall thickness depends on the emergy contributions present inthe film.
Namely, magnetostatic energy which is a minimum for an infinitely thick
wall, and the crystalline anisotropy energy which is a minimum for abrupt
transitions between domains. Hence, if the particle size becomes small as
compared to the normal wall thickness, energy considerations preclude domain
formation. The particle will thus remain as a single domain particle.
Magnetization of the particle may now be envisaged as rotation of the
magnetization vector under the action of an applied field. Rotation of the

vector is opposed by the anisotropic components of the sample.

It is convenient, when considering the magnetic behaviour, to investigate
the case of complete saturation of M in a single domain, i.e. M remains
coherent indefinitely. M is directed uniformly at some angle ¢, with

respect to the easy axis at all points in the film. If a magnetic field is
applied at an angle 8 to the easy axis, M can be rotated out of the easy

axis. If H and Ku are known, the orientation of M can be determined.

The total energy is the sum of the contributions due to anisotropy energy E,

and magnetostatic energy E__ . so:

mag .

— .2
Etot = Kusm $, - uOHM cos(B+ ¢ 0)

The minimum energy condition is obtained upon differentiation dEt 0t/d¢0 = 0.
The angle ¢, is determined by the equilibrium between opposing torques. If

the applied field is parallel to the easy axis then £ = 0 and the first
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derivative is 0 at ¢0 = (. For this to be a minimum, the second derivative
must be positive. This yields the condition 4 HM +2K > 0. For a field
applied anti-parallel to M then the energy minima will be retained until a
critical field is exceeded. This is the anisotropy field Hy given by

2Kul,u oM. The orientation of M will now change to the position corresponding
to the new energy minimum with M parallel to the applied field. This yields

a square hysteresis loop of coercivity 2Kulqu.

The above described model is that due to Stoner and Wohlfarth (28) for a
single domain particle. In general, it predicts coercivities in excess of

that measured in actual samples. The model ignores the effect of particle
anisotropy. The discrepancy in coercivity may be accounted for by particle

interactions and incoherent rotation (of the vector M).

The magnetostatic energy depends upon the shape anisotropy, which leads to
pole separation distribution. If the internal energy of the system can be
reduced by non-coherent rotation of M this process will be favoured.
The’chain and spheres’model of Jacobs and Bean (29) was the first successful
attempt to account for this effect. Moreover, increasing the film packing

fraction may reduce the coercivity due to particle interactions.

Magnetocrystalline anisotropy is due to spin-orbit coupling. Atoms interact
via exchange forces, such forces may vary with relative atomic position.
Hence, as the magnetization vector rotates, so the internal energy may vary
(30). This form of anisotropy is related to the crystal structure of the
sample. In Cobalt, for example, it may be approximated by Kusinzqso. The
magnetic field acting on a particle is the sum of that applied field and

that due to the surrounding particles. Rotation will occur when this

interaction is sufficient to prevail over the exchange forces.
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No theoretical model exists to predict the hysteresis loop of an assembly of
interacting single domain particles. Moreover, in the case of sputtered
films other factors also need to be taken into consideration. Films often
contain particles exhibiting a wide range in size due to growth mechanisms,

interactions between such particles are difficult to model.

The behaviour of small magnetic particles depends upon their sizes. As the
size decreases, behaviour changes from multi-domain to single domain.
Further size reduction results in transition from single domain to

superparamagnetic particles.

Superparamagnetism is the name given to the phenomenon when the
magnetization of a collection of particles can change state unhindered. The
particles appear to lose all remanence and coercivity but with high
magnetization. An energy barrier exists to magnetization reversal which is
proportional to particle volume V. When this energy corresponds to that of
the order of thermal fluctuations, the phenomenon occurs. The critical
volume for this behaviour is well defined and is given by (31):

V = (25KT/K ).

For Cobalt this yields a critical diameter of 7.6 nm for particles to

exhibit superparamagnetic behaviour. It has been shown in theory and by
experiment that an assembly of single domain and superparamagnetic particles
exhibits a reduced coercivity as compared to the single domain case only

(32,33).
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The critical size below which a particle becomes single domain may be

estimated from (34), critical diameter Lc given as:

L = V2 ow

¢ v}
u M6 - K /2)

w is the wall energy per unit area = 3 103 Jm™>. For Cobalt this gives

L, =~ 42 nm. Hence the maximum coercivity should be seen in the particle
size range 8§ nm to 42 nm, with the maximum in coercivity occurring near the

limit of this range.
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3. TECHNIQUES

3.1 FILM DEPOSITION

The films studied in this extract were produced by sputtering from a planar
D.C. magnetron source. The cylindrical deposition chamber measured 0.5 m in
diameter by 0.65 m in height. The chamber was pumped through a vent of
diameter 0.2 m. Initial evacuation, down to approximately 27 Pa, was
achieved through the use of a rotary pump. An oil diffusion pump was then

employed to evacuate down to a working vacuum of approximately 3 mPa.

Argon comprised the working gas, of purity 99.9995%, and at approximately
0.4 Pa deposition pressure. The pumping speed for Argon was measured for
the oil diffusion pump to be 240 litres per second at 0.7 Pa chamber
pressure. If it is assumed that impurity pumping speed corresponds
approximately to that of Argon, then the impurities in Argon had a partial

6 Pa. This is two orders of magnitude below the chamber base

pressure of 10
pressure. It was assumed that outgassing contributed largely to the chamber

base pressure.

The chamber base pressure corresponds, from the equation of state for an
ideal gas at 300 K, to a chamber population of around 8 1016 atoms. This
condition corresponds to a dynamic balance between outgassing from the

chamber walls and the pump rate,

The area of Cobalt film deposited was around 75 mm X 22 mm of thickness

O19 atoms. Inclusion of

550 nm. This corresponds to approximately 8 1
gaseous impurities in the film should not have drastically altered the

impurity partial pressure.
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The working gas pressure of 0.4 Pa was selected as a compromise between
several factors. These were the relatior between electron collision
cross-section and mean free path in Argon gas and the pressure required to
maintain the discharge, the dependence of thermalization of Argon ions in
Argon gas and gas pressure, and the vacuum pump stall pressure. The film
deposition rate was determined as follows. Glass slides were weighed before
and after a known deposition period. Knowing the applied power, the

1

deposition rate in (kg mZ W s'l) can be found.The film deposition rate

corresponded approximately to 1.5 nms'l, corresponding to an atomic adhesion
029 atoms m2s7!

rate of 1.4 1 . Assuming an impurity partial pressure of

3 107 Pa and using the equation of state for an ideal gas, the impurity
bombardment was around 5 1019 atoms m'zs'l. The adhesion rate appears to
exceed the impurity bombardment rate by an order of magnitude. However, the
impurity level in the film should be checked as it is known to influence

film growth and properties (1).

An additional source of impurity was the Cobalt target. Oxidation, when
exposed to air, can occur. Thus the target was sputter cleaned, with the
substrates shielded, for some 15 to 20 minutes prior to film deposition.

Fig.17. illustrates the target voltage against time , removal of any oxides

etc. are complete when voltage stabilization occurs.

3.2 EXPERIMENTAL CONFIGURATION

The experimental configuration inside the vacuum chamber is -illustrated in

Fig.18. The target is a circular disc of Cobalt, purity 99.995%, 77 mm in

diameter and 1 mm thick. The copper anode is 30 mm in diameter, water

cooled and mounted 30 mm from the target along the target axis. An

Aluminium shield 380 mm by 300 mm, with a window 95 mm by 40 mm, is mounted

80 mm from the target along the axis. An Aluminium electrode surrounding
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the shield window was used to clean the substrates by means of a glow
discharge. Aluminium oxidizes easily, the oxide having a low sputter yield.
hence its use in the chamber since any contamination/impurities from it

should be small.

The substrates are mounted on a stainless steel plate 255 mm by 150 mm and
3 mm thick. The plate is attached to a rod that passes throu—gh a vacuum
collar in the chamber wall. The substrates are positioned on the backing
plate such that the apparatus can be moved into a known position behind the
shield window by using spacer collars as markers on the rod arm outside the
chamber. The substrates are attached to the backing plate by use of
insulated spring clips. A resistance thermometer was cemented to the

backing plate in order to monitor the temperature variation during

deposition,

Charged particles escape from the confinement trap by volume recombination
in a space or surface recombination on a wall by diffusion. The effective
process depends on the electron mean free path A e If A o 18 mot much larger
than the chamber radius then the former case applies, known as Schottky
theory. This is used to describe the plasma parameters in the prevailing

experimental conditions (2).

The leakage of charged particles from the magnetron resulted in the anode
achieving a fixed potential, measured by a voltmeter to be -25 V. Fig.18.
illustrates the method employed to control the self-bias voltage at the
substrate in terms of the self-bias voltage at the anode. A variable
resistance box was connected between the anode and earth. The case for the
anode earthed is termed the balanced magnetron configuration. This is so
because the plasma to the substrate is electrically and magnetically

undisturbed.
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A self-bias voltage calibration curve was produced before and after the

experimental period and no significant variation was noted.

3.3 PROBE MEASUREMENTS

Determination of probe characteristics are fairly straightforward, however,
their interpretation is not. The various types of plasma with differing
degrees of ionization and gas pressure accounts for this difficulty. The
case considered here is of a low pressure (0.4 Pa), partially ionized (<1%)

plasma.

The theoretical description of the current-voltage characteristics of an
electrostatic probe depends not only on the plasma investigated but also on
the geometry of the probe used. At the outset, the conditions outlined in

Sect.2.4 are assumed to apply.

As previously explained, the generally accepted method of determining plasma
parameters is by use of electrostatic (Langmuir) probes. In this instance,

a single planar probe was used. The probe is a disc of Aluminium, 6 mm in
diameter of thickness 0.35 mm. The contact wire is welded to the reverse
side of the probe, and the wire shielded in a ceramic tube to insulate it

from the discharge in which it is placed, Fig.19. The probe was mounted in
a holder capable of traversal across the substrate position. Prior to use

for measurement, the probe was cleaned by application of a large negative
bias with respect to the plasma, to eliminate distortion of the probe

characteristics.

Fig.19. illustrates the circuit employed to determine the current-voitage
characteristics. All probe voltages were measured with respect to ground.
The probe current was determined by the potential drop across a 10 £ high

power, high precision resistor with a tolerance of +1% and a power rating of
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The potential between the probe and the grounded reference electrode can be
varied so that the probe may be at either a higher or lower potential than

the surrounding discharge. The current flowing from the discharge to the
probe, which consists of an ion current Ij and an electron curreat Ie’ can

be determined for various values of probe voltage. This is k:mwn as a probe
characteristic. For various settings of the resistance box, the self-bias

voltage Vg at the substrate was noted. The self-bias voltage of the anode

Va was measured using a voltmeter. Calibration curves of Va and Vf versus R

were thus determined.

3.4 HEAT LOAD - EXPERIMENTAL

As a probe, an Aluminium plate 61 mm by 61 mm by 1.15 mm of mass 11.59 g
was used. The probe was situated on an electrically isolated holder, the

probe being thermally isolated from the holder by means of ceramic spacers.

A resistance thermometer was bonded to the reverse side, using a Zinc Oxide
filled Silicon compound, and used as a temperature monitor. A shield was
placed in front of the probe to prevent deposition during the target sputter

cleaning period.

The resistance thermometer was connected to a chart recorder via an
electrical lead-through. To calibrate the temperature reading indicated by
the recorder, the following procedure was adopted. Upon sealing the
deposition chamber the ambient temperature was noted by reference to a
mercury-in-glass thermometer. The resulting trace on the recorder enables
calibration of the horizontal axis in terms of time and the vertical axis in
terms of temperature. The chart recorder provided a reliable record of

temperatures up to 80° C. Above this, temperatures were obtained by
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connecting the resistance thermometer to a multimeter. A chart recorder

traverse rate of 5 mms”! proved adequate for all experiments.

3.5 SUBSTRATE PREPARATION

Cobalt films were deposited on two types of substrates, glass microslides

75 mm by 22 mm by 1 mm and mica slides of similar dimensions., To ensure
good adhesion of the film to the glass substrates, the following cleaning
procedure was adopted. The substrates were immersed in an organic solvent
and placed in an ultrasonic bath for thirty minutes. The substrates were
subsequently rinsed in de-ionized water and dried. Prior to deposition, the
substrates were exposed to a glow discharge of 13 Pa of Argon, 7 Pa of

Oxygen at 100 mA D.C., 400 V for three minutes.

Mica substrates were used to prepare samples for film examination by
transmission electron microscopy (TEM). Mica slides were cleaved in half
and a thin layer of Carbon (» 10 nm) deposited on the cleaved surface. This
is accepted as a standard preparation technique. Tﬁe advantage of this
method is that the Carbon layer will separate from the mica substrate upon

immersion in water. The film samples may then be mounted for TEM analysis.

3.6 TRANSMISSION ELECTRON MICROSCOPY (TEM)

This technique may be used to obtain information relating to the crystal
size and structure of materials. However, the method places stringent
limitations on sample preparation. Essentially the sample to be analyzed
must be thin enough to admit passage of electrons through it. The slowing
down and stopping of electrons is strongly influenced by multiple scattering
processes. The practical maximum range is determined for various
thicknesses of Aluminium with electrons of known energy. For an electron

energy of 0.3 MeV, the range is 78 mg em?. In practice, to obtain a
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reasonable resolution, the material must be less than 200 nm thick.

Film samples were prepared as previously discussed. The samples were scored
and floated off the mica substrates in a petri dish of de-ionized water.

Film material was then mounted on a 200 mesh TEM grid. The samples were
studied using bright-field imaging and electron diffraction patterns.

Prominent reflections, at angles characteristic of the de Brogli; wavelength

of the matter waves associated with electrons and crystal plane separation,

may be observed by electron diffraction from a regular lattice. This

technique was originally applied to the case of X-ray diffraction and later

extended.

Assuming that the crystal plane separation is d, electron wavelength A, then

reflection will occur at an angle %% {the Bragg angle) when:

nil=2 sinq&b

where n is the order of diffraction. Note, (nA/2d) < < 1 is a necessary

condition.

Fig.20. illustrates a typical TEM construction. The electron beam is
directed toward the polycrystalline sample. The crystal orientation is
random, thus for each plane separation d, some crystals will be oriented so
as to produce Bragg reflection. This manifests itself as a cone of
diffracted electrons incident on the plate/detector. It is possible by
measuring the radii of these cones at the image plane to calculate the plane
separation d for each cone. The crystal structure may be inferred upon
comparison of the calculated plame separations to standards in the ASTM
index.

Bright-field imaging: in this instance the electrons are passed through the

sample and focused so as to produce an image. The crystals oriented for
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Bragg reflection diffract electrons out of the image. These are seen as

dark spots on a bright background.

It is possible to obtain a rough estimate of the crystal size by this
method. However, it must be borne in mind that these sizes are from
crystals as projected onto an image plane. Moreover, sampling over a number

of films is necessary in order to arrive at a reasonable estimate.

3.6 TALYSTEP SURFACE PROFILER

The device, constructed by Rank Taylor Hobson, employs a 12.5 ym radius
diamond stylus to follow the surface contours of a material. Samples
deposited on glass microslides were used. A stylus force in the range 10 to
20 uN for a stylus penetration of 10 nm was typical. Due to the large
pressures generated, substrates with good mechanical properties are
desirable. The device was manually operated, however, by careful

calibration an accuracy of the order of 20 nm could be obtained.

3.7 ENERGY DISPERSIVE ANALYSIS BY X-RAYS (EDAX)

When a sample is subject to bombardment by energetic electrons, electrons
from the inner levels of the sample may be displaced. The resulting
vacancies may be occupied by electrons from higher levels. These

transitions are accompanied by emission of radiation in the X-ray region of
the spectrum, This X-ray spectrum is thus characteristic of the

constituents of the sample. Moreover, the incoming incident electrons are
subject to acceleration and deceleration by the electric fields of the

sample’s atoms. This results in the emission of Bremsstrabhlung radiation,
The sample spectrum is thus a background of Bremsstrahlung upon which the
characteristic element peaks are superimposed. This process may be

implemented using a combination of an electron microscope and an X-ray
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analyzer. The sensitivity of the system employed here was limited to

elements of atomic number greater than 11, i.e. from Sodium onwards.

3.9 MAGNETIC MEASUREMENTS

Fig.21. illustrates the instrument used to measure the coercivity of the
deposited films. The pick-up coils are arranged to intercept a large
fraction of the magnetic flux from the poles at the film edges. The
magnetization in the film varies with time in response to an applied
alternating field. By Faraday’s law of electromagnetic induction, a voltage
is induced in the pick-up coil which is proportional to the rate of change
of flux linking it. The compensated pick-up voltage after integration and
amplification is applied to the vertical plates of an oscilloscope. A
voltage which is proportional to the excitation field is applied to the
horizontal plates of the oscilloscope. The resulting trace is a hysteresis
loop of the sample. After suitable calibration of the axes the sample

coercivity can be determined.
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4. RESULTS

4.1 SELF-BIAS VOLTAGE CALIBRATION

Fig.22. illustrates the self-bias voltage calibrations for the substrate and
anode as a function of the resistance box setting. The error bars on the-
voltage are +0.5 V. The calibration was performed before and after the

experimental period. The conditions pertaining to these calibrations were:

3

Chamber Base Pressure 310" Pa

Argon Gas Pressure 0.4 Pa

Target to Anode distance 30 mm

Target to Substrate distance 90 mm

Magnetron Power 0.9 Kw
4.2 HEAT LOAD

Table 1.

Applied Power Resistance  Rate of Power at Percentage of
Density Setting (2) Temperature  Probe (Wcm'z) Applied Power
(Wcm'z) Rise (Ks'l) Developed at

Probe
18.59 Floating 0.56 0.16 0.86
18.25 20 0.36 0.10 ~ 0.55
18.17 3 0.27 0.08 0.44

The above table was prepared from data obtained by measuring the rate of
temperature rise of a probe as discussed in Sect.2.5. The experimental

conditions were similar to those previously outlined, Fig,23. Illustrates
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the initial rate of temperature rise of the probe under the given

conditions.

4.3 PLASMA PROBE MEASUREMENTS

To determine the electron temperature T, the positive ion current is
extrapolated and subtracted from the total probe current. Te-is found by
plotting the net probe current versus probe voltage, the slope of the plot

is q/ch.

The conditions outlined in Sect.2.4 approximate to the ideal. For the real
case of a low pressure glow discharge, the electric field can produce
relatively large numbers of energetic electrons or even produce a bimodal
distribution (1). The electron distribution is unlikely to be Maxwellian.
The concept of electron temperature is thus not strictly valid, however, it
is generally used and is taken to be the slope in the electron retarding

region of the characteristic.

The choice of probe is normally dictated by the type of plasma to be
investigated. It is more usual to use double probes or cylindrical probes
for the type of sputtering discharge used here (2). It has been found that
results obtained by the use of single probes are within a factor of two of

the above methods (2).
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Table 2.

Resistance Ion Electron Current Species Debye Length
Setting Saturation  Temperature to Probe Sheath (um)
(2) Current(mA) (eV) at +1V (mA)Density
Ris (m'3)

infinite  5.45 3.1+ 02 320 4.4 1017 15

20 2.24 6.96 + 0.35 144 1.3 107 42

8 1.57 6.18 + 031 98 9.0 1016 48

3 1.48 6.13 + 031 84 8.5 1016 49

The above table was prepared from data obtained from probe techniques
outlined in Sect.3.3. Probe characteristics were plotted for the ion
current saturation region and electron retarding region and are illustrated

in Fig.24.

4.4 DIFFRACTION PATTERNS and BRIGHT-FIELD IMAGES

Figs. 25a, 25b, 25c illustrate the diffraction patterns obtained for films
deposited under various conditions. The resolution is poor, limiting visual
clarity as will be discussed later. However, the patterns appear to

indicate that the films are polycrystalline.
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Fig 25a Diffraction pattern for
filmof balanced magnetron



Fig 25b Diffraction pattern for
film of self bias -25V



Fig 25c Diffraction pattern for
filmof self bias -39V




Table 3.

Bias Ring Diameter Plane Standard Phase h, k, 1
V) No. (mm 40.25)Separation = ASTM Index
d 10%)  10710p)

-25 1 27.25 2.06 + 0.3 2.0467 FCC™ 1,1,1
2 28.0 201 £ 0.3 2,023 HCP 0,0, 2
3 29.0 1.94 £ 0.3 1.910 HCP 1,0, 1
4 31.25 1.80 £ 0.3 1.7723 FCC 2,0,0
5 40.5 1.39 + 0.2
6 54.0 1.04 £ 0.2 1.047 HCP 2,0,1
7 55.0 1.02 £ 0.2 1.0233 FCC 2,2,2

-39 1 27.25 2.06 £ 0.3 2.0467 FCC 1, 1,1
2 28.0 2.01 £ 0.3 2,023 HCP 0,0,2
3 29.0 1.94 + 0.3 1910 HCP 1, 0, 1
4 31.25 1.80 + 0.3 1.7723 FCC 2,0,0
5 40.5 1.39 £ 0.2
6 53.5 1.05 £ 0.2 1.047 HCP 2,0, 1
7 54.75 1.03 + 0.2 1.0233 FCC 2,2,2

Figs. 26a, 26b, 26¢ illustrate the corresponding bright-field images. It is
noted that the crystal size is in the range 10 to 50 nm. From X-ray
diffraction techniques and magnetic measurements it is difficult to draw any
firm conclusions about the films. Due to the apparently small crystal size
and high packing density, the films could conceivably consist of Cobalt
grains embedded in an amorphous Cobalt background, or in a background of

superparamagnetic particles. The crystal size distributions are shown in
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Fig 26a Bright field image for fig25a



50 nm

Fig 26 b Bright field image- for fig 25b



Fig 26¢ Bright field image for fig 25



Figs.27.

Fig.28 illustrates a cross-sectional view of a film deposited with the anode
earthed. The film exhibits a columnar-voided type structure typical of low

Tle in accordance with the zone model of Movchan and Demischin.
4.5 EDAX

The film composition was analyzed by EDAX, the elements looked for being
Cobalt, Iron and Aluminium. Figs. 29a, 29b illustrate the composition of

films deposited at biases of -25 V and -39 V, and table 3 lists the film

compositions.

Table 3.

Bias Percentage Composition
V) Co Fe Al

-25 91979 7.447 0574

-39 92.001 7.746 0.253

The Iron content is due to sputtering of the magnetron pole pieces. The
presence of a small amount of Aluminium could be expected due to the
fittings used in the chamber. The film composition is seen to vary, with a
slight increase in Cobalt and Iron content for increasing bias. This may
possibly be accounted for by target aging altering the deposition erosion
profile of the target. The Silicon and Calcium peaks in the figures

originate from the glass microslides used as film substrates.
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F1g28 TEM cross section for film
deposited with anode earthed
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4.6 MAGNETIC MEASUREMENTS

Table 4.
Resistance Bias Coercivity
@ (V) £0.5 (kAm™)
0 Earth 2.3 £0.2
3 -25 3.5 £0.3
8 -34 2.8 £0.3
20 -39 2.0 £0.1
Infinity -36 1.8 £0.1

The above table was prepared from data extracted from the hysteresis loops
illustrated in Figs. 30a, 30b, 30c, 30d. The horizontal loop axis is
calibrated in kAm™! to give direct values of magnetic field H. The vertical
loop axis is calibrated in arbitrary units. The observed trend of a maximum
in coercivity with increase in bias was reproducible over the films

deposited. The above data is based on three sets of films.

4.7 MAGNETIC FIELD CONFIGURATION

Fig.31 illustrates the magnetic field configuration of the magnetron
employed in the deposition process. The lower figure is an Iron filing
profile of the field along the axis of the magnetron. The upper figure is a
portion of a contour map for the same configuration. It is seen that both
the anode and the substrate locations are in regions of constant field. The

field along the axis decreases with distance from the target.
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4.8 PLASMA BEAM CONFIGURATION with SELF-BIAS

Fig.22 of Sect.4.1 illustrates the self-bias voltage as a function of
resistance to earth. The following photographs, Figs. 32a, 32b, 32¢, 32d,
illustrate the plasma beam in the chamber corresponding to various values of

resistance.

For the case of a balanced magnetron, the beam appears to be confined to the
anode region. Upon increasing the self-bias the plasma is seen to leak away
from this region and impinge on the substrate. Note, the increase of
radiation intensity with increasing self-bias together with the change in

beam configuration. Moreover,for a resistance to earth greater than 20 £,

the eye is unable to discern any change in beam intensity.
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Fig32a Chamber plasma beam
with anode earthed



Fig32b For self-bias of =25V



FigB?C For self-bias of =34V



Fi932d For self-biasof =39V
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5. DISCUSSION of RESULTS

DEPOSITION PARAMETERS

Base Pressure 3 107 Pa

Deposition Pressure 0.4 Pa

Magnetron Current 2 A )
Magnetron Potential =500 V

Target to Substrate Distance 90 mm

Deposition Rate 1.5 nms’!

The target was a circular disc of Cobalt, diameter 77 mm and 1 mm thick.
Films were deposited for about six minutes. Talystep measurements gave a

deposited film thickness of 550 £+ 10 nm.

5.1 FILM COMPOSITION

The EDAX analysis of a range of films is given in Sect.4.5. The results
confirm that sputtering of Aluminium is low, hence its suitability as a
shield material in the chamber. The Iron content could not be controlled
though it was assumed to originate from sputtering of the magnetron pole
pieces. The film composition could only be determined for elements after
Sodium in the periodic table, a limitation of EDAX. The Oxygen content, if
any, of the film was thus not determinable. With the given limitations, the
percentage content of Iron and Cobalt were seen to increase slightly with
increasing bias., The effective increase in Iron content may not be expected
to significantly affect the film properties, as the Cobalt concentration is
expected to dominate the magnetic properties of the films. In this

instance, the effect of self-bias on the film composition is not expected to

influence the film magnetic properties to any great extent.
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5.2 SUBSTRATE HEAT LOAD

The fraction of applied power developed at the substrate position was
estimated by measuring the initial rate of temperature rise of a probe, as
previously explained in Sect.3.4. The initial rate of rise is used, as

opposed to equilibrium temperatures, in order to avoid the problems

associated with energy exchange by thermal radiation. In view of the
proposed assumptions, the time for the probe to attain an equal temperature
distribution should be known. It was not possible to perform transient
measurements, so the following was adopted to provide an estimate. Consider
the Fourier series analysis of the heat conduction equation, in one

dimension, for the simple case of a plate bounded by planes x = 0, x = a,

whose surfaces are kept at constant temperature. The time dependent term is

2
t

and n is an odd integer. This gives the time for the passage of heat

of the form cxp-[(nﬂKtla)zt], where K is the thermal diffusivity (ktlpcp)
through the plate as approximately 1.5 ms. This is considerably less than
the response time of the chart recorder. The assumptions and approximations
used to determine the absorbed power density at the substrate would appear

“to be quite reasonable.

The experimental data is summarized in Sect.4.2 and Fig.23. The figure
illustrates the measured initial rate of temperature rise under various
conditions. Ideally, the measurements should commence from, the same initial
conditions. However, this was impossible to ensure in practice and is

reflected in the slight variation of initial temperature of the probe.
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The most notable feature from the table is the relatively small fraction of
applied power developed at the target. As previously given, it is usual in
magnetron sputtering systems to see at least 70% of the applied power
dissipated at the magnetron as heat. Of the remaining fraction, 25% or so
is dissipated at the anode as heat (that is why it is water cooled). The
experimentally determined ratio of absorbed to incident power densities are

in reasonable agreement with similar experiments on Titanium Dioxide (Ti02),

(1).

The deposition rate for Cobalt decreased slightly as bias increased. For a
self-bias of -25 V a rate of 5.4 10°° kfc,rm'2\;\r"ls'1 was found, as opposed to a
rate of 5.04 10"5kg1n'2‘?5{'ls'1 for a bias of -39 V. This corre.sponds to metal
atom fluxes, to the plasma probe, of 1.4 10! 51 and 1.3 1018 &7
respectively. The ion currents for these biases yield particle fluxes of

9 1015 s'l and 1.5 1016 s'1 respectively. The apparent difference in the

flux magnitudes, between metal atoms and ioms, is due to the fact that in a
magnetron system the plasma is mainly confined to the anode target-area.

The effect of the magnetic field configuration is an additional factor in
determining the fluxes (2). The data obtained is in reasonable agreement

with that of Window and Savvides (2) for the type of magnetron configuration

employed.

The prevailing plasma condition of a low Argon pressure implies that
sputtered atom transport to the substrate is virtually collisionless. Their
average energy is around 10 eV as already given. Incident ion energy at the
substrate is approximately qu. The measured substrate temperature is less
than that expected of the deposited species and may be accounted for in
terms of energy distribution at the substrate. It is known that a single

ion can initiate up to thirty interactions at a substrate (3). Water
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cooling of the target is sufficient to reduce the thermal radiation to the
substrate to a negligible amount (4). The substrate heat load, for a
magnetron system, can be explained in terms of sputtered atom kinetic
energy, plasma radiation, heat of condensation and ion neutralization. The
effects of plasma radiation are assumed small as gas temperature is not much
above ambient. From the available data, table 2. Sect.4.3, it_would appear
that ion neutralization could possibly represent a substantial contribution

to the substrate heat load. Self-bias voltage is important in thin film
deposition as it determined the potential achieved by an isolated substrate.
Effectively, the substrate will be bombarded by a flux of ions with energy
approximately given by the product of their charge and the voltage
difference between the self-bias and plasma potentials. This is also
accompanied by an equal flux of electrons. It is seen that the initial rate
of temperature rise decreases as the plasma density decreases. The
photographs in Sect.4.8 (Figs.32) illustrate the effect of varying the
resistance path to earth. It is quite clear that the plasma radiation
intensity changes, accompanied by variations in species distributions. In
view of these facts, it is not unreasonable to assume that ion bombardment

effects influence the substrate heat load.

5.3 ANALYSIS of FILM STRUCTURE

For microstructure analysis, the film samples were prepared as previously
discussed, and studied with the assistance and guidance of Mr.]J.S. Bates on

a JEOL JEM 100 CX transmission electron microscope.
The position of the rings on the diffraction patterns can provide

information on the crystal structure of the films. The radii of these rings

were obtained from the negatives. The ring radius r is related to the
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crystal plane separation d by: d = AL/r, where i is the de Broglie
wavelength of the matter waves associated with electrons and L is the camera

length. These were 0.037 1010

m and 0.731 m respectively. Table 3. in
Sect.4.4 summarizes the data obtained and lists the crystal plane
separations of hexagonal-close-packed (HCP) and face-centred-cubic (FCC)
Cobalt from the ASTM index for comparison with those calculated for the

deposited films.

Fig.25 shows the diffraction patterns obtained for a range of self-bias
voltage. The patterns, though faint, indicate that the films are
polycrystalline; the granular/spotty rings characteristic of this were more
evident on the negatives under illumination on a light-table. Films of
thickness 100 nm were used for these analyses. The thermal conductivities
of glass and mica are similar, thus the nature of the interfacial layer with
respect to substrate temperature should not show substantial variation
between the two cases. The use of mica substrates for film structure
analyses is a generally accepted techmique (5). The films analyzed by TEM
experienced problems with resolution. The deposited films exhibit a
reasonable packing density, nevertheless, films less than 200 nm in
thickness should produce well defined diffraction patterns. It is possible
that as the films are magnetic, the operation of the TEM facility was
influenced. With regard to the phase content of the films, it is seen that
a mixture of HCP and FCC phases are present in the films. From this
observation it would seem that Cobalt transforms from the HCP phase to the
FCC phase at relatively low temperatures. The substrate heat load analysis
indicating that the maximum substrate temperature was 200° C. However,
there is evidence (6) that the surface temperature may be much higher that
the measured probe temperature. The FCC phase corresponds to a low

anisotropy, this has consequences for the existence of a preferred crystal
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orientation and for the magnetic properties of the film.

The images exhibit different intensities in the ring patterns. This might
imply some preferred crystal orientation, however, the image recording
processes are non-linear and no calibration from which the true intensities
could be derived was available. The crystal plane separations exhibit two
notable features. A ring corresponding to the (1,0,0) plane of HCP Cobalt

0'10

was expected, i.e. d = 2,165 1 m. This absence may be accounted for by

the presence of the FCC components, and that the intensity of this ring is

expected to be a fifth of the ring for d = 1.91 10-10

m. Having already
illustrated the difficulty experienced with TEM resolution, it is not too
surprising that this ring is not seen. Moreover, the experimental ring

d = 137 1010 m did not correspond to any plane separation given in the
ASTM index for Cobalt. However, EDAX compositional analysis revealed a
presence of an Iron content of around 7% in all the films. It is likely

that this ring is due to Iron or one of its oxides.

The bright-field images also suffered from TEM resolution problems. Only
generalizations may be drawn from these images, Sect.4.4 and Figs.26. The
images indicate a fairly densely packed structure with small crystal sizes,
less than 100 nm. However, in the opinion of Mr.J.S. Bates who performed
the TEM analysis, the crystal size appears to pass through a maximum and
then decrease for increasing self-bias voltage. The maximum crystal size
occurring for a self-bias voltage of around -25 V. An attempt to estimate
the crystal size by X-ray diffraction techniques were unsuccessful due to

the difficulty of reliably interpreting the results. The film thickness was
such that the instrument electronics could not distinguish between scattered
radiation and background noise. It is improbable that the grains are

spherical, as they should exhibit some growth perpendicular to the film
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plane. An estimate of the crystal size was obtained by preparing a 1 mm
grid using photoreduction and determining a grain size distribution under
magnification. Samples of fifty grains were taken, however, this method is
subjective and only intended to provide an estimate. Fig.27 Sect.4.4
illustrates the observed distributions. They appear to be in reasonable

agreement with the observations of Mr.J.S. Bates. -

The diffraction patterns indicate the presence of HCP and FCC phases of
Cobalt. The existence of a preferred orientation cannot be established. A
preferred orientation, corresponding to an uniaxial anisotropy normal to the
film plane of Cobalt, would be expected to manifest itself as a decrease in
the (0,0,2) diffraction intensity. Other diffractions such as (1,1,0) and
(1,0,0) which are vertical to the (0,0,1) basal plane should increase in
intensity as a result. As previously explained, the imaging processes were
non-linear and no calibration was available. Moreover, this precludes
estimation of FCC content since the ring intensity should increase with FCC

content as well as with increase in temperature,

The bright-field images would seem to indicate grains of sizes 10 nm to

50 nm surrounded by a densely packed array of smaller particles. The films
would thus appear to consist of Cobalt particles, whose large anisotropy
constant is responsible for the magnetic properties, embedded in a
background of either amorphous or superparamagnetic Cobalt particleé, or a
combination of the two. This view of the film composition does not conflict
with the evidence obtained from the diffraction patterns or the X-ray
diffraction method. The TEM diffraction pattern of a crystalline film would
exhibit rings of well defined spots, whereas am amorphous film would exhibit
broad rings. The X-ray diffraction patterns would produce large peaks at

angles of 30° to 45° , or nothing above background in the respective cases.
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The observed pattern was more of a broad rise somewhat above background with

what appeared to be peaks superimposed.

Cross-sections of the film samples were examined by TEM after ion beam
milling. The resolution was poor but the images did reveal some
information, The microstructure for films of thickness 550 nm, grown for
the case of an ecarthed anode (the balanced magnetron case Fig.28), exhibit a
growth habit perpendicular to the film plane that is akin to the columnar
structure of crystalline films as given in the zone model of Movchan and
Demischin, This growth habit is probably due to surface roughness and
geometric shadowing, with the film building up in the preferred evolutionary
direction dictated by these factors. The image indicates that this

structure has these columns separated by regions devoid of material. It is
possible that these empty regions influence the coercivity of the material.
Cross-sections for the films deposited under increasing bias are not

included for comparison because they proved too difficult to obtain images
for. However, under observations by TEM in the opinion of Mr.J.S. Bates,
the columnar/empty region structure appeared to exhibit smﬁller widths
between the columns as self-bias increased. At larger biases they seemed to

disappear altogether.

This could possibly be explained in terms of incident ion energies. For
bulk Cobalt the adatom bond strength is about 1.74 eV (7), thin film values
are unlikely to exceed this to any great extent (8). It is known that
adatom mobility increases with ion bombarding energy (9). In the
experimental case, the larger the ion energy the greater the transfer

fraction of its kinetic energy (by momentum) to the growing film. It is
possible that this process could lead to structural rearrangements of the

film.
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The parameter T/T may be used as an indicator to events occurring during
film growth, similar to its use in the zone model as previously discussed.
From the heat load measurements, for resistances to earth of 3 2, 20 2 and
infinity, the respective TITm values are 0.21, 0.23, 0.27. It is possible

that at higher T/T = adatom mobility is sufficient to overcome the effects of
geometric shadowing. This would perhaps lead to a more closely packed
structure of small particles. It is observed that for larger biases, the
particle sizes are at the lower end of the given range. The substrate
temperature is an important parameter when considering the nature of thin
film growth. During growth a hot absorption layer is present just above the
condensing surface where- the sputtered atoms and plasma species reach the
surface (10). The influence of ion bombarding energy on this layer has yet

to be investigated.

5.4 SELF-BIAS and PLASMA MEASUREMENTS

The discharge in the given magnetron configuration is confined in the

magnetic tunnel defined by the cathode surface and the surface defined by

the last field line that intersects the anode surface. The magnetic field

at the anode should act as a magnetic mirror and should reflect approaching
electrons back towards the magnetron pole. Collisions will ensure, and they
will move away from the axis towards the anode and chamber walls. This will

produce an electron flux to the substrate, i.e. it will charge negatively.

The figure in Sect.4.1 illustrates the calibration of self-bias voltage at
the substrate V¢ and anode V, versus the resistance to earth R. The case
R = infinity occurs when the anode is disconnected from the box, i.e. it is

floating.
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The case for a floating anode leads to an intense plasma beam to the
substrate, see Figs. 32 in Sect.4.3. When the anode is earthed, the
balanced magnetron condition, the plasma is mainly confined to the cathode
region. Altering the resistance to earth disturbs the plasma and it becomes
unbalanced. The particle distributions are considerably different compared
to the balanced case, as evidenced by the photographs in Sect.4.3. These
photographs illustrate the effect of the resistance to earth on the nature

of the plasma beam. For R > 20 £ or so, there is little visual difference
in the appearance of the plasma beam. Beam confinement to the substrate
increases as R increases. this effectively alters the plasma beam volume
and hence the particle densities. It is to be expected that the maximum
self-bias voltage attainable, limited by the magnetic configuration of the
system, would occur for the case R = infinity. This is not seen in table 2,
although V¢ appears to be approximately constant for R > 20 Q. As given
in Sect.4.3 the particle distributions around the probe may account for this
discrepancy and obscure the true variation of Vf. Note that no quantitative

information relating to the plasma distributions was obtained.

Fig.34 illustrates the variation of substrate self-bias across the central
region of the substrate position. It is seen that the distributionr is not
symmetrical. Apart from the nature of the electron flux already discussed,
two other factors are worthy of note. Firstly, there is an anode masking
the target, 30 mm from the target (Fig.33). It is possible that particle
distributions and magnetic field lines could be distorted by the shape of
the anode. Secondly, the pump vent port is situated to one side of the
substrate position. This could lead to a gas pressure gradient in the

chamber, which could influence plasma characteristics.
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The magnetic field configuration in the chamber may be used to support some
‘of the observations made. As the contour map indicated, parallel lines of
constant field exist near the substrate position. This leads to low fluxes

as electron mobility across a field line is low. This would support the

above observations relating to the variation of self-bias across the

substrate. Another implication is that the electron flux away from the

centre of the target must decrease, hence, so must the ion flux to the
substrate. The observed variation in the film properties confirms that to
obtain optimum film properties, the substrates must be located in the centre

of the plasma beam along the magnetron axis.

The plasma parameters measured were the ion saturation current and substrate
self-bias voltage. Portions of the current-voltage characteristics were

also measured. The equations given in Sect.4.3 were used to determine other
parameters such as electron temperature, species density and the Debye
length. It proved difficult to measure the electron current in the

accelerating region of the curve. The large current in this region leads to
electron avalanche and thus the measurements made were unreliable.
Moreover, the sensitivity of the method used to determine the probe
characteristics was limited. It proved impossible to adequately investigate

the region of the curve from probe voltages of -1 V to positive voltages.

As discussed in Sect.4.3, a bimodal electron distribution is normal for the
magnetron conditions employed for film deposition. The presence of such
could not be detected, thus its existence could not be confirmed. The
conventional parameter accepted as the electron temperature Tc was

calculated from the measurements made. For the case of a floating anode,
the electron temperature was k,ghar-than that for other bias conditions. For
this condition, the plasma beam to the substrate was intense. Measurements

made under such conditions would most likely be severely disturbed. The
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self-bias voltage does not appear to follow the linear relation in Sect.2.4.
This is not expected, since the assumptions on which it is based do not
rigorously apply in the experimental case. Fig.35 shows the variation of T,
with substrate self-bias for the experimental case, with the theoretical

curve included for comparison.

A few more observations from the plasma data are worth noting. The Debye
lengths ld’ calculated from the electron temperature, lead to values that

are in accordance with the assumption that the probe radius is greater than

A g

since n, is proportional to D This may also be seen in the photographs

The plasma density, np, increases with increasing resistance to earth

of Sect.4.3. The probe current for a probe voltage of +1 V was measured in
order to obtain some estimate for the electron saturation current. It is

seen that it is of the order 100 to 500 mA for the various cases. As

stated, this portion of the characteristics could not be adequately

measured. Although the power rating of the precision resistor was 10 W, the
resistor was found to heat rapidly when measurements in this region were
attempted. The plasma potential was not directly measured. However, as a
rough estimate, based on extrapolation of the probe characteristics, a value

of +2 V for VIJ was found. This is consistent for low pressure plasmas of
the type used under the given conditions (1). The plasma potential is

generally accepted to be within a few volts of zero.

5.5 MAGNETIC MEASUREMENTS

Measurements were attempted with a vibrating sample magnetometer of the
Foner type. However, the instrument sensitivity proved to be insufficient
to measure the in-plane coercivities. The saturation magnetism and

remanence could not be determined by this method either. The instrument
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Fig 35 Electron Temperature and
Coercivity versus Substrate Self Bias
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operation appeared to be impaired when attempting to analyze the film
samples. A possible reason for this could have been that the direction of
magnetism was not in the plane of the film. However, the technique of using
Bitter patterns to observe the domain configurations did not reveal any
evidence to support this idea. Moreover, it was established earlier that no
preferred orientation could be detected. The apparatus used to measure the
in-plane film coercivities is described in Sect.3.9. As stated there, the
vertical hysteresis loop axis is calibrated in arbitrary units. No

information or measurement of the saturation magnetization and remanence
could be obtained. The only magnetic property of the films that could be

investigated was that of their coercivity.

The figures in Sect.4.6 illustrate the hysteresis loops of films deposited
under a range of self-bias. For the case of a floating probe, the
coercivity H c is low, about 1.8 kAm'l. This appears to be related to the
deposition conditions of low Argon gas pressure and a relatively high
substrate temperature. Moreover, the cross-section of this film exhibited
little or no voiding, while the bright-ficld image appears to show a densely
packed film. It is possible that particle interactions could be responsible

for this low value of coercivity.

The figures illustrate a marked variation in coercivity with substrate
self-bias. It appears that the coercivity decreases as the film bias

increases. No films were prepared for a bias in the range 0 to -20V., It is
not reasonable to categorically state that the coercivity achieved a maximum
bias. However, the coercivity would appear to exhibit a maximum in the

range 0 to -25 V self-bias.
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The crystallite sizes for the floating anode cases are small, =< 10 nm. This
combined with little or no apparent voiding in the film would suggest that
particle interactions could account for the low observed coercivity of the
films. For the films exhibiting voiding, the coercivity is larger than for
those without. This also indicates that particle interactions, for a more
densely packed structure, influence the film coercivity. As self-bias
increases so the voiding width appears to'decrease, as does the crystallite
size. Fig.36 illustrates the variation of coercivity with film self-bias.

The crystal size distributions appear to indicate that the largest

crystallite size coincides with the largest observed coercivity. This is in
agreement with the theoretical and experimental data of Luborsky (18)
obtained for Iron and Cobalt. The deposited films yield a coercivity

maximum of 3.5 kAm™! for particle diameters in the range 20 to 30 nm.

The behaviour of small magnetic particles depends upon their sizes. As the
size decreases, the magnetic behaviour of the particles changes. As the
size reduces, behaviour goes firstly from multi-domain to single-domain, and
upon further reduction from single-domain to superparamagnetic (11).

If the wall energy of Cobalt is taken as 3 1073 ym3

and M_ as 1.79 Wbm2,
then the size for superparamagnetic particles is approximately 7.6 nm (12).
The critical size for single domain particles is around 42 nm (12). The
crystal size (d) range for superparamagnetic to single-domain particle is

8 nm < d < 42 nm. The crystal size distributions for the deposited films
lie in this range. The earlier mentioned view of the film as consisting of
Cobalt particles in an amorphous and/or superparamagnetic background is thus
a reasonable proposition. The coercivity of bulk Cobalt is 0.797 kAm™}
(13). The deposited films all exhibit a value larger than this. For films

deposited without bias the coercivities agree with those of Kohmoto and
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Fig 36 Crystal Size and Coercivity
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Yamamoto (14) who found a coercivity of 2 kAm'l for films 300 nm thick at an

Argon gas pressure of 0.5 Pa.

The possible relation between magnetic properties and microstructure of
Cobalt thin films has been little investigated, Chen and Charlan (15)
reported such a connection for films of thickness 10 to 170 nm. The
observations of columnar type growth and empty regions in the deposited
films is in reasonable accord with their observations by TEM. The effect of
self-bias, so far as can be ascertained, has not been elsewhere

investigated. However, in the case of direct application of bias to a

growing film, Okhoshi and Kusuda (16) found that for Cobalt-Chromium (CoCr)
films both crystal size and magnetic properties could be influenced by bias.
The trends observed in the deposited films, that is the possibility of
influencing the values of crystal size and film coercivity by control of

film self-bias, concur with their findings for CoCr.

5.6 FILM STRESS

There are two main components of film stress, intrinsic and thermal.
Thermal stress results from the difference in the thermal expansion
coefficients of the film and the substrate. Intrinsic stress is due to

relative displacements of atoms and interatomic forces.

No measurements were performed but some observations may be noted. Films
deposited on substrates that were not cleaned (using a glow discharge)
appeared to be highly stressed and exhibited poor adhesion. This was noted
whilst preparing samples for magnetic measurements. Upon cutting the glass
substrate, the film curled away from the cut. This is an indication of

tensile stress. The observed microstructure may be used to provide an
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insight to film stress. Under low adatom mobility, empty regions

interspersed the columnar type structure of the films. These defects may
well exert an attractive interatomic force which would lead to a net tensile
stress. Stress is known to be affected by substrate temperature and ion
bombardment (17). There is strong evidence to suggest that ion bombardment
has a direct influence on film stress via a modification of film

microstructure by momentum transfer from incident species, and through

re-sputtering of absorbed impurities.
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6.CONCLUSIONS

The deposited films contained a mixture of FCC and HCP phases. The FCC
content is consistent with a low temperature phase change. This effect may
have been induced by substrate heating. The presence of the FCC phase
reduces the uniaxial crystal anisotropy, thereby reducing the coercivity.

No preferred crystal orientation for the films could be detected.

The power supplied to the system is mainly dissipated as heat at the target
and anode. Of the supplied power absorbed as heat at the substrate, a

significant fraction is contributed by ion neutralization.

Self-bias and the attendant ion bombardment influence the both the
microstructure and properties of deposited films. The effects are

controllable and reproducible under the given experimental conditions.

Self-bias is seen to influence the coercivity and particle size of the

films. A maximum in the film coercivity is seen to coincide with a maximum
in the film crystallite particle diameter. Theoretically, the maximum

coercivity of Cobalt should lie in a crystallite diameter range of

7.6 nm < d < 42 nm. This is the range for single-domain particles. The
deposited films ranged in diameter from 10 nm to 35 nm. This implies that

the the films probably contain a large number of single-domain particles.

Analogous known zone models, void width and particle interactions may be
used to explain the variation of film coercivity and crystallite diameter
with self-bias. Increasing the self-bias decreases the crystallite diameter
and void width. The film coercivity decreases probably as a result of

greater packing fraction and particle interactions within the films.



The deposited films are probably composites of single-domain particles
randomly oriented in a background of superparamagnetic particles and/or
amorphous Cobalt. The observed properties of the magnetic films are

probably due to the anisotropic nature of these single-domain particles.
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