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ABSTRACT

This investigation examines the relationship between the
structure, chemistry and resultant properties of nickel fifms
deposited onto cordierite giass-ceramic substrates via ion

plating (a ptasma assisted physical vapor deposition technique)

using & combination of processing variabties. Film adhesion,
evaluated using an expoxy bonded stub pull test, is used to
quaiify the integrity of the metal/ceramic bond. A complete

range of étructural and chemical microanaiysis technigues,
including SEM, TEM, Auger microprobe, and SIMS, is employed to
characlierize the nature of the film, substrate, and interfacial
region. Sputter cleaning prior to deposition has a pronounced
effect on adhesion, providing an excellent bond for fiims
deposited without an appiied bias. Film morphology shows a
transition from columnar to equiaxed as the bias applied during
deposition Is increased. Energetic particie bombardment from the
glow discharge can cause structural and chemical modifications of
the cordierite. Chemical mixing across the interface,
characteristic of ion pltating, is confirmed. A processing window
is defined such that highly adherent nicke! films can be

deposited on cordierite substrates via ion plating.
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. INTRODUCTION

The research program described in this thesis involves ion
plating of nickel fiims on cordierite glass-ceramic substrates.
The objectives of the study are to determine the effects of the
ion ptating process parameters on the structure, chemistry and
properties of the film, substrate and interface. These
parameters are chosen such that an optimum processing window,
based on the adhesive and morphological characteristics of the
fiitm, can‘be defined. Oéce the effects of each parameter are
documented, mechanisms to explain the observations are
formulated. Sinee it is often thought that the interfacialt
region between the film and substrate controls the propertieé of
the system, a major effort to describe the nature of the
interface is put forth. Through these investigations, a greater
understanding of the fundamentals of the processes occurring in

ion plating; ¢.g. energetic particle bombardment, sputtering,

glow discharge characteristics, etc. is achieved. lon plating was
chosen as the deposition technique by virtue of its ability to
produce adherent fiims. The nickel/cordierite system has its

applications based in microetectronics packaging, where
cordierite (2MgO - 2A1.0s - 5Si0g) is a possible repiacement for
alumina. The challenge of being able to deposit an adherent
nickel film on a cordierite substrate is ideally suited to ion
plating. The nickel/cordierite system provides a useful
comparison to others being investigated in this laboratory,

including copper/cordierite, copper/chromium/cordierite, and



titanium/cordierite.

the primary physical property anaiyzed in this program s
fitm/substrate adhesion, as quantifiad by the Sebastian pull
test. Adhesion ia measured as a functioun of sputter cleaning and
applied bias. Four point bend testing is used to evaluafe the
mechanical strength of the cordierite as a result of processing
conditions. Microanaiytical tools such as scanning and
transmission efectron microscopy, Auger electron specitroscopy,
and secondary ion mass specirometry are employed to correlate
structural énd chemical information to macroscopic properties.

Although this thesis covers a number of aspects of the
program, it is by no means a final statement. Experiments are
continuing in order to confirm and expand upon the results
presented, and olher types of analyses are beitng devised to
provide answers 1o questions raised during the course of this
investigation. Some of the gquestions being asked are the
mechanisms for production of "altered lavers" in the ceramiec
substrate, the mechanisms for adhesion promotion, and the effecls

ol energetic particle bombardment on the cordieritie surface.



i1. BACKGROUND SURVEY

A. MICROELECTRONICS PACKAGING

The microeliectronics industry is a major driving force
behind materials science research today. Much of the work is
involved with packaging technology, which involves developing new
materials and processes in order to keep pace with the increasing
complexity of computer chips. As the number of circuits per chip
increases, providing power, interconnections, cooling, and
housings Secomes more difficult [1]. In many cases, the package
may be the limiting factor in the performance of the system [2].
Novel &and more complex packaging schemes, such as the IBM thermal
conduction module [3) , have been developed to overcome this
problem. This is, however, an ongoing program with new
substrate/interconnect material systems and package desiéns being
evaluated [47]. The prospects for the use of glass-ceramic

substrates in this area are quite promising.

B. METAL/CERAMIC INTERFACES

One of the necessary qualifications for a ceramic substrate
is the ability to metallize its surface. In order to achieve
this end, an understanding of the interactions between metals and
ceramics must be established. Of primary importance in the thin
film area are the mechanisms for good metal/ceramic adhesion.
Mattox has presented a number of factors which affect the
adhesion of metal films [5). Some of these, primarily the

structure of the interfacial region, are applied to the



metaiiization of oxides in microelectronics {61. The types of

metailization described inciude depositing conductors on bulk
oxides, metallizing thick oxide insulating films for
interconnects, and mectaliization of thin, naturaliy ovicurring
oxide layers on devices to produce good electrical contact. It is

commonty accepted that in order to attain a consistent
metal/ceramic bond, the metali{ic element must bé able to react
chemically with the ceramic, resulting in an interfacial zone.
Formation of an interfacial zone via chemical reactions may be
promoted bybconducting the deposition at an elevated temperature.
One must be aware that high temperatures may degrade substrate
properties or those of pre-deposited films. A similar outcome can
arise if the film material is soluble in the ceramic, producing
an interfacial zone via diffusion. Unfortunately, in
microelectronics packaging, a relatively nobie film (e.g. Cu or
Ni) is desired. This is due to thermal! and eifectrical
conductivity, oxidation resistance, and mechanical durability
requirements. One method of achieving good adhesion in this case
is by altering the chemistry of the ceramic surface. This may be
done by implanting the surface with the desired ion [71, or by

depositing a "bonding layer"” between the substrate and the final

film. tmplantation of the surface can produce an alioyed or doped
ceramic layer. This may result in a more reactive, metastable
structure, with metal 1ons available to enhance bonding. It may

also produce a new surface compound, e.g. a spinel, which allows

the metailtic fiim to adhere to it [81. Deposition of a bonding

layer is also done to form chemical compounds with the substrate,



film, or both. Again the possibility of forming a spinel with the
ceramic is present, as wel!l as the possibility of forming
intermetallic compounds. Reactive metais such as chromium or
titanium are often used for implantation or bonding layers
because of their favorable free energy of formation of oxides.
As an ailternative to chemically producing the reguired
interfaciat zone, energetic deposition techniques may be
utitized. This may promote metal/ceramic adhesion through a
number of effects. It is suggested [51 that the nucleation mode
of the fiim may be aitered, causing a change in the effective
contact area, wich may be a factor in adhesion. Higher energy
particies can also create a graded interface, with gradual
transitions in chemical composition and lattice parameter across
the interface, by enhancing diffusion. tn addition to obtaining
a sufficiently strong bond in the as deposited condition, one
must also be aware of ths subsequent processing sequences, such
as chip reflowing, soidering, and brazing, which the
metal/ceramic couple may undergo. Diffusion of elements across
the interface, stress relief and precipitation ail have the
potential for degrading adhesion, particularly when the heat
treatments are conducted in reducing atmospheres [61. Diffusion
and stress relief can cause a transformation from an adherent,
metastabie interface region to the equilibrium state, which may
not provide adhesion. This may be accentuated if there is a high
defect concentration in the interfacial region to act as a
driving force for relaxation. lnterfacial zones which have a

concentration of metallic solutes greater than the equilibrium




sofid solution as a result of energetic deposition or ion
implantation may undergo precipitation upon heating. This could
lead to brittle metaliic phases at the interface. Reducing
atmospheres, often used in chip attachment cycles, can be
notorious for degrading the integrity of a metal/ceramic bond.

Adhesion may be due to the presence of a spinel at the interface,

which may decompose via a reduction reaction. Petzow et. al. [8]
also presented a review on the nature of metal - ceramic
interfaces. They contend that the quality of the bond is related

to the micr&structure of the interfacial region between the
brittle ceramic and the more ductile metali. Microstructural
evaluations, along with mechanical property analyses, are two
primary methods used to investigate the metal/ceramic bond.
Chemical! reactivity is often quoted as a mechanism for bond
strength, indicating that the free energy of oxide formation is
the contraolling factor, but more microstructural correlations are
required. The authors employed fracture mechanics concepts to
quantify the integrity of the metal/ceramic bond. Four point
bend specimens, notched at the interface, were tested to
determine fracture energy. Finite element analysis was then
performed to describe the state of stress and calculate the
fracture resistance of the bond. Microstructural examinations
indicate the presence of a complex transitior zZone in many cases.
One example provided by Petzow is the Cu - Al,0s system, formed
by a eutectic bonding process. Through the use of electron
microscopy, a CuAl 04 spinel layer has been detected at the Cu -

Ala0Os interface. The metal, ceramic, and spinel all have certain



crystailographic relationships which can affect the bond
strength. Combining the TEM data with fracture studies provides
a useful! correfation between interfacial microstructure and
macroscopic behavior.

Arsentyeva and Ristic' [9) investigated the bond betwseen

nickel and aluminum oxide, cosintered at 1350 C. They reported
that the Ni - Al20s system should be thermodynamically stable up
to its melting point. At high temperatures, a NiAl204 spine! may
be formed if the sample is heated in an oxygen atmosphere. Their

experimenfs involved a nickel matrix with 40 volume percent
oxide . They concluded that the bond is ionic-covalent and
metallic, similar to an Nia2Alas type. A strong bond is formed
during cosintering when an NizAla film is formed between the
nickei and the aluminum oxide.

Wiosinski [10] studied the Ala.0s ~ Cr and AlgOy - Cu

systems. Some of the properties deemed important are the oxide

wettability of the metal, the possibility of chemical reactions
and the solubiitity of the initial elements and reaction products.
Various reactions in the AlaOs - Cu system are described, with
resuliting interface compounds being formed. Other metals such as

Ni and Fe are shown to have strong surface reactions with
aluminum oxide.

In general, when buik metal/ceramic composites are formed
via high temperature bonding, chemical reactivity of the metaltic
species leading to the formation of an interface compound, often

a spinel, seems to be the central theme.



C. ADHESION

Adhesion between the film and the substrate is an important
aspect of all coating and thin film technologies, particulariy
when applied to metal/ceramic systems as discvussed in the
previous section. Although it is often used to characterize the
integrity of a fiilm/substrate couple, as evidenced by the
qualitative and quantitative evaluations reported later in this
section, the term "adhesion" has varying connotations. An
excellent review of the terminology of adhesion, as well as the
factors whiéh may influence adhesive behavior is given by Mittal
in reference T111.

Mittal [11] says that the adhesion of the film to the
substrate has a direct effect on the performance of the
fiilm/subsirate couple. Adhesion measurements may be used to
determine the result of changes in process parameters and define
an optimum processing window. Information derived from adhesion
tests spans the entire range of applications; from quality
control, 1o the more scientific aspect of understanding the
fundamental mechanisms of adhestion. Quality control can include
using the scratch adhesion test to ensure that & given lot of
coated parts will meet specifications for wear resistance.
Adhesion tests of a fundamentally different type can be used to
determine the energy required to remove an atom from a surface.
Though both the industrial and the scientific methods generate
adhesion data, they do not necessarily describe the same
phenomena. Mittal suggests that as a result of the wide variety

of physical properties measured by "adhesion" tests. furthar



elaboration is required when using the term "adhesion.” The term
"basic adhesion" is used to represent the interfacial bond
strength, related to a summation of interatomic forces.
Measurements of this type can be compared to bond strength
calculations across an interface. Extreme care must be taken
when conducting these experiments in order that only interatomic
forces are measured, and not those related to practical! adhesion.
Mittal uses "practical adhesion" to indicate the separation of
components at an interface or in an interfacial region.
Practica&Aadhesion may include the energy of deforming the film,
the presence of sites for premature failure, and the intrinsic
stress of the system. Practical adhesion can be a function of

the film thichness, the method of appliying the stress, and the

failure mode. }t is this practical adhesion which is generally
measured and reported in the (iterature. Henceforth, the term
"adhesion" will be taken to mean practical adhesioen, unless

specified as being otherwise. Adhesion depends on a number of

factors, including the testing method and conditions, the failure
focus and mode, in addition to the basic adhesion energy. There
may or may not be a simple and direct relationship between

practicat and basic adhesion.

Mattox [12] describes adhesion as & macroscopic property

dependent on the bonding across the interface, local stresses in
the system, and the failure mode. Good adhesion is promoted by:
1) strong atom - atom bonding in the interfacial region (basic

adhesion), 2) low lfocal stress levels, 3) absence of easy

deformation or fracture modes, and 4) no long term degradation




modes . As referenced in the previous section, Mattox proposes
that the nuclei density and growth mode determine interfacial
contact area, which affects adhesion. The nuclei density during
deposition may be aliered by ivn bombardment, electric fields,
gasseous environments, surface impurities and defects, and the
particular deposition technique utilized.

Since adhesion depends on the nature of the interfacial region,
Mattox has divided the types of interfaces intoc five categories.
A mechanical interface is of the type found between a film and a
rough surfaée, retying on mechanical interlocking with the rough
surface for its strength. As an example, this study investigates
the bond between a metal film and a rough, as received ceramic
substrate. Abrupt, or monoclcayer to monolayer, interfaces are
those often found in semiconductor heterostructures (131, lhey
involve no diffusion and littte chemical reaction, are confined
to a 2 to 5 angstrom region, and are often the result of
negligible solubiiity between materials. Compound interfaces
involve regions of constant composition which extend over many
lattice parameters. They result from chemical interactions,
often in the form of an oxide or intermetatllic,. interfaces of
this type can be found when a reactive metal is deposited on an
oxide ceramic [81. Of concern with compound interfaces is the
brittle nature of many of the compounds formed, as well as the
stresses which can develop due to lattice mismatch [121. The
diffusion type of interface has gradual transitions in
compoesition, lattice parameter and stresses across the region

[121. Although this type of interface is often associated with

10



high temperature processes, energetic techniques such as ion
plating may yield the same result [141. Interfaces formed via
energetic processes are termed "pseudo-diffusion"” by Mattox.

This is used in conjunction with normally insoluble materials
and/or nonequitibrium conditivuns. Note that apn interface need
not be limited to one classification, and that the guidelines for
each category should only be taken as such.

Once the term "adhesion" has been defined, methods must be
devised which can provide & measure of adhesive strength. A
variety of such methods have been reported in the literature,
ranging from simple to complex and quaiitative to quantitative,
and are summarized as follows. There are two primary categories
for adhesion tests: tensile and scratch. Stoddart [15] tested
adhesion of copper films on glass substrates using a tensile
test. Brass rods were glued to the film using a fast setting
cyanoacrylate adhesive (Eastman 910). A tensometer and load cell

were used to measure the force, applied horizontally to the rod,

necessary to remove the film. The stress distribution is assumed
te be that of simpie tension. A similar test apparatus is used
by Kikuchi 116] to characterize siiver tilms on glass. The test
was referred to as the "topple test", Stainless steel

cylindrical rods 6 mm by 50 mm were epoxy bonded to the films and
cured for 24 hours. Horizontail force was applied to the rods via
a spring and a motor. Adhesion strength was computed using

equation (1),




h and v are the rod height! and radius, and Fo is the peeling
force. The investigators also compared the topple test to a
scratch test, using styli of varying hardness values. Pencil
leads, sharpened fo a 0.25 mm radijus of curvature, were drawn
across the film for 10 mm with an appiied force of 120 gf. A
comparison of the results from the two methods indicates that
they are monotonically refated. If the hardness of the scratch
test styius is kept constant, the retative peel iength can be
calibrated to adhesion strength. Scratch tesis were also
conducted b; Perry E[171. A Rockwell "“C" diamond indenter with a
hemispherical tip of 200 micron radius was used. The stylus was
drawn across the sample, with increasing force for each
successive trace, until the coating was removed. This critical
icad is taken to be the value of coating adhesion. Neo
quantitative analysis of the stress state is given; adhesion is
simpty reported as that load which caused coating removal. The
failure mode was examined via optical and scanning electron
microscopy. Determining the actual failure behavior during
scratch testing t1s one of the difficulties with the test. The

film behavior is often complex, and determining the actual

adhesive force is not trivial. Adhesion faiture is not
necessarily associated with removal of the film. Detached film
may remain jn its origina! position without breaking. Films may

be thinned to optica! transliucency, such that they may not be
detected and thought to be detached from the substrate [1871.
Jacobsson and Kruse [19) measured the adhesion of evaporated

thin films on glass substrates via a direct pul! method. in

12



their experimental arrangement, cylindrical steel blocks are

cemented to either side of the film/substrate couple. Each block
is connected to a bar, which is pulled in direct tension. As a
requirement for validity of the experiment, the pulling force

must be uniformly distributed over the area of the blocks and the
failure must occur at the fiim/substrate interface. The adhesion
strength is then given by equation (2).

g = F / A 29
F is the force to puiti off the film and A is the area of the
steel bfo;ks. The investigators also examined the effects of
various errors in fthe test. Misalignment of the rods will
introduce a moment, which alters the state of stress. With
typical values of misalignment, the error introduced is
approximately 10 kp/cm2, with adhesion strengths being 200 to 600
kp/em2.  Non-uniformities in the thickness of the cement is also
shown to introduce an error of 5% or less into the measured
adhesion force.

Varchenya and Upit [20] examined adhesion of metal films on
atomically clean quartz surfaces. They employed a direct pull
technique using 3 mm diameter pins affixed to the film via an
epoXy resin. To minimize bending moments, the pin height was
equal to the diameter.

Mirtich [ 2137 and Saiem and Sequeda [22] performed adhesion
experiments using a commercially available tensile adhesion
tester. The Sebastian Coating Adherence Tester (made by Quad
Group, inc [231) uses an epoxy coated, aiuminum stub, whgch is

bonded to the film by curing for one hour at 150 C. The stub is

13




then inserted into the instrument, which then pulls it in
tension, giving a stress readout in Ksi. The failure strength of
the epoxy is rated at approximately 45 to 62 MPa (6.5 to 9.0
Ksi}, with the maximum load ceii{ rating of 71 MPa (10.30 Ksi.)
The major limitation of this technique is the strength of the
epoxy, which often fai!s before the fiim is removed from Lhe
substrate. There is also a component of triaxial stress at the
film/epoxy interface, which is not considered in the analysis.
Also, if the epoxy does not flow correctly during curing,
variations fn the contact area (and the lcaded areal} of the film
are introduced. The simplicity and relatively quanfitative
nature of the Sebastian test, along with the fact that is a
widely used, commercially available unit, make it an attractive
method for determining thin film adhesion.

Swarcop and Adler [24) tested the adhesion of copper ion
plated onto steel substrates., A 90 degree bend test and a
standard Scotch tape test were used. In the 80° bend case, the
film/substrate couple was placed in a vise and bent to 90° in a
continuous motion. The couple was then examined in an optical
microscope for evidence of cracking. The Scotch tape test used
Scotch Brand no. 810 tape, which supports an average pull
strength of 2000 g/cm2 (approx. 30 psi). No evidence of failure
was found in any of the samples tested with the tape.

When choosing a method for evaluating film adhesion, a
number of factors should be taken into account. The Scotch tape
test is the easiest to pertform, but is not useful for fiims with

strong adhesion and is semi-~quantitative at best. The direct

14



put! and Sebastian methods are also relatively easy to perform,
but can be limited by the strength of the bonding agent used.
Scratch tests are useful for highly adherent films, but data
interpretation is difficult, especiafly for ductile films. The
test method best suited to the situation should be determined by
considering the type of fiim/substrate combination and the type

of information desired.

D. THIN FILM TECHNOLOGY

Althbugh thin fiims are becoming increasingly prominent
in materials research today, the technology has been present in
various forms for many years. An American Society for Metals
seminar in 1963 was devoted to the preparation, characterization
and properties of thin films.

Behrndt [25) begins by discussing various methods of
preparing thin films. One of the oidest techniques, and one
stilf in use, is electrodeposition. in simple terms; metallic
fons in solution migrate toward the cathode due to the applied
electric field. Many complexities are introduced, however, when
one considers the boundary layer between the cathode and the
electrotlyte, as well as the composition of the alectrolyte
itself. Although vapor deposition is thought of as a new
technology, it was first repoted by de Lodyguine in 1893 who
coated carbon filaments by heating them in Ha and WCle [261. The
basic process of vapor deposition as described by Behrndt is the
reduction or decomposition of a volatile compound at the

substrate surface. This is actually chemical vapor deposition as

15




used today. Vapor deposition may be carried out in either an open
tube, flowing system , or in an ctosed environment with
convection currents transporting the gas. Sputtering from a
cathode in a glow discharge was first reported by Grove in 1852
[27). Note that in this 1963 symposium, Behrndt mentions that it
is known that sputtering is caused by ionization of gas in the
discharge, but that no quantitative theory has been established
to match experimental observations. Much of the sputtering theory
in use today was developed by Sigmund in the late sixties [281].
Pianar cathéde and anode configurations are described by Behrndt,
with sputtering done in & simple glow discharge. Some attention
is given to parameters affecting sputtering rate, as well as the
technique of reactive sputtering.

Although evaporation appears to be the least complex of the
deposition techniques discussed, it is the most recent. It was
first conducted in vacug by Poh! and Pringsheim in 1912 [(29). Two
reasons why it began late were the difficulty in generating
enough heat and the lack of suitable containers. Since gas
incorporation into the film is a major source of impurities, the
degree of vacuum is also an important requirement. Film
formation characteristics are directiy related to the state and
properties of the substrate. The crystallographic state, surface
roughness, and substrate temperature are al} important parameters
which can determine the morphology and orientation of the fiim.
Factors such as the surface mobility will affect the nucieation
of the film and determine whether or not, for example, the film

will grow epitaxially.

16



Behrndt also discussed other factors which will only be
mentioned briefly. Substrate preparation methods, including
reduction of surface roughness, substrate heating, and ion
bombardment are described. Methods for monitoring deposition
rate, film thic¢kness, and asubstrate temperature are reviewed. A
section is devoted to the design and operation of evaporation
systems. Finaily, a comparison of the properties of fiims grown
by the different techniques is presented.

Although Behrndt's paper was presented in 1963, it is very
good in pfoviding & historical perspective of the thin film
incdustry. Many of the basic principles presented are still
followed today. [t is also a very thorough review of the
literature of its time, complete with 232 references.

More current and in-depth reviews of thin film technology
are given by Maissel and Glang £30) and Bunshah et. atl. [(311.
Because of the large amounts of information contained in these
voiumes, they wiltl not be summarized here but will be referenced
for specific topics in future sections. Suffice it to say that
both volumes would serve as an ideal starting point for the
reader who wishes to examine a particular aspect of thin films 1in
greater detaitl.

Bunshah has also written a brief review of coatings for
large scale applications [321. Large scale is defined as either
iarge production throughput or highly complex arrangements in
small areas. The review begins by categorizing the types of
coatings produced based on their primary function; i.e. optical,

electrical or mecharical. The coating material may also be

17



described as simple or complex, as may the coating morphology.
The basic deposition techniques empioyed can be broken down into
physical vapor deposition (PVD), chemical vapor deposition (CVD),
electrodeposition, electroless deposition, droplet deposition,
bulk deposition, and surface modification. These ctasses‘can be
further subdivided: PVD encompasses evaporation, sputtering, and
ion plating. The coating apparatus may be batch type or
continuocus. The continuous, in-iine coater is shown to have a
number of advantages for industrial production including uniform
product quaiity. minimai impurity pickup, and high throughput. A
table, reproduced as table (1), describes the characteristics of
the various deposition techniques. More complete discussions of
the technologies for metallurgicat, optical, and electrical
applications are also included. As a conclusion, Bunshah
discusses the economic considerations for various coating
applications. This is a factor often negiected in a research
environment and can pose some intsresting questions.

As evidenced in this section, the field of thin films is

quite broad. An understanding of the basic processes involved in
the different deposition techniques is essential in determining
which one is best suited to a given situation. This approach

seems to be more practical than attempting to concentrate on any
specific technique, especially with the advent of hybrid methods
such as ion plating and biased sputtering. In an effort te
achieve this end, each of the major processes in thin film
deposition are discussed individvatly and in detail, primarily as

related to ion plating, in subsequent sections.
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E. {ON PLATING
1. Generat! introduction
ton ptating s & hybrid plasma assisted physical vapor
deposition technique, combining eiements of vacuum evaporation
and sputtering. it is the fundamental processes involved in ion

plating with which much of the remainder of this background

survey will be concerned. Detailed discussions of each of the
major portions of the ion plating process will be followed by a
review of experimental studies which have used ion plating. The

following introduction to ion plating is taken largely from
reviews on the subject by Mattox [14.331, Wailey [38F, and Tear
[351.

fon plating was first introduced into the fiterature in 1963
by Mattox [381. A generic description for the term ion pltating
given by Mattox I[331 is "a film deposition process in which the
substrate surface and/or the depositing film is subjected to a
flux of high energy particles sufficient to cause changes in the
interfacial region or fiim properties compared to non bombarded
deposition." Some of the benefits of ion plating are the ability
to: "sputter ciean" the surface; provide a high energy flux to
the surface. achieving high temperature properties while
maintaining low bulk temperatures; and to alter the surface and
interfacial structure by creating defects, mixing the film and
substrate material and influencing the nucleation and growth
conditions [141. Another advantage of ion plating is its good

"throwing power®, which is the ability to deposit a film on all
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surfaces of the substrate [372. This is unlike most other high
vacuum techniques, such as evaporation and sputtering, and is due
primarily to scattering events with the working gas atoms.

The ion plating process is conducted in a high vacuum

chamber, with base pressures in the 10~ Torr range. Typical
systems are evacuated using a mechanical (rotary) ~ diffusion
pump combination, as shown in figure (1), Substrates are mounted

on a high voitage cathode, which is generally water cooled.
Source material is evaporated using either resistive heating,
electron 5eam evaporation, or a sputtering target. If an
electron beam system is employed, modifications in the basic
chamber design are necessary to maintain adequately high vacuum
(10-% Torr) at the electron gun filament while ptating is
occuring at approximateiy 10~2 Torr. This is accomplished by

using a two chamber design, introduced by Chambers and Carmichael

{38)]. A Pressure of 1x10~2 to 5x10-2 Torr of working gas,
generally high purity argon, is maintained in the upper chamber
during plating in order to support the glow discharge. The glow

discharge is ignited by biasing the cathode negatively to 1.0 to
5.0 kitovolts, while the remainder of the apparatus is at ground.
The c¢haracteristics of this type of glow discharge will be
explained in greater detaii in a future subsection. It is the
presence of this glow discharge at the substrate which
distinguishes ion plating from most other deposition technigues.
The discharge is established prior to deposition in order to

sputter clean the surface, and may be continued during deposition

to modify the fiim morphology.
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2. Glow discharges

Although ion plating has been described as a plasma assisted
deposition technique, this is not strictly the case. The so
called "plasma" is actually a glow discharge, which only
approximates the conditions of an idealized plasma, which has a
welil-defined potential and density, and costituent particles in
equilibrium motion £391.

A glow discharge can be established by appiving a potential
across two electrodes in & gas. The discharge witl contain a
number of.different regions, some glowing and some dark, between
the electrodes. These are illustrated schematically in figure
(21, reproduced from reference [40]. Note that the diagram is
for a normal glow, while ion plating invotves an abnormal ¢glow
[34). At low applied voltages, the discharge has constant
voltage and current density, and is termed a "normatl" giow
discharge. When the power to the system is increased, the size
of the region carrying cathode current increases until the entire
cathode 18 used, initiating the "abnormai!" regime. The general
characteristics of the two discharge types are, however, similar.
These two types of discharges are self-sustaining, meanring that
the number of secondary electrons generated at the cathode is
sufficient to maintain the discharge. In order for this to
occur, the applied voltage must be greater than some minimum
value (the breakdown voltage) or an auxilliary source of
electrons is required to keep the glow from being extinguished.
The simplest way to explain the properties of a glow discharge is

to describe the events which occur in its various regions [301].
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The cathode dark space is of primary importance since it is the
region adjacent to the substrate. It is also where positive ions
accumulate in front of the cathode, producing a focalized space
charge and greatly increasing the electric field directly in
front of the cathode. The exten! of the dark space is
approximately the distance travelled by an electron between
ionizing collisions. Note that this distance is five to ten
times larger than the mean free path, which takes into account
other types of collisions. Electrons from the cathode experience
the !arge.positive electric field across the dark space and are

rapidiy accelerated toward the negative glow (an electrically

neutral region), where they begin to produce ion - electron
pairs. Because of the relatively neutral region produced, the
ions in the negative glow move via diffusion until they reach the
edge of the dark space and are accelerated to the cathode. The

extent of the negative glow is determined by the range the
electrons from the cathode have before they lose enough energy
such that they no ilonger posess the abiltity to produce ions. This
defines the far end of the negative glow, and is characterized by
a buiid-up of electrons incapable of producing excitation,
resulting in a dark region -~ the Faraday dark space. The
positive column is the portion of the discharge which most
resembles a true plasma. and is the most investigated. In most
glow discharges used for deposition appltications, however, the
electrodes are closer together, and all that remain are the
negative glow and the dark spaces adjacent to each electrode

[39)]. This does not affect the self-sustaining feature of the

25




glow, since this only depends on electron emission from the
cathode and not on the anode position. In fact. a large portion
of the negative glow can be extinguished before any effect on the
etectrical characteristies of the discharge is detected [301].

Charge transfer, the process in which an ion transfers its charge

to a neutral atom, has an appreciabie‘probability and must be
considered. The high energy ion is now neutral, while the newly
created ion has only therma! energy. According to Davis and
Vanderslice [41}, for a discharge of 600 V and 60 milliTorr most

of the ions reach the cathode with negligible energy, and much of
the cathode bombardment is due to energetic neutrals. A
quantitative evaluation of the energy distributions of the
particlies is given in a later section. For a more detailed
explanation of the processes occurring in & glow discharge, the
reader is referred to the text by Chapman [39], which is written

expressly for the non plasma physicist.

3. lon ptating processes
The following discussion of glow discharge processes wiil be
restricted to those related to ion pltating, and will be taken
primarily from Walley [3417. in ion plating, the whole cathode is

used by the glow discharge and there is sufficient current
density to exhibit materiat transfer effectis. The abnormal glow
is operated in & self-sustaining condition, with a positive
current/voltage characteristic. When designing ion plating
cathodes, the extent of the cathode dark space is a prime
concern. Grounded plates placed adjacent to the cathode will

diminish the dark space, and if placed close enough will
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extinguish the discharge. These ground shields are used to
confine the glow to areas adjacent to the substrate. Since the

anode configuration is not important in ion piating, it is

generaliy taken to be the grounded vacuum chamber. The size of
the dark space is a function of gas Pressurc; increasing as the
pressure is reduced. This establishes the requirement that ion
plating occur in a soft vacuum (10 to 50 milliTorr range) . Lf

the pressure is reduced far enough below this range, the dark
space may extend to the anodes causing extinction of the
discharge;

Figure (3) is a schematic of the events which occur during
ion plating [141. During spuiter cleaning, no coating materiat
is present in the vapor state. Gas atoms are ionized and
accelerated across the dark space, during the course of which
many become high energy necutrals via charge exchange. The high
energy particles may be incorporated into the substrate or
reflected, and may cause secondary electron emisssion or
sputtering. The secondary particles created from the substrate

may be redeposited cn the substrate or on other parts of the

chamber . When source (film material) utlums are introduced, the
situation becomes increasingiy complex. These atoms may be
scattered, ionized or nucleated into fine particles (100 AJ. The
ionized atoms wiil not feel the effect of the cathode until they
reach the edge of the dark space. Of the film atoms/ions

reaching the subslirate, some may penetrate the surface, some are
relected from it, and some remain to begin film formation. Also

be aware that the processes described for sputter cleaning are
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still active during deposition, if the glow is maintained.
Although the types of events occurring are fairly wel!
documented, there are still many questions unanswered. What is
the ionization ratio for the film atoms and what is the
distribution and average value of energy for particles impinging
on the substrate?

A discussior of the ionization efficiency is given by Teer
t35). It is reported that estimates in the literature range from
approximately 0.05 to 2.0 percent. By measuring the current
co|iected‘at the cathode and comparing it to the number of
incident particles, as calculated from the gas pressure, an
ionization efficiency of 1.0 percent was arrived at by Teer.

This approach, however, includes the contribution from jonized

gas particlies. Teer approximates the actual ionpizatiion
efficiency of film atoms at 0.1%. It then remains to be
determined as to how this small fraction of high energy ions

affects the deposition of a large number of iow energy neutrals.
In order to do this, the energy of the ions must be calculated.
Davis and Vandersliice [41] have presented a theory of ion energy
distribution, which has been experimenially confirmed. Using
typical values for ion plating., the average energy of the ions is
10% of the maximum possible value, and the total energy deposited
at the cathode by ions is approximately 10% of the energy
dissipation in the system [351. This energy, lost by the ions,
is transferred to the neutrais. The maximum energy of a heutral
is equal to the maximum energy of an ion, with 70% of the energy

transferred to the neutrals reaching the cathode [421. For the
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equations used to obtain these results, please refer to appendix

A. Under the conditions encountered in ion pltating, deposition
occurs via a small number of energetic ions and a much larger
number of energetic neutrals. The average energies of the

incident species are only 10% of the maximum possible, bqt are
much higher than thermal energy., as is the case in most
deposition techniques.

Rickards [43]1 used Monte Carlo simulation methods to
determine ion and neutral energies in a glow discharge. The
model uses gypical glow discharge coenditions; with the mean free
path on the order of the dark space distance, a Boftzmann
distribution of atom motion and an ion fraction of 10-4. The
potential near the cathode may be altered via a scaling exponent.
Three types of energetic particies reach the cathode: tons that
suffer no collisions and impact with the energy of the cathode
voltage; ions produced by charge exchange coilisions, whose
enerqQy is dependent on the position of their last collision: and
energetic neutrals produced via charge exchange. Figure (4) is a
plot of the fraction of icons which reach the cathode with maximum
energy as a fuction of the dark space io mean free path ratio.

Note that in the previous discussion, this ratio was taken to be

20 . The Monte Carlo simulation results for determining the
energy of the neutralis are shown in figure (5). Note the {arge
drop in number as the L/A ratio decreases. As a summary,
Rickards indicates that for the case of L/A = 2 and considering
space charge effects, there will be twice as many neutrals as
ions, with an average energy of 26%. Thus, more than 50% of the
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Figure 8§ - Average energy of neutral atoms [43]

32



energy deposited at the cathode is attributed to neutrals.

Armour et al £44) monitored the energies of the incident
flux to the cathode in an ultra-high vacuum ion plating system.
The data was collected by allowing a fraction of the particles to
pass through a pinhoie i1n the cathode and be analyzed by energy
and mass anatyzers. Results indicated that the incident
particles have energies significantly below the discharge
voitage. For &ll cases studied. the peak in the snergy
distribution was at less than half the discharge voltage.

A!ihéugh the appitied bias is generally given as the
parameter which relfates to the energy of the incident flux, one
should be aware that energy is more than just a function of
applied bias. Three methods: calculation, simulatian, and
experiment have demonstrated that the energy of incident species
is much less than the discharge voltage, and that energetic
neutrals play a significant role in the ion plating process.

The glow discharge is one of the distinguishing features of
the ion plating process, and alsa one of the common experimental
variables. One of the areas of interest in ion plating research
is to increase the intensity of the glow discharge. Saulnier et
al [45] characterized the ion energies in a triode ion plating
system. in which the third efectrode was an anode ring biased up
to +300 V. Increasing the discharge current while keeping the
working pressure low decreases gas scattering and avoids
difficuities associated with operating an electron gun at high
pressures. This is accompiished by increasing the length of the

electron trajectories. The ion energy distribution was measured
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by coilecting ions through a pinhole in the cathode. The

discharge current increased as the ring vottage increased, due to

trapping of secondary electrons in the positive petential well of
the third electrada This keeps them oscillating, incrcasing
their path length, thus increasing their ionization probability.

This effect is seen when evaporation is achieved via resistive
heating, but is more pronounced when electron beams are used, due
to to secondary electrons generated near the evaporation source.
As shown in Figure (6), the ion energy distribution is shifted to
higher valueg as the anode ring voltage increases. This is also
due to the fact that the dark space is decreased with increasing
anode voltage, resulting in less collisions.

The concept of triode ion plating was extended further by
Matthews and Teer [46], who added a thermionic emmitter to lhe
system in order to inject electrons independently from the
evaporation source. A number of observations were made in their
work. The use of a filament reduces current variations with
pressure and aiso allows the discharge to be supported at lower
pressures than in the normal diovde configuration. Through the
use of a negative filament along with a positively biased
supplemental anode (see figure 7), ionization efficiencies of
3.0% can be attained, along with the abitity to operate at

pressures below 10-® Torr.

4. Effects of ion bombardment
The effect of the glow discharge, central to ion plating, is
to bombard the substrate/film with energetic particles. The

results of this bombardment are what produce the properties
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characteristic of ion p!atiné. Mattox [331 has addressed the
effects of ion bombardment in three regimes: prior to
deposition, during interface formation, and during film growth.
The primary effect of the discharge prior to deposition is
sputtering of the substrate surface, generally called "sputter
cleaning" in the case of ion plating. Sputtering, a complete
explanation of which foliows in a subsequent sectior, causes
particles from the substrate surface to be ejected. It is via
this method that surface contaminants are removed, providing a
nearly atamicaily clean surface on which the film is grown.
Bombardment may aiso produce surface defects and alter the
surface morphology and crystallography. Since much of the energy
of the incident particles is dissipated as heat, there may be an
appreciable rise in surface temperature, causing problems with
thermally sensitive microstructures.

interface formation at the onset of deposition can be of
great importance in determining the resultaant properties of the
film/substrate couple, as described in an earlier section. ton
bombardment during this stage can cause physical mixing of the
f;lm and substrate eiements via implantation, recoil mixing or
backscattering. Diffusion may also be enhanced due to the high
surface temperature and high defect concentration. All of these
processes favor the formation of diffusion or pseudo-diffusion
interfaces. The nucleation mode of the film is likely to be
determined by the particle bombardment. The bond strength
between the condensing fiflm atoms and the substrate surface will

determine the mobility of the atoms. If the bond is weak,
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mebility will be ifarge and the atom will only nucleate at a high
energy site or by coliiding with other atoms, resulting in island
growth. Conversely, a strong bond promotes the formation of a
continuous monoliayer. In goeneral, an ion bombarded surface wil |
provide more active nucleation sites by virtue of its topography
and defect concentration.

lon bombardment also has a large effect during growth of the
fitm. It can affect morphology, crystallography and the
accompanying physicat properties. A preferential surface
or%entation'or nucleation can Jead to preferential growth and a
¢cloumnar film morphology. This morpholiogy. generafiy undesirable
due to separation present between columns, may be avoided by
depositing the fiilm at elevated temperatures or by using the glow
discharge - as is shown in the foliowing discussion.

The initial model! for the morphology of evaporated coatings
as a function of temperature was developed by Movchan and
Demchishin [471. Three zone structures, iliustrated in figure
(8), were detected. Below T4+, the structure is columnar with
demed surface fealures. Between T, and Ta, the structure is stilli
c¢olumnar, but has a smooth surface. Above Tp the structure
becomes eguiaxed. An expansion of this mode! has been made by
Thronton [48] to include the effect of argon pressure in a
sputter deposition system (figure 9. Note that this stiil! does
notl account for ton bombardment efiects. Thorntorn [49) also
added this effect into his model for the case of bias sputtering,
with energies of a few hundred electron volts. The ability of

ton bombardment to overcome the open boundaries resulting from
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low temperature deposition was shown to be pressure dependent,
with a larger effect at higher pressures. At the bias voltages
empioyed in ion ptating, which are up to an order of magnitude
higher, the effect of ion bombardment is shown by investigators
in this laboratory to have a pronounced effect on morphology
similar to increasing the surface temperature. Thornton [49] has
attributed the suppression of the columnar structure to
redistribution of coating material by sputtering. The effect of
the glow discharge is to produce films resembling a sputtered
layer, ra{her than the porous structure obtained by evaporating
in a soft vacuum without a discharge [341.

In addition to the mophological changes produced by ion
bombardment, the intrinsic stress of the coating can be affected
£33). Evaporated films generally have a tensile stress, while
sputter deposited coatings have a compressive one. ton plated
fitms may undergo a transition from tensile to compressive stress
as the applied bias is increased; this is, however, still
conjecture at this stage. lon bombardment may also affect the
adhesive properties of the film, as reported in previous
seclions.

5. Evaporation sources

in any physical vapor deposition technique, such as ion

plating, coating atoms must be vaporized to generate the fiilm.

This may be done via evaporation or sputtering, but since ion

plating generally uses evaporation this discussion will not
include sputter deposition. The basic mechanisms of sputtering
will be discussed in the next section because of their importance
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in the glow discharge contribution. In evaporation, the material
is transformed into the vapor state when its vapor pressure

éexceeds the pressure in the vacuum chamber. This has its basis in

classical thermodynamics, using the Claussius - Cilapeyron
equation [501. When the solid and vapor phases are in
equilibrium, their chemical potentiafs wiltl be equal. The
general Claussius - Clapeyron equation (3)

dP = Hg - Hs (3)

dT T(Vg-Vs3
is modified. and rearranged for the particular case of a solid in
equilibrium with its vapar ta give equation (4)
In pX (Torr) = AT-* + B + ClogT + DT + ET-2 (4)

where the coefficients are obtained from tabulated data and p* is

the equilibrium vapor pressure [301. In practice, the solid is
simply heated until it begins to evaporate. By combining
classical thermodynamics with the kinetic theory of gases,

quantitative expressions for the evaporation rates can be
derived. The Hertz - Knudsen equation is used to calculate the
evaporation rate from a heated source. 't is given in equation
(5} in the form most applicable to vapor deposition [48].
W = 3.5 x 10-22apX(MT)~-172 (5}

where W is the evaporation rate in atoms/cm2-sec, « is the
evaporation coefficient, pX is the vapor pressure in Torr, T is
the temperature in degrees Kelvin, and M is the molecular weight
in grams. The evaporation coefficient is an empirical parameter
ranging from zero to unity, and is highl!y dependent of the

cleanliness of the source surface. Atoms are emitted from the
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surface with an average energy of 1.5kT, where k is the Boltzmann
constant and T is the source temperature. They also follow a
cosine law for spatial distribution of the emission flux [30].
Note that this distribution breaks down rapid!y in ion plating

due to the large amount of gas scattering present.

Experimentally, evaporation is performed by iwo principal

methods: resistive heating and electron beam heating. Resistive
heating is the original method, and is still in use in some ion
plating systems . The material is placed in a refractory metal

container, sometimes wrapped in tungsten wire (see figure 103},
Large currents are passed through the container or wire,
generating temperatures up to 2000 C. Some of the practical
considerations of this technigue are the timited amount of
material which can be held at one time and the possibility of
contamination from the crucible or support material, The more
advanced method of evaporation is to use electron beams. The
original electron beam gun invoived a thermionic emission
filamen!i maintained at a high negative potential placed near the
source, which is kept at ground. The elecirons are thus

accelerated into lhe svurce, where they dissipate their energy as

heat . This type of gun has been replaced by electron guns with
seif - contained anodes and magnetic deflection systems. The

source material is placed in a water cooled crucible, which is
swept by the eilectron beam. Because of the probiems associated

with operating an electron gun in a retatively Iow vacuum, as
described previously, some modifications in the standard assembly

are made for ion plating systems. The filament is maintained in
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a chamber differentially pumped from the chamber which houses the
glew, with the beam passing through a small hole separating the
chambers and bent 270 degrees to contact the source surface.
Electron beam sources have the advantages of being able to
evaporate refractory metals, avoid contamination by only melting
a local area of the source, and being able to hold a large amount
of materiali.
6. Sputtering

Ajthough ion plating systems generally do not use sputtering
sources ta generate the deposition flux, sputtering of the
substrate and growing film occurs as a result of the glow
discharge. A simpiified review of the basic mechanisms of
sputtering is given in reference [481. In the sputtering
process, a surface atom is ejected due tc the transfer of
momentum when the surface is bombarded by energetic partictes.
in ion plating, the negatively biased substrate is bombarded by
energetic ions and neutrals from the glow discharge. The
fundamental process in physical sputtering (as opposed to
chemical sputtering, where volatile species are created) is the
atomic colliston. This is modelled as a binary, hard sphere
elastic celiision in most sputtering theories. A schematic of
the events which ocecur and the energy transfer process are shown
in figures (11) and (12} respectively. By virtue of the modetl,
the most efficient momentum transfer occurs when both the
incident and target particies have similar masses; thus argon is
most often used as the working gas for the glow discharge. Since

a singie collision can not cause a target atom 1o be ejected,
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based on geometrical considerations, sputtering is a resuit of
multiple collisionatl processes. With incident energies in the
range of a few hundred electron volts, as is the case for a glow
discharge, the major contribution to sputtering cvomes from tow
energy knock-ons {(figure 11). Depending on the situation, the
coilisional cascades present in sputtering can be categorized in
three groups: the single knock—-on regime where atoms may be
sputtered but lack sufficient energy to produce recoil cascades;
the linear cascade regime in which recoil! cascades are generated
but onfy a fraction of the atoms in the cascade volume are in

motion; and the spike regime in which most of the atoms in the

cascade voiume are set in motion by recoil atoms. In ion
plating, only the single knock-on and linear cascade regimes are
important. Ilheortes have also been developed to describe the

number of target atoms ejected per incident particle, known as

the "sputtering yield." Although sputtering yields are often
determined experimentally, Sigmund’'s [inear cascade theory
correlates well with experiment and s widely used [281. The

expression for sputtering vield, 8, is given in equation (6),
where K is a constant ranging from 0.1 to 0.3, M, and M, are the
incident and target atom masses, E is the incident particle
energy. U. is the bhinding energy of the target atoms and
«x{Mt/Mi) is a tabulated function.

8 = K M, M E x (Mc/My) (8)
(Mi+Mt)2 U,

The sputtering yield of most metals ranges belween ¢.5 and 5.0

and is not a function of temperature. Quantitative expressions
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are most valuable in sputter deposition, but are also useful in
ion plating to compare the evaporated flux of film atoms to the
amount being sputtered away. The sputtering rate relative to the
deposition rate can have & significant effect of the coating
morphology [331.

7. Experimental review

As a conclusion to the background survey section of this
thesis, three investigations of ion plated fiims are reviewed.
Enomoto and Matsubara [51] analyzed the structure and properties
of copperAfiims ion ptated onto tungsten substrates. An electron
beam evaporation source was used, and additional! plasma
ionization was provided via three thermionic emitters. B8y
varying the applied bias and ionization enhancement, the coating
morphology was altered. At low bias and no enhancement a
columnar morphology with porosity between coiumns was observed
via SEM. When enhancement was used, a dense equiaxed morphoiogy
was obitained. In scme cases, under conditions of low bias, a
layered structure consisting of an initial dense layer followed
by a porous columnar ifayer was present. A simitar type of
structure has also been detected as part of this investigation.
Friction and wear properties were shown to be a function of film
morphology, with the equiaxed structure being optimal.

Minni and Sundquist [52} investigated aiuminum bronze
coatings deposited on mild steel substrates via ion plating. The
coating material was resistively heated, and the discharge
current was controlied by an auxilliary filament. The coatings

showed a compositionaliy layered structure as a result of the
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different vapor pressures of the alloying elements and the batch
fed nature of the evaporation source. The chemically mixed
interface region, measured using Auger electron spectroscopy
depth profiling, was shown to broaden with increased cathode
current density. The morphology also changed from columnar to
equiaxed with increased current density.

Pulker et at [53]1 examined the structure of reactively ion
plated oxide films on glass subsitrates. All the crystalline
films analyzed were fine grained and polycrystalline in nature.
The ion plafed films had a dense microstructure, while evaporated
ones were less dense, with a columnar morphology. The presence
of compressive stress in the ion plated films was confirmed via
bending experiments. This is attributed to the impingement of
high energy particles during deposition. The authors conclude
that reactive ion plating is a viable technique for producing

high quality oxide filims,
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11, EXPERIMENTAL PROCEDURE

A_. MATERIALS DESCRIPTION

The source material used to grow the films in this study was
96 .9% pure nickel, obtained from Aesar, lnc. The nickel was in
the form of spheres, ranging from approximately 5 mm to 15 mm in
diameter . Initiat attempts to vacuum arc meit the spheres prior
to placing them in the electron beam crucible proved ineffective
due to contamination and gas entrapment. Subsequentty, the
spheres wére placed directly into the crucibles and consolidated
in situ.

The substrate material was a cordierite glass -~ ceramic,
with the approximate compoesition ratios of 2Mg0O - 2A1,0s - 58i0g.
{see figure 13,[(541) Substrates were in the form of square tiles,
with thicknesses of a few millimeters. The squares were either
36 or 48 mm on edge. ln the as received condition, the surface
roughness was 250 nm. The substrates were mechanically polished,
with progressively decreasing sizes of diamond paste, to a

surface roughness of 25 nm before coating.

B. ION PLATING SYSTEM
_AIi of the films in this study were grown using the ion
plating facility of the Construction Engineering Research
Laboratory (CERL)}, operated by the United States Army Corps of
Engineers and iocated In Champaign, l!llineis. The piating system
was built by Torr Vacuum, !nc.. The vacuum chamber of the system

is a split chamber design, allowing easy access to the interior.
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Fig. 7.30, The ternary system MgO-ALO,-Si0;. From M. L. Keith and 3. F. Schairer, J.
Geol., 68, 182 (1952). Regions of solid solution are not shown: see Figs. 4.3 and 7.13.

Figure 13 - MgO - Atla03 - SiOp phase diagram [54]
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A power driven hoist is used to raise the upper chamber, which

may then be pivoted about the hoist axis as desired. The chamber
is cylindrical, with a diameter of 0.66 m. The source to cathode
distance is 0.30 m. A!l vacuum seals in the system, with the

excepilon of the conflat feedthroughs, are made via rubber

O-rings. The entire chamber is water cooled to avoid damage to
the seais. Both the upper and jower halves of the chamber have a
variety of ports to accomodate the accessories to the system. in

addition, the upper chamber has two 0.115 m diameter viewports to
allow observation of the chamber interior during an experiment.
Disposable glass inserts are fitted to the inside of the
viewports to minimize down time between runs due to coating of
the windows. A "baffle ptate" is placed in the lower chamber to
isoiate the electron gun assembiies from the soft vacuum in the
upper chamber. The cathode, which acts as the substrate holder,

is a machined cylindrical stainless steel disc with a pattern of

tapped holes in its lower face. The holder, which is water
cooled, is welded to a pipe which passes through the chamber 1|id.
Electrical isolation and vacuum integrity are achieved via a

machined block of teflon, designed similar to a conflat.

The pumping system for the ion plater consists of 0_.254 m
and 0.152 m diffusion pumps working in parallei, backed by a
single rotary pump. The pumping sequence is automated, with
manual override capabilities. Ltiquid nitrogen is supplied to the
diffusion pumps to achieve maximum pumping efficiency.
Evaporation is conducted via two electron beam evaporation

sources, allowing alloy and multilayer fiims to be deposited
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without breaking vacuum. For single component films, it provides
redundancy should one source fail during deposition. Each gun
assembly consists of a water cooled copper crucible, a thermionicg
emission filament, and & magnetic beam deflection system. They
are powered by an Airco Temescal CV14 power supply, generally
operated at 10 kifovolts and 0.2 to 0.5 Amperes per gun.
Retractable shutters are placed over each crucible to prevent
unwanted deposition during source warm-up. Power to the cathode,
needed to support the glow discharge, is provided by a Sloan
model 7 higﬁ voltage power suppty capahblie of delivering 7.5
kilovolts and 0.75 amps d.c.. The system is equipped with

interfocks to prevent contact with any of the high voltage

components while in operation. Gases are delivered to the system
through stainless steel !ines, with the flow rates adjustable via
mass flow controllers. High purity argon, oxygen, nitrogen and

acetyiene can be admitted to the chamber, with each gas havinag
its own calibrated mass flow controller capablie of flow rates up
to 50 scem. In addition, laboratory grade nitrogen is delivered
to the chamber through a vent valve in order to return the system
to atmospheric pressure.

Accessories to the system include a residual gas analyzer
(ARGA)Y , Inficon modei 1000 . used to monitor gas content and
composition prior to and during deposition. it is primarily used

during reactive ion plating of titanium nitride, conducted by

other investigators in this laboratory. The RGA is also eguipped
with leak checking capabilities, allowing leaks to be detected by
locally injecting helium around the seal in gquestian and
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monitoring the helium signal on the RGA. A triode enhancement
system may also be connected to the system, if desired. It
consists of a copper ring, mounted concentricaliy with the
cathode, and biased positively. Four Hewlett - Packard d.c.
power suppliecs, each rated at 60 V and 5 A, are used to drive the
anode, with common operating voltages being 50 to 100 volts.
Other options being evaluated or installed include a radio
frequency high voltage power supply to ailow more efficient
sputter cleaning of insulating substrates; a quartz crystal
thickness.monitor to provide in situ deposition rate information;
an upgraded pressure monitoring system; a titanium getter furnace
te further purify the incoming gas supplies; and an optical
spectroscopy system to characterize the constituents of the
plasma during deposition. A complete schematic of the ion

pltating system is shown in figure (143,

C. DEPOSITION PROCEDURE

Prior to each set of deposition runs, the interior of the
vacuum chamber is covered with clean aluminum foil. This ailows
for minima!{ down time when changing material systems, as the oid
aluminum foil may be removed and discarded. Either a pre-melted
charge or fresh nickel peliets are placed in one or both of the
electron beam gun cruciblies, and a dummy deposition is conducted.
This serves two purposes: to consolidate the charge without
having to worry about splattering from an unstahle charge ruining
a substrate; and to coat ail!l exposed aluminum foil and fixtures

with nickel to effectively negate the possibility of
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Figure 14 - Schematic of CERL ion plating system
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contamination due to backsputtering. The chamber is then vented,
after being altowed to cool to approximately 50 C, and substrates
are mounted onto the cathode using nickel plated hardware.
Overlapping pieces of silicon wafer were also placed on the
cathode to be used as a thickness monitor. Precautions such as
using gioves and tweezers were taken to preserve cleanliness.
Cnce the source and substrates are foaded into the system, the
chamber is evacuated to its base pressure, i.e. with no working
gas present. When the base pressure is attained, the desired
flow fate.of gas is introduced and the system is allowed to
equifibrate. If sputter cleaning is desired, the bias to the
cathode is applied, igniting the g!low discharge. A few minutes
prior to the desired start of evaporation, the electron beam is
turned on. This aliows the source to be slowly heated to the
vaporization temperature and maintained at a point where any
small amount of evaporation occurring woutd be biocked by the
shutter. When deposition is desired, the shutter is opened, the
power to the electron beam is increased, and evaporation
commences quickly since the source has already been preheated.
Upon completion of the deposition, the gun power is turned off,

the discharge is extinguished, and the chamber is ailowed to

¢ool. When the chamber has reached approximately 30 C, it is
vented and the specimens removed. The chamber is exposed to the
atmosphere as little as possible between runs to minimize the

adsorption of water molecules to the chamber walls.
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V. ANALYTICAL PROCEDURE

A. ADHESION

Adhesion, as employed in this study, is used to characterize
the macroscopic film/substrate bonding force. It is gengrally
the first test performed on a set of films, due to its importance
in defining a processing window and its relative simplicity.
Adhesion tests are conducted using a Sebastian adherence tester
[231. This is a tensile test, in which an epoxy coated aluminum
stub is bonaed to the film via a cure cycte of 1 hour at 150 °C,
with pressure being applied to the stub. The stub is then

inserted into a receptacle in the unit, which applies a tensile

load to it. When failure occurs, the iocad is removed and the
stress readout is displayed. Both the failure load and Jocus,
i.e. epoxy or fiim/substrate interface, are recorded. I'n

additior to measuring the adhesive strength in the as plated
conditian, samples were also analyzed after being subjected to a
therma!l cycie treatment. This involved sealing the samples in an
evacuated giass tube, backfilled with a partial pressure of
either pure argon or an argon 10% hydrogen mixture, and heating
them to a maximum temperature of 400 °C for a total cycle time of
approximately 46 minutes. Although actual numbers are computed
as adhesion results, one must be careful to treat these only in a
relative sense. Variations in percentage of the area failing at
a given interface can drastically affect the results. The

location of the faj'ure may be more meaningfui than the failure

foad.
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B. ELECTRON MICROSCOPY

Beth scanning and transmission electron microscopy were
utilized in this study, with TEM being a major focus of the
anatfytical procvedure. The SEM micrographs were taken using an
I8! DS-130 dual stage scanning electron microscope, located in
the University of Ililinois Center for Electron Microscopy. SEM
photographs were taken of fracture surfaces of the coating and
substrate obtained while sectioning the coated substrates. This
provided é reasonably accurate representation of the film
morphology, due to the brittle nature of the substrate. Both
film morphology and thickness were analyzed via the SEM, but
limitations arose due to the small film thicknesses. As a result

of this, the emphasis was placed on transmission electron

microscopy, with its inherentiy better resolution. One of the
drawbacks of TEM, however, is the difficulty in specimen
preparation. This problem is compounded in this investigation by

the need to produce a thin cross section of the interface between
two very dissimlar materiails. As part of the research in this
laboratory, & method of preparing cross section TEM specimens,
allowing direct observation of the film, substrate and
interfacia! structure and chemistry was developed. It is based
on sandwiching two coated substrates together, with the film
sides in contact, and placing them in a 3 mm diameter tube. The
assembly is stabilized with epoxy, and discs may be sectioned
using a low speed diamond saw and thinned via dimpling and ion

miiting. A complete, illustrated guide to this procedure is
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provided in appendix B. The TEM micrographs were taken using
Philips 400 and 430 analytical efectron microscopes and muech of
the microchemical data was obtained via a Vacuum Generators HB-5
STEM, atl located in the Center for Microanalysis of Materials at
the University of Illinois. Bright field and dark fieid‘imaging,
selected area diffraction and energy dispersive analysis of

x-rays (EDAX) techniques were utilized.

C. SURFACE CHEMISTRY

Surfacé chemical analysis was conducted using Auger electron
spectroscopy (AES) and secondary ion mass spectrometry (SIMS).
The two techniques provided information on the film cleaniiness
along with composition vs depth profiles. The use of AES to
determine the width of the chemically mixed interfacial region
was not sucessful. No variations were detected as a function of
processing conditions, due to interfacial roughness and
instrumentally induced mixing as a result of the sputtering
required to profile into the sample. A "reverse profile"
technique was developed in conjunction with the SIMS analyéis to
examine the interface. For the cases in which the film was
completely removed from the substrate during adhesion testing,
the adhesion stub, now with film adhered to it, was placed in the
SIMS . The exposed film surface is now the one which was
originally in contact with the substrate. This allows the film
adjacent to the interface to be analyzed without having to
profile through the buik film. Profiles can then be made into

the bulk film a short distance until the composition reaches its
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bulk values. This technigque is, however, {imited to fiims with

poor adhesive strength.

D. SURFACE TOPOGRAPHY

The topography of the substrates, as well as the thickress
of the deposited fiims, was analyzed using a Tencor Instruments
aipha - step profilometer. This method uses a diamond stylus
which is moved along the surface for a 3 mm trace. The stylus is
mounted on a pivot, allowing it to move up or down following the
contour of the surface. The background roughness of the
substrates before and after polishing is determined in order to
evaluate the effectiveness of the poiishing procedure. Film
thicknesses may also be determined via this technique. Two
requirements which must be satisfied are a substrate surface
which has a background roughness value much smalfer than the

thickness of the coating, and a sharp step between a coated and

uncoated region. To acheive this, overlapping pieces of silicon
were used. A trace is then made going either from uncoated to
coated silicon, or vice versa. This method of thickness

determination was used as a8 cross check to the electron

microscopy measurements.

E. FOUR POINT BEND

A four point bend test was used to evaluate the mechanical
strength of the cordierite substrates as a function of processing
history. Samples were sectioned into bars 5 mm x 36 mm x 3 mm

and tested in the as received or processed coandition. The bars
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were placed into the four point bend fixture with the processed
side down (in tension) and Joaded until failure. The failure
load is then converted to an average breaking stress. Four point
bending was used because of the relatively uniform applied stress
distribution between the inner spans; and the processed gide was

placed in tension since this is the manner by which most ceramic

sampies fail.
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VI. RESULTS

A. INTRODUCTION

The results obtained in this investigation are presented in
the following subsections. Analysis of the surface topography ot
the substrates is presented first, followed by an evaluation of
the mechanical properties of the film/substrate couples. Coating
morphotogy, as evidenced by SEM, is compared as a funrction of
process parameters. Information concerning the structure and
chemistrylof the film, substrate and interface obtained in the
TEM is presented. Lastly, surface chemical data and concentration
vs depth profiles taken in the Auger microprobe and SIMS are

given.

B. SURFACE TOFOGHRAFPHY

Figures (15-17) show alpha~step surface profiles of an as
received, polished, and sputter cleaned polished cordierite
substrates, respectively. All traces are three millimeters in
length, with the vertical scaies as indicated. The background
surface roughness 15 seen to be reduced by an order of magnitude,
from approximately 250 nm to 25 rnm, after polishing. Some of the
larger defects such as pores and pits persist, due to the limited
depth of the polish. Sputter cleaning did not alter the overat]|
topography of the surface, although some of the upward deviations

from background smoothness (fine hillocks) are diminished.
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Figure 16 - Surface profile of polished cordierite
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C. SPECIMEN PARAMETERS
The ion plating process parameters used as variables in this
study are shown in tabie (2) for all the coatings produced.

tnitially, applied bias was used as the independent variable,

with series 11 substrates not sputter cleaned prior to deposition
and series |1l substrates subjected to a 2.0 kV cleaning
operation for 10 minutes. Because of the drastic differences in

adhesive behavior between the two series, both apptied bias and
the use of sputter cieaning were varied independentiy in
producing series 1V specimens. All other operating conditions
were maintained as constant as possible throughout the

experimental matrix, with the typical vaiues given in table (33.

D. COATING THICKNESS

Althoﬁgh evaporation time was kept constant for all films
deposited, large variations in coating thicknesses are observed.
Perhaps most significant are the discrepancies among the three

techniques by which thickness measurements were obtained: alpha-

step profilometry, SEM and TEM. Alpha-step meaurements were
taken using a different substrate (silicon) than the microscopy
based technigues. This may alter the coating thickness due to
variations in the sticking probability and electricatl

characteristics of the substrates. Profiiometry is, however, the
simplest analysis to perform. SEM measurements may be subject to
errors intreduced through specimen titting and fack of resociution

of the the micrographs. TEM measurements may be the most
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Table 2

Specimen parametfers

Applied Sputter Thickness (A} Failure Failure
Series Bias Clean «-Step SEM TEM Mode Load (MPa)
Ll 0.0 kv No 1650 2000 1300 Ni/Cord. 4.88

2.0 No 3500 5000 4900 Ni/Cord. 27.44.
4.0 No 2700 9000 4800 Mixed 38.02
(N 0.0 kv Yes 1125 No Failts 71.02
2.0 Yes Ni/Cord. 16.96
3.0 Yes 8000 6700 Ni/Cord. 9.79
A" 0.0 kv No 8500 8100 Ni/Cord. 7.65
0.0 Yes 6600 4600 Mixed 61.16
3.0 No 3600 Mixed 53.44
3.0 Yes 3500 Ni/Cord. 28.20
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Table 3 - Typical operating parameters

Base pressure (no working
Argon flow (working gas)
Electron beam evaporator

Sputter cleaning

Evaporation time
Substrate bias

gas)

bias
current
bias
time

voitage
current

69

1 x 10-® Torr
50 sccm

10 kV

.20 A

2.0 kv

10 min.

6CG min.

3.0 kV

15 mA



accurate, but are also the most difficult to obtain. Generally,
the alpha-step values are used until they can be confirmed via
direct observation in the TEM. Variations in film thickness from
batch to batch can be attributed to differing evaporation rates
from the source and increased sputtering of the film at the

higher applied bias values.

E. MECHANICAL PROPERTIES

Adhesion data for the films in the as plated condition,
shown in taﬂle (2), primarily indicate trends in adhesive
behavior. The reader should be aware that the mode, or locus, of
the faiiure is the important criterion. Ni/card faiftures,
generally observed at low strength values, indicate separation at
the metal/ceramic interface, while mixed mode failures represent
partial epoxy failures and partial interfacial separation. Based
on this consideration, two major observations can be drawn: high
applied bias is necessary to promote adhesion on a non sputter
cleaned substrate; while the use of an applied bias during
deposition onto a sputter cleaned substrate degrades the adhesion
strength. These observations, taken from series || and 111

results individually, were substantiated by analysis of the

series |V samplies. The data from the post thermal c¢ycle adhesion
tests, shown in table (42, is a representation of the stability
of the metal/ceramic bond. Atthouygh the use of & 4.0 kilovolt

bias is adequate to provide adhesion to a non sputter cleaned
substrate, it is not sufficient to give therma! stability to the

bond. Films deposited, without the use of an applied bias, on
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Table 4 - Post thermal cycie adhesion recults
Applied Sputter Fatlure Failure
Series Bias Ciean Atmosphere Mode Load (MPa)
ti 0.0 KV No 100% Argon Ni/Cord. 0.0
0.0 No 10 Hz -~ 90 Ar Ni/Cord. 6.0
2.0 No 100% Argon Ni/Cord. 8.89
2.0 No 10 Hz - 80 Ar Ni/Cord. 0.69
4.0 No 100% Argon Ni/Cord. 8.14
4.9 No 10 Ha - 90 Ar Ni/Cord. 0.0
il 0.0 kV Yes 10 Hag - 90 Ar Mixed 41.80

71



sputter cleaned substrates are, on the other hand, able to
withstand thermal cycling ir a chemically reducing atmosphere.
Four point bend test results for coated and uncoated cordierite,
evaluating the mechanical strength of the cordierite as a
function of processing, are given in table (5). Pofished’

cordierite is shown to be stronger than the as received

cordierite, but not to a large extent - indicating no major
changes in the substrate as a result of polishing. Analysis of
cocated, polished substrates - with the fiims deposited under
typical operating conditions, with no applied bias - shows a

targe difference in strength, depending on whether or not the
substrate was sputter cleaned prior to deposition. Substrates
which were sputter cleaned before coating retained strength
equivalent to uncoated substrates, while those which were not

exhibited a significant decrease in strength.

F FLECTRON MICRQOSCOPRPY

The scanning electron micrographs (figures 18-203 give some
indication of the morphology and thickness of the coatings. The
nickel coating deposited without the use of an applied bias onto
a non sputter cieaned substrate (figure 18) exhibits a
distinctive columnar structure, with an accompanying domed
surface. This is a typical exampie of a zone 1 morphology. When
a similar coating is grown at zero applied bias on a sputter
cleaned surface (figure 19) the surface topography becomes iess
gvident and the columns less well defined, indicating a

transition away from the zone 1 morphology. The addition of a
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Table 5 - Four point bend results

Sample description

Breaking sirength

(MPa?

As received cordierite

Polished cordierite

Nickel coated cordierite
polished, sputter cieaned

poltshed, not sputter cieaned

73

176.0

194 .4

181.9

122.2

+/ -

+/-

+/ -

37.

23.

18.



Figure

18 - Scanning electron micrograph of
nickel film on a polished
cordierite substrate (0.0 kv
bias)
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Figure 19 - SEM of nickel film on polished,
sputter clieaned cordierite (0.0
kV bias}
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Figure 20 - SEM of nickel! film on polished,
sputter cleaned cordierite (3.0
kV bias)
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3.0 kV bias to the situation {(figure 20) does not seaem to alter
the morphology significantly. Since these three coatings
exhibited widely different adhesive behavior, examination on a
much finer scale is required to relate the structure to the
propertiecs.

Figures (21-29) comprise a transmission electron microscepe
analysis of cross sections of nickel/cordierite couples. Figures
(21-27) are from fiilms grown on polished cordierite substrates
which were not sputter cleaned prior to deposition, while the
substrate-for figures (28,29) was sputter cleaned. Figure (21)
shows a nickel film deposited without an applied bias, exhibiting
a fine grained initial nucleation layer and a columpar
morphology. Some evidence of the domed surface (tops of columns)
is also present. Figures (22-257 are a series of micrographs
taken from a film deposiled with a 2.0 kV applied bias. Flgure
(22) shows the columnar morphoiogy of the film, the

microstructure of the cordierite, and some indication of the fine

grained nucleation layer similar to the 0.0 kV case. Note that
there is some separation visible between columns, as well as a
"medification" In the near interfacial cordierite morphoiogy.

Figures (23,24) are a bright field - dark field pair of the 2.0
kv film showing the growth morphology of the film and the
morpholiogy of the substrate. The polycrystalliine nature of the
columns is demonstrated (especially in the dark field
micrographl}, as is the internal structure of the individual
grains. Note that although the morphology is still primarily

columnar, the columns are not as welt defined as in the 0.0 kV
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Figure 21 - TEM micrograph of 0.0 KV nicke!
tilm on polished, non sputter
cleaned cordierite
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Figure 22 - TEM of 2.0 kV nickel on polished,
non sputter cleaned cordierite
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Figure 23 - TEM of 2.0 kV nickel on polished,
non sputter cleaned cordierite
(bright field)
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Figure 24 - Dark field corresponding to figure 23
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Figure 25

Selected area diffraction pattern
from 2.0 kV nickel! film on

polished, non sputter cleaned
cordierite
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Figure 25

TEM of 4.0 KV film after being
detatched from the substrate {(no
sputter cleaning, polished)
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Figure 27 - Polished cordierite substrate
after 4.0 kv deposition (no
sputter cleaning, film removed)
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Figure 28 - TEM of nickel film deposited at
0.0 kV on a polished, sputter
cleaned substrate (bright fieid)
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Figure 29 - Dark field corresponding to
figure 28.
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case. Figure (25) is a selected area diffraction pattern from

the film, indicating its random polycrystalline nature. Table
(6) lists the crystallographic planes of the nickel correspanding
to the first six reflections in the pattern. Figure (26) shows a

portion of a film, deposited at 4.0 kilovoits, which had been
detatched from its substrate during specimen preparation. Note
the transition to an equiaxed grain structure, along with an
accompanying increase in film density. Figure (27) is the
substrate corresponding to figure (26). The presence of the
various Iéyers is thought to be a consequence of the energetic
deposition process., Investigations are underway in order to
attempt to characterize the individual regions both structurally
and chemically. The small circutar features present are
determined to be nuclei of amorphous regions in the cordierite,
resulting from damage due to analysis using a highly focussed
beam of electrons (smaii spot sizel in the TEM. Figures (28,29),
films deposited at 0.0 kV on a sputter cleaned substrate, show a
similar growth morphology ta the non sputter cleaned case, with
the exception of the modified ceramic zone. The film morphology
i§ clearly columnar, with significant amounts of separation
present between columns. There is an initial nucieation layer
present, as well as an "altered" layer in the cordierite. The
layer is identified as being ceramic by virtue of its contrast in
dark field. tt also differs in appearence from the altered
layers described previously, and may be the explanation behind
the extremely high adhesion strength of this sample. Neote thaf

the bright spots above the film in dark field are from the epoxy
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Tabie 6 - Nickel diffraction pattern analysis

Ring Number Crystallographic plane

111
200
220
311
222
400

(o2 4, N R /L AN IR
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used in specimen preparation which remained in place, indicating
the film is intact for its full thickness.

Microchemical results obtained via energy dispersive x-ray
analysis in the scanning transmission electron microscope are
presented in figures (30-37). Figures (30-~23) are from a film
grown on a sputter cleaned substrate without an applied bias,
while figures (34-37) are from a film deposited with a 2.0
kilovolt bias on a substrate which was not sputter cleaned. The
first two figures show the representative compositions on either
side of tﬁe nickel/cordierite interface, indicating there is some
amount of chemical mixing present. Figures (32,33) are plots of
the composition in two of the altered substrate regions seen in
figure (283. Figure (32) is from the light band nearest the
interface, with figure (33) being from the dark band adjacent to
it in the substrate. Although the two regions exhibit markedtiy
different contrast, their chemical compositions are almast
identical. The only variation is that the band nearer to the

film has a slightly higher nickel content, as expected from

diffusion. There is, however, no discontinuous transition in
composition from one layer to the other. This indigcates that the
differences may be structural as opposed to chemical. The last

series of piots (figures 34-37) demonstrate the change in

composition across the interface. Note the unusual composition
of the cordierite in these scans; with the silicon being enhanced
and the the aiuminum depleted. This behavior was observed at all

points along the interface of this specimen.

The TEM analysis, though difficult to conduct due to
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specimen preparation |limitations, has nonetheless provided direct
insights into the structure and chemistry of the system. Film
morphology is shewn to progress from zone 1 (columnar) to zone 3
(equiaxed) with applied bias: the presence of various layers on
either side of the interface is detected; and variations in local
microchemistry have been documented. A large number of results
have been presented here, but they do not reveal the final
answers. Ongoing research is being concentrated most heavily in

the area of transmission electron microscopy.

G. SURFACE CHEMISTRY
Although microchemical analysis in the TEM has the inherent
advantage of being able to anaiyze very small specific areas of

interest, surface chemical analysis in the Auger microprobe and

SIMS, when used in conjunction with depth profiling, can provide
useful information without the need for elaborate specimen
preparation, Figure (38) is an Auger survey scan of a

representative nickel film, taken after surface contaminants from

handling and cutting were sputtered away, showing the cleanliness

(purity) of the film. No transition metal elements were detected
- a direct result of coating all exposed parts of the chamber
with nickel prior to actual film growth. The need for the

coating of the chamber is demonstrated in figure (39), an Auger
scan of a polished cordierite substrate subjected to the standard
sputter c¢leaning operation. The presence of copper. as opposed
to nickel, is due to the piating system being coated with copper

for another investigator at the time the experiment was
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conducted. This indicates that, for the case of sputter cleaned
substrates, deposition is occuring on an alleyed (doped) surface.
The composition vs depth profile shown in figure (40) is designed
to yield the width of the chemically mixed interfacial region.
Profiles were taken for scamples deposited under various
processing conditions, but no variations in interface width were
detected, within experimental accuracy. The SIMS "reverse
profile" shown in figure (4%1) also demonstrates the presence of a
chemically mixed interface. Since the film was removed from the
substrateiprior to profiling, all elements detected must have
been present on the film side of the interfacial separation and
not artificially induced. Depth profiles were used in addition
to survey scans since the decrease in concentration of the
substrate eiements with depth was further proof of their

authenticity.

101




PCAK TO PERAK

7 rrere

fEs PROFILE

89/!3l85 SHﬂH!ﬁ P-C

e Bl st S rerreene e rrerrrees e Trrerre
: SRKPLE 11 4.0
3 S T S VPRI SRR SO - -
4
3 .......
2 ........
1
b 12
g Lus - . DA
@ 5 19 18 20 25 38 3 4 45 58
SPUTTER TINE (HIN.}
Figure 40 ~ Auger depth profile of nickel

film (4.0 kV) on a non sputter
clcaned substrate

102



Log counts

DEPTH PROFILE [1-2.0 43
SHAH3
s i SaN1
} [
q )
3 ~ 27R1
WX Y Vo
. 24Hy 054
2 1 ! SH' 'y
3051 (¥} \ ‘H*ﬁiﬁ%"# l‘f, TPl
bl ‘l ’ 10 ) '
1 1 ki ﬁ '**‘ '| \ ! m'
v f T i v t } \ { T {
b1 189 138 g ] 258 Jes

Figure 41 - SIMS reverse profile of a 2.0 kV
nickel film removed from the

substrate

103

-



Vi. DISCUSSION

A. SUBSTRATE PREPARATION

Substrate polishing reduced the background surface roughness
by approximately an order of magnitude, from 250 nm to 25 nm,
while subsequent sputter cleaning smoothed out the tops of some
of the fimer remaining hillocks. The mechanical poetishing
procedure employed in this study served a variety of purposes,
most important of which is the establishment of a well
characterized, reproducible starting point for deposition. This
concept was emphasized in the review of substrate preparation
presented by Mattox [55]. Reducing the background roughness was
@also necessary since the as received roughness was on the order
of the coating thickness, making it difficult to grow a uniform,
continuous fitm. Polishing atso aided the analysis of the
film/subsirate couple. SEM fracture sections could be obtained,
showing a smooth film/substrate interface at the magnifications
utitized. Auger depth profiling required a smooth interface to
improve the depth rescolution due the beam averaging over a given
area of the surface. I't was hoped that poiishing would provide a
smooth enough surface to obtain coating thickness measurements
via alpha-step profilometry, but this was not the rcass.

Sputter cleaning of the substrate in situ prior to
deposition did not do much to change the overatll topography of
the surface, but did after its chemistry. The slight decrease in
surface topography detected (rounding or removal of the tops of

the finer hillocks) is contrary to the effect described by Mattox
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(331, who predicted an increase in roughness. An opposite view

could be taken by considering the increased probability that a
hillock may have over a valley for being struck by an incoming
particle. Sputter cleaning is expected to remove surface

contaminants [55] and provide an atomically clean surface (351,
but contamination due to backspuitering can be a problem [51.

The effect of backsputtering was confirmed in this investigation
by examining the surface of a sputter cleaned substrate via Auger
electron spectroscopy. The surface was doped with the material
used to c&at the chamber; the same material as the evaporant is
used so as to avoid contamination of the film or interface. This
"alloying" of the surface may be beneficial, as indicated by the
adhesion results of this study. Stroud [71 agrees by introducing
the idea of implanting a surface to give a reactive layer which
may be melaslabie and/or contain metal ions for bonding.
Modification of the surface and interface chemistry to enhance
adhesion was described by Mattox as well [5]. Microstructural
effects of sputter cleaning will be discussed in a later section
in conjunction with the effects of energetic particte

bombardment.

B. PROPERTIES

Although three methods for thickness analysis were emploved,
significant variations among the techniques were observed. Most
of the observed variation can be attributed to experimental
difficulty. As mentioned in the previous section, polishing of.

the cordierite substirates did not provide a smooth enough surface
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for profilometry. The probiem of noise due to surface roughness
making it unable to obtain accurate traces over a step in the
coating was described by Piegari and Masetti [58], who suggested
averaging of the traces, as done in newer computer aided
profilometers, as a possible solution. The method adopted in
this investigation was to insert overlapping pieces of highty
polished silicon into the chamber and take measurements fraom
these, as opposed to the cordierite. Because the dependence of
net deposition rate (evaporation minus sputtering) as a function
of substrate type is not fully known, il is believed that using
silicon could be a major reason for the discrepancies in the
readings, especially at the higher bias voitages where sputtering
is-more prevalent. This applied bias effect was observed in this
study. Piregary and Masetti [{56] were also concerned with the
ability to obtain a sharp step in the coating, however this was
satisfied by’ensuring the two pieces of silicon were in close
contact. SEM thickness measurements were not often used because

of the geometrical distortions arising from tilting the sampie to

obtain a good image. TEM is the method of choice, since a direct
observation of the film is provided. The utility of this method
is limited by specimen preparation requirements, especially for

thicker films (> 1 miecron) where it is difficult to obtain thin
area at the interface while maintaining the entire coating
thickness intact.

Coating adhesion was enhanced by increasing the applied bias
during deposition if the substrate was not sputter cleaned, but

was degraded if a bias is applied during depocsition on a sputter
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cileaned substrate. Optimal adhesion was obtained by growing the
film on a sputter cleaned substrated without the use of an
applied bias. This was also the only condition which resulted in
a film that was thermally stable in & chemically reducing
atmosphere. Increased film adhesion is one of the inherent
advantages of the ion piating process, and is generally accepted
to be a result of energetic particie bombardment from the glow
discharge producing a graded interface and more active nucleation
sites. Based on this premise, the results for the non sputter
cleaned sﬁbstrates were as expected, The increased adhesion due

to the use of a glow discharge has been confirmed by Stoddart et.

al. 1151, Perry and Pulker [171, and Swaroop and Adler {241. in
order to increase adhesion for all applied bias values, sputter
cleaning was introduced to the process. Sputter cleaning is

thought to improve adhesion bhy the mechanisms described in the
previous section and the background review on icn plating, and
was observed for the copper on cordierite system by Scott [57] in
this laboratory. The resuits obtained for nickel deposited on
sputter cleaned cordierite were, however, anomalous. Sputter

cleaning did provide good adhesion to the 0.0 kV films, as

expected. When a bias was used during deposition, the adhesion
diminished. This decrease in adhesion with increasing bias has
not been reported elsewhere in the l!literature, and has not been
fully explained in this study. A possible explanation is the

alteration in the stress state or nucleation behavior at the
interface. Residual stresses between the film and substrate can

cause premature failure of the bond [12}. Sputter cleaning seems
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to be a major factor in adhesion, but is very seidom used a&s an
experimental variable. Microstructural and microchemical data.
discussed later, may shed some light on the analysis.

The Sebastian adhesion test did provide useful information
concerning bond strengths, but fell short in its ablility to give
accurate quantitative data. As was reported by Mirtich [211 and
Salem and Sequeda [22] for their analyses, the strength of the
Sebastian epoxy was a limiting factor in this examination.
Scalter in the data, even at low strength values and complete
interfacial faiture, was sufficient fo cast doubt over the
reliability of the failure load data. The locus of the failure
was determined to be the important criterion in this study, as
suggested by Mitftal [11])] in his review on adhesion.

The four point bend test was primarily employed to evaluate
the mechanical strength of the cordierite following ion
implantation (appendix C), but was also used to examine the
effects of palishing and sputter cleaning. Polishing did improve
the breaking strength, as expected due tc the reduction in {he
number and size of surface defects, which can act as failure
tnitiation sites. Coated substrates which were sputter cleaned
before deposition showed much greater strength than those which
were not, lending evidence to the idea of a change in the stress
state at the interface, The limited results of the four point

bend tests to date are in accord with the adhesion data.

C. STRUCTURE

Scanning electron microscopy of the niche! films indicated a
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transition from a weil defined columnar structure with domed tops
(zone 1) to a more dense, less columnar structure with littie
surface topography (ane 2) as the energy of the depostion is
increased. The 0.0 kV film on a non sputter cleaned substrate
exhibits the ciassic zoae 1 structure [47]1, as expected since the
parameters used are identical to thermal evaporation, with the
exception of the gas scattering present., The progression toward
the higher temperature zone T morphoiogy [48] when sputter
cleaning is performed is & manifestation of the energertic
particle Sombardment from the glow discharge. Sputter cleaning
has been said by Mattox to alter the nucleation and subsequent
growth behavior of & film [51. The morphologies are stiil
similtar, since no bombardment occurred during growth in either
case. Addition of a 3.0 kV bias during deposition did not alter
the morphology significantly, but did result in a mare distinct
zone 2 séructure than the 0.0 kV sputter cleaned fiim. The
ability to achieve these "high temperature” morphologies at room
temperature is one of the attributes of ion plating. The resuits
obtained in this study were in agreement with the zone diagram
predictions of Movchan and Demchishin [47) and Thornten [48,4071.
They also agree with experimental investigations by Pulker et.
al,r[53}, Enomoto and Matsubara [51], and Minni and Sundquist
[(621. Minni and Sundquist reported a columnar structure for
evaporated films, with an increasing number of interruptions in
the columnar growth as the cathode current was increaced. This
was said to be due to an increase in the number of active

nucleation sites as a result of ion bombardment. For the small
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film thicknesses (< 1 um) encountered in this investigation,
interpretation of the SEM micrographs becomes somewhat
subjective. Confirmation of the observed morphologies via TEM is
a requirement.

Transmission electron microscopy, despite its dfffiqult
sampie preparation, was & primary focus of this investigation by
virtue of its unique abilities. Whilte most investigators in the
ion plating fietd examine their fiims via SEM, nc examples of TEM
investigtions were found. Cross section TEM analysis did confirm
the film morphologies recorded in the SEM, but also revealed the
presence of various layers in the film and substrate. Although
SEM revealed a very regular columnar morphology for a 0.0 kV film
deposited without sputter cleaning, TEM indicated that the
columns actually grow out of a-fine grained, equiaxed nucleation
layer . The presence of a nucleation layer, though on & much
targer scaie; was also reported by Enomoto and Matsubara (6511 for
copper on tungsten, In both studies, the nuclealion layer was
most evident under conditions of low (or zero) applied bias. No
conclusive explanation for this phenomenon has yet been
formulated. In addition to the transition from a columnar to an
equiaxed grain structure as the bias is increased, a
corresponding incredse in fiim density Is observed. One of the
most important features detected by the TEM is the "modification®
of the ceramic surface during processing. Layers of varying
contrast are seen if the substrate has been exposed to a glow
discharge; either during sputter cleaning or during film growth.

I't is thought that these tayers are the controiling factor in



film adhesion. The concept of interface layers in metal/ceramic

bonds is not new - Petzow et. al. [8] reported spinel formation
in copper/alumina systems - but they mostly result from high
temperature processing. Direct structural characterization is

the ideal analysis to perform on these layers, but progrees has
been siowed by the structural instability of the cordierite
substrate. When subjected to a highly focussed electron beam, as
is the case with conventional microdiffraction and CBED., the
cordierite undergoes a crystalline to amorphous transformation.

This may necessitate real time diffraction analysis, perhaps with

the aid of a video camera system. Chemical! anaiysis of some of
the layers has begun, and wiil be discussed in the following
saction.

D. CHEMiISTRY
Microchemical analysis was used primarily to obtain
information on the elemental composition of the interface region,

but was also used to qualify the chemistry of the film and

substrate. The films were found to have no significant
contamination, via Auger electron spectroscopy. Auger depth
profiling techniques did provide interfacial width values, but

their validity is questioned by virtue of there being no
variation in width as a function of processing conditions. This
same method of interface analysis was used by Minni and Sundquist
{6231, who stated that the interface became broader at higher
cathode current densities. No quantitative evaluation of their

depth profiles is given, however. The "effective" depth
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resolution of Auger profiling for interface studies is something
which must be considered in light of problems with surface
roughness and film thickness variations. Interface widths in the

current study may be less than the practical experimental

resolution. Sputtering done by the instrument in order to
profile into the sample can cause recoil mixing and preferential
sputtering., which can broaden the apparent interface. Surface

topography can decrease the depth resolution of the profile,
since one portion of the beam may see the substrate while another
sees nickel deposited in a crevice; resulting in a distortion of
the average compositions. Confirmation of the mixed chemistry
across an adhesion failure surface was done by SIMS "“reverse
proefiling", which was not subject to instrumental!ly induced
mixing since the substrate is removed prior to the analysis.

This mixed chemistry, or graded interface, is the expected result
based on thelenergetic processes associated with ion piating.

The moet conclusive evidence of interfacial chemistry was
obtained via energy dispersive spectroscopy (EDS8) in the STEM.
This atlowed information to be derived from a highly tocalized
{approximately 50 A) area by placing the probe on the area of
interest, while maintaining an image of the field of view. Mixed
chemistry is indisputably identified for a 0.0 kV film on a
sputter cleaned substrate. Chemistry of the two neighboring
interface layers is shown not to vary, pointing to the
possibitity of structural differences. This also discounts the
presence of an interfactal compound, as found by Petzow et. al.

ral. For a 2.0 kv fiim deposited without sputter cieaning, the



ceramic chemistry is shown to vary from the normal stoichiometry.
An aluminum depleted, silicon rich layer is found. The cause for
this compositional fluctuation is not kaown, but enhanced
diffusion is a possibitity. Although the EDS evaluation is a
recent addition to the analytical program, initial results are

encouraging and a major effort shalt be put forth in this area.



Vil. CONCLUSIONS

Polishing of the cordierite substrates prior to film growth
provided 2 reproducible, well characterized surface, with a 25 nm
background roughness (an order of magnitude improvement over the
as received surface), allowing continuous films to be deposited
and analyzed. Adhesion of the film to the substrate is enhanced
by sputter cleaning if no applied bias is used during deposition.
The use of an applied bias improves adhesion of films grown on
subsirates which were not sputter cieaned, but diminishes it if
the substirates were sputter cleaned prior to deposition. Sputter
cleaning resulls in a chemically doped surtface region as a
consequence of backsputtering from the chamber wails and
Tixtures. Both sputter cleaning and the use of an applied bias
during deposition can cause modifications in the structure and/or
chemistry of the cordierite substrates at the metal/ceramic
interface. Some of the adjacent modified layers in the same
specimen are shown not to differ chemicaliy, although their
contrast is different in the TEM; indicating possibie structurat
variations. The cordierite glass-ceramic undergoes a crystalline
to amorphous transfoermation induced by & highly focussed electron
beam, l1i1miting the ability to perform small area microstructrual
analysis. Overall film morphology changes from a distinctiy
¢olumnar, domed structure (zone 1) when no appl!ied bias is used
¢r sputter cleaning performed. to a dense, equiaxed structure
(zone 3) for 4.0 kV deposition. Actual fitm morphoiogy can be

more complex than predicted from the zone diagrams; with fine



grained, equiaxed initial! nucleation layers, from which the
columns then originate, present in the 0.0 kV films. Mixed
interfacial chemistry, characteristic of ion plating, was
confirmed via Auger microprobe, SIMS, and STEM/EDS techniques.
Transmission electron microscopy, despite its experimental
difficulties, is determined to be the method of choice for thin
film and interfacial anaiysis, by virtue of its ability to
provide direct microstructural and microchemical information from
a localized area. If the proper ion pltating parameters are
utiiized,‘highly adherent nickel films may be deposited on

cordierite glass-ceramic substrates.
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1X. APPENDICIES

APPENDIX A: lon Energy Distribution

The derivations in this appendix are taken from Davis and
Vanderslice [41) and Teer [353; the reader is encouraged to
consult these papers for a more complete explanation. The basis
for the energy distribution is charge exhange collisions, with
most of the ions originaily being created in the negative glow.
A linearly decreasing electric field across the cathode dark
space is glso assumed . For an ion to reach the cathode with an
energy corresponding to a potential at some point in the dark
space, Vx, it must undergo charge transfer at point x and not
suffer any further collisions. The number of such ions is given
by equation (A-1).

gdN = (No/lJdexp{=-x/1)dx CA=-1)

dN is the number of ions reaching the cathode with the specified
energy, No is the number of ions created in the negative glow, |
is the mean free path for charge transfer collisions, and x is
the distance from the cathode. Using the linear fieid
assumption, the distribution as a function of energy is arrived
at (equation A-2);

VedN _ L 1 exp-fC(L/1YL1-C1-Vx/Vc)172)) (A-2)
NodV ~— | 2(1-Vx/V¢c)1/2

where Vc is the cathode voltage. From this distribution, the
total and average energies of the ions are then calculated by
Teer (equations A~3,A-4).

Total Energy = NoVe2l (A-3)



Average Energy = Vc2l (A-3)

Using these expressions for typical ion plating conditions, the

average energy of the ions is approximately 10% of the maximum

value and only 10% of the energy deposited at the cathode is due

to ions.
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APPENDIX B: Preparation of cross-section transmission
electron microscopy specimens

Section film/substrate couple into 2 mm wide strips using
slow speed diamond saw (figure B-1)

Bond two strips together, with film sides in contact, using
epoxy (figure B-2)

Trim excess substrate, approximately T mm off of each side,
from the sandwich (figure B-2)

Place the sandwich in a 3.0 mm O0.D. stainless stee! tube,
filling the empty space with epoxy (figue B-3)

Cut a 0.600 mm disc from the tube

Thin the disc to 0.150 mm using a dimpler with fliattening
tool (figure B-4)

Thin the center of the disc to 0.050 mm using a dimpling tool
(figure B-4)

fon mill the disc, using a liquid nitrogen cooled stage,
until a perforation occurs at the interface

Carbon coat the sampie to give conductivity
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Figure B-2
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Figure B-3
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Figure B-4
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APPENDIX C: lon Implantation

tn conjunction with the primary program of ion plating,
efforts have been initiated into the areas of ion beam mixing and
ion imp}antation. The experiments were designed to compare the
structure and properties of ion plated fiims, which are ;ubjected
to fow energy (<5 kV) ion bombardment with ion beam mixed fitms,
subjected to high energy (100 - 300 kV) ions. The goal of the
project was to produce an adherent, thermally stable
metal/ceramic bond by mixing (producing a graded interface) thin
nickel films (<1000 A) into a sputter cleaned cordierite surface
via ion bombardment by high energy inert gas ions. Based on the
adhesion results of the ion beam mixed specimens, a program of
ton implantation of uncoated cordierite was begun in order to
investigate the effects of ion bombardment on the structure,
chemistry and properties of the ceramic. 1t is also planned to
examine the properties of films deposited on these substrates
after implantation.

lon implantation of metals and semiconductors has been
researched in great detail!, yet the amount of information and
understanding of the effects of high energy ions on ceramics is
small itn comparison. For a thorough review of recent work an ion
tmplantation, the reader is referred teo the papaer by McHargue
(lnternational Metals Reviews, 1986, vol. 31, p. 493. Enhanced
adhesion via ion beam mixing is discussed in & paper by Baglin
and Clark (Nuc. Inst. and Meth. in Phys. Res., veol. B7/8, p.
6813 . lon implantation of ceramics is often conducted to

increase the strength of the substrate. This may be acheived by
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structural means, introducing a large amount of lattice damage -
up to the point of amerphization - into the surface; or by
chemical means, creating a supersaturated solid solution or
causing precipitation of a second phase. The increased strength
can be attributed to annihilation of flaws or introduction of a
compressive siress in the ceramic surface.

Mechanical strength of the film/substrate couples, as well
as the uncoated substrates was evaluated using a four point bend
test, with the processed side placed in tension. tn addition,

the coated substrates were tested via the Sebastian adhesion

method described in the body of the thesis. All specimens were
implanted at the ion implantation facility of the Coordinated
Science Laboratory of the University of {ilinois. Special thanks

are due to D. Shipley for his efforts in conducting the
implantations.

Adhesion results of the ion beam mixed films (table C-1)
proved to be inconclusive, since the as plated films posessed
good adhesion. The appearance of ceramic failures during
adhesion testing under certain implant conditions, as well as for
as received cordierite in the as plated condition, was causc for
alarm. As demonstrated in the four point bend results (table C-
2) the strength of the ceramic substrate can be degraded by ion
implantation. The strength may atso be enhanced, if the
procedure is conducted under the correct parameters. Lower energy
and higher doses give the best results, based on the preliminary
indications. The use of nitrogen, as opposed to chromium, giveé

better strength, but it has not ye! been determined how the two
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Table C-1: Adhesion results

fon beam mixing
Nickel fitm
Cordierite substrate

Krypton ions

Failure mode

As Plated 100 keV 300 keV 300 keV
1x108 5x101'» S5x1014
Substrate Cions/cm2)
As received ceramic epoxy epoxy epoxy
Polished no fails epoxy epoxy epoxy
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Table C-2:

Four point bend results

Chromium implantation

Breaking strength (MPa)

Unimplanted . 150 keV 150 keV
1x1014 5x1018% jons/cm=2
As received 175.0 103.7
Polished 194 .4 156.3 182.2

Nitrogen implantation

Breaking strength (MPa)

200 keV 50 keV 295 keV, 100 keV
1x10158 Ex10'8 5x10'8, 1x10'5 jons/cm2
Polished 157 .3 204.9 204 .0
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ions would affect film growth on the implanted surface.

As stated, this program is still in the very early stages.
Mechanical property analyses indicate we can indeed alter the
slructure, chemistry, and properties of the cordierite via direct
high energy ion implantation. Promising conditions are peing
further evaluated in order to define an optimal processing
window. Microstructural and microchemical investigations are
being undertaken to better understand the effects of the
rmplantation. Computer simulation via the TRIM code is alsao being
initiated and will be compared to experimental results. By
applying the techniques developed in examining ion plated
metal/ceramic interfaces, an increased understanding af the
process of ion implantation into cordierite, and the prospects
for subseguently depositing adherent films on the implanted

substrate, will be achieved.
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