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R.F. SPUTTERING OF NICKEL ALLOYS
by
David Crepory Hill

ABRSTRACT

The R.F., sputtering of nickel alloys was in-
vestigated to characterize the Interrelationship of
the deposition paramcters and to determine the comp-
sitional and microstructural variation of the deposited
thin films. Materials in the vy and vy+y' regions of
both the Ni-Al and Ni-Ta alloy systems were sputtered
on to glass substrates and carbon support films. The
analysis entailed multiple beam interferometry, elec-

tron microprobe analysis and both normal and hot stage

transmission electron microscopy.

The deposition of the films is related to the
measured sputtering parameters of time, R.F. kilovolt-
age, D.C. bias kilovoltage and argon pressure. Specific
attention 1s focused on the sputtering yields of the
species and the sticking coefficients of the species
as affected by the sputtering variables. Variation in
composition from the target to the thin film is analyzed
with respect to the sputtering parameters and the mat-
erial properties of the species. Finally, the structure
of thin sputtered films 1s related to the nucleation and
growth processes, the Surface mobility of each specie and

the mismatch of the solute species with respect to nickel.
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ABSTRACT

The R.F. sputtering of nickel alloys was in-
vestigated to characterize the Interrclationship of
the deposition parameters and to determine the comp-
sitional and microstructural variation of the deposited
thin films. Materials in the y and vy+v' regions of
both the Ni-Al and Ni-Ta alloy systems were sputtered
on to glass substrates and carbon support films. The
analysis entailed multiple beam interferometry, elec-
tron microprobe analysis and both normal and hot stage
transmission electron microscopy.

The deposition of the films is related to the
measured sputtering parameters of time, R.F. kilovolt-
age, D.C. bias kilovoltage and argon pressure. Specific
attention is focused on the sputtering yields of the
species and the sticking coefficients of the species
as affected by the sputtering variables. Variation in
composition from the target to the thin film is analyzed
with respect to the sputtering parameters and the mat-
erial properties of the species. Finally, the structure
of thin sputtered films is related to the nucleation and
growth processes, the surface mobility of each specie and

the mismatch of the solute species with respect to nickel.




INTRODUCTION

A. General

Interest in the use of thin films lies primarily in

the areas of microcircuitry for electronic devices and of

protective coatings. The largest demand for thin films is

in the electronic industry where thin film microcircuits
offer small size, ease of fabrication and high reliability
unobtainable with either mechanical or solder connections.
Thin film protective coatings are now finding wide use in
applications for wear resistance, corrosion resistance,
heat resistance or a combination of these properties.

Thin gilms also represent a very suitable vehicle to
study some of the fundamental properties and the structure
of materials that are not possible to examine in the bulk.
Thin film deposition studies have provided an invaluable
tool in developing the general theories of nucleation and
growth phenomena, while transmission electron microscopy‘
and electron diffraction are now commonly used to study the
fine structure of materials. Also, metastable phases have
been deposited as thin films and the solid state reactions
of these metastable phases have been investigated.

Currently there are twb general categories of com-
mercially attractive methods of thin film deposition; these
are vacuum sputtering and vacuum evaporation. The
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evaporation technique is generally applied where relatively
pure metalswith melting points below 1000°C are required.
Sputtering is usually applied to high melting point ma-
terials such as refractory or semi-refractory metals. The
sputtering process can also be used to deposit the span of
materials from conductors such as A% and Ta to insulators
such as A2203 and Ta205 by varying the sputtering technique.
Finally the sputtering process also represents a more con-
venient and more controllable method for the deposition of
alloys or multiphase materials than does vacuum evaporation.
This research concerns the composition and micro-

structure of R.F. sputtered thin binary alloy films and the

effects of the sputtering process variables upon these pro-

perties.

B. The Alloy Systems Investigated

The two alloy systems studied during this investiga-
tion were the Ni-A{ and Ni-Ta binary systems. These systems
are being used or have high potential application for use
as protective coatings for superalloy and refractory bulk
materials and for the study of precipitation hardening
effects of the y'-phase in nickel based superalloys. The
primary physical properties of the elemental metals (A%,
Ni,Ta) used in this research are given in Table I[1]. Of

the four major alloying elements that partition to the y'

phase of nickel based alloys (i.e. A%,Ti,Nb,and Ta[2]),




aluminum and tantalum form the end members with respect to

the properties of nickel. Based on the lattice parameter

effects in the nickel binary alloys, aluminum has a +6%
difference in atomic diameter and tantalum has a +18% dif-
ference. Comparing the electron confiquration of the y'

forming elements to that of nickel, aluminum has the largest

electron vacancy number (7.66) and tantalum has the smallest

(5.66). In addition to demonstrating extremes in atomic
size and atomic bonding, the Ni-Af% and Ni-Ta systems ex-
hibit considerably different variations in the extent of
both the y-solid solution region and the width of the

(y+Y') phase fields as shown in Figures 1 and 2 [3].

C. The Sputtering Process

Sputtered thin films have many characteristic pro-
perties which depend toAa.significént degree on the condi-
tions of deposition. As noted by previous investigators
the.general parameters that have a major effect on the
sputtered thin films are listed as follows:

(1) method of sputtering, i.e. type of input power,
power levels, electrode configuration, sub-

strate bias

(2) nature and purity of plasma, i.e. 99.99% Ar,
- 90% Ar-lO%NZ, etc.

(3) composition, purity and morphology of target
(4) rate of sputtering and deposition

(5) temperature of substrate

(6) nature of substrate, i.e. crystalline or amor-
phous, surface condition |

4




There are two general methods of sputtering: either

direct current (D.C.) sputtering or radio frequency (R.F.)
sputtering. The D.C. sputtering method is fairly simple
in design but has certain limitations which complicate the
deposition of thin films. The D.C. glow discharge diode
sputtering technique can use only electrically conducting
targets and is difficult to control due to the inter-
relation of a large number of variables. The ion current
density, and consequently the sputtering rate, depend on
the system pressure, the electrode spacing, the residual
gas composition and the cathode-anode voltage. In D.C.
diode sputtering, the gas pressure required for stability
of the glow discharge is relatively high (25 to 100 = 10 3
torr). The consequent ratio of gas molecules to sputtered
atoms is high and results in frequent contamination of the
film. There are several possible modifications which may
be made to the basic D.C. glow discharge diode sputtering
téchnique in order to improve the conditions of deposition.
By applying a significantly large negative potential to
the anode (i.e. the substrate), low energy ions from the
plasma bombard the substrate with an effective cleaning
action; tﬁis process 1is called D.C. bias diode sputter-
ing [4]. Another variant to straight D.C. diode sputtering
is the use of an asymmetric alternating current [5]. The

asymmetric A.C. method is analogous to the D.C. bias diode

process in that during alternate half cycles, the substrate




is cleaned. Lower deposition rates are achieved with both
D.C. bias and asymmetric A.C. sputtering; however, the

cleaner films produced somewhat compensate for this effect.
Another method to attain clean films through the D.C. sput-

tering process is to achieve a low pressure plasma through

the use of a thermionic emission source. The two variations

on this principle are thermionically and/or magnetically

assisted triode sputtering [6]. The D.C. triode method can

maintain a plasma at a pressure as low as 1 * 10 3 torr by
the injection of auxiliary electrons from the thermionic
source. One salient advantage of the triode process is the
fine control of the current density through the variation
of the applied magnetic field.

The more versatile R.F. sputtering process as used
in the present research can be used to sputter from insula-
tors and semiconductors as well as metals with a high degree
of control of the plasma and the deposition conditions. 1In
an' R.F. system, control of the sputtering conditions results
from the direct excitation of the free electrons present in
the system by the R.F. source and the consequent production
of a plasma at low pressures (1 to 10 * 10 3 torr) . High
negative self-biasing of an insulator cathode occurs be-
cause of the difference in electron and-ion mobilities in
the R.F. field and the resultant negative charge build-up
at the insulator surface; high sputtering rates are there-

fore easily obtained for insulators. Metals may be
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sputtered through the use of capacitively coupled matching

networks [7,8]. The general improved characteristics of an

R.F'. process over a D.C. diode process are a higher purity
plasma, an increased mean free path of particles travelling

through the plasma, a lower reactivity of freshly sputtered

surfaces and a better quality film. The primary disadvan-

tage of using R.F. power is the design of feedthroughs and
electrical apparatus to minimize reflected power losses.
In analogy to the modifications of the D.C. technique which
have been developed in order to provide a more versatile

process and higher purity films, similar modifications have

been developed for the R.F. process. Methods such as getter

sputtering [9] are used to provide high purity plasmas;
substrate tuning [10] may be used to provide either posi-
tive or negative bias at the substrate (anode); sputter
etching may be used to preclean either the cathode or anode
prior to sputtering as well as being an important high
resolution commercial etching process in and of itself[1ll1].
Reactive sputtering methods, whereby compounds may be de-
posited from metal targets by the introduction of a reactive
gas specie into the plasma, are available in both.the R.F.

and D.C. technique [12].

The particular gas chosen for the sputtering atmos-

phere is dependent on three major criteria [13]: (1) it
should be inert to the material sputtered, (2) it should

give a high sputtering yield, and (3) it should be




obtainable in high purity. The purity of the gas is para-
mount 1in that any reactive specie will increcase the contami-
nation of the thin film. Argon is the most generally used
inert gas for non-reactive sputtering and is the gas used
for the present research.

The target configuration for sputtering depends on
the design of the sputtering system and on the material to
be sputtered. A cylindrical cathode with magnetic field
assistance was used by Gill and Kay [14] to sputter at a
very low pressure (10 ° torr). Steidel, Jaffe and
Kumagai[1l5] used alternating rods of tantalum and aluminum
with a D.C. biased, A.C. sputtering system to control the
composition of the thin film. The most common confiqura-
tion is a set of parallel plates with a normal electric
field between the cathode and anode.

There.are«esSentially three methods of target con-
struction for sputtering alloy thin films. One method
involves deposition from a bi-metal target. A bi-metal
target is'Constructedweither'by»overlaying~a screen or grid
of thé alloy specie over the face of the base cathode [16]
or by inlaying strips or islands of the alloying element
in the base metal cathode. The composition of the deposited
film from a bi-metal cathode depends on the relative areas
covered by each specie and the sputtering yields for each

specie. A second method is to fabricate the cathode from

powders. The two variants of this method are to plasma

8




spray the elemental material powders on a base plate in

an inert atmosphere [16] or to sinter the elemental pow-
ders in the cathode configuration [16,17]. For both
processes, the powders may be a single specie or a mixture
of elements 1in the correct proportion. This method is
particularly suited to high melting point materials or to
multicomponent systems where the solubility characteristics
do not permit solid solution alloying. The third and most
obvious method for alloy sputtering is to deposit from an
alloy cathode. When a multiphase alloy target is used,
the morphology of the structure is an important considera-
tion since the alloy components should sputter at a ratio

proportional to their local atomic configuration. It is

imperative to reach a steady state condition for an alloy
target so that the surface sputters at a uniform rate in-

dependent of the phéseszpresent;

D. Film Deposition During §puttering

While the primary quantities desired to be con-
trolled during deposition aie the sputtering rate and the
deposition rate, they in turn depend on a number of signi-
ficant variables. The sputtering rate, defined as the rate
of removal of target atoms per unit area and unit time, is

a function of the target composition, ion flux to the tar-

get, and the sputtering yield for each specie. Analytical-

ly the relation may be approximated by [18]:




. .
N, =%, *J *y, (1)

A
I

sputtering rate of specie i

atom fraction of specie i in target

”
i

ion flux

| )
l

sputtering yield of specie i

~<
R
i

The deposition rate is defined as the rate of film growth
and i1nvolves not only the sputtering rate but also the

sticking coefficient of each specie, the resputtering rate
and the evaporation rate. As given by Winters et al. [19],

the deposition rate may be approximated by:

= s,N. - N,' - 1. 2)
D; = s;N, - N, Wy (2)

- deposition rate of specie i

o
I

= sticking coefficient of specie i

I

:ﬁi = sputtering rate of specie i
N, = resputtering rate of specie i
u; = evaporation rate of sgeci

Almost all of the variables in the sputtering pro-
cess influence the sputtering and deposition rates in a
major way. The relationship of these variables to each
other and to the sputtering and deposition rates will be
demonstrated in the discussion section of this thesis.
One variable that can be measured and controlled

fairly well is the substrate temperature. The nucleation

and growth mechanisms of thin films have a definite
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dependence on the substrate temperature. Neugebauer [20]
has made a complete study of the condensation, nucleation
and 1initial growth of thin films so that these aspects
will not be discussed here. The substrate temperature
also has a significant effect on the deposition rate and
the composition and microstructure of the deposited film.
The sticking coefficient as given in equation (2)
is directly dependent on the substrate temperature as shown
by Chopra [21]. As the substrate temperature increases,
the sticking coefficient generally decreases, the basic
parameter being the relative ratio of the substrate tem-
perature (Ts) to the specie's melting point (Tmp). For an
alloy target under steady state conditions (i.e. the compo-
sition of sputtered particles is the same as the average
composition of the target), the sticking coefficient of
each specie determines the change in composition from the
target to the film. For low substrate temperature, say on
the order of Ts/Tmp‘< 0.1, the film will nominally have
the bulk target composition under steady state conditions.
Mader [22] has shown that the relative substrate
temperature and the atomic size ratio are the major factors
that influence the microstructure of thin films. At low
relative substrate temperatures, films with atomic size
ratios less than 1.1 form crystallinefilms and conversely

films with larger size ratios deposit as amorphous films.

The critical size ratio, below which crystalline films




will be deposited, is shifted to higher values as the sub-

strate temperature is increased. These observations will

be further explained in connection with the results of this
research.

Another salient point concerns the effect of sub-
strate temperature on the incorporation of gasses during
sputtering. The mechanism of gas incorporation is the
sorption of molecules, atoms or ions which dissociate upon

collision with the surface, or of energetic particles which

penetrate the lattice. Spitzer [23] has shown that, during

the reactive sputtering of niobium nitride, the combined
effects of substrate temperature and argon/nitrogen (Ar/Nz)
partial pressure ratio results in different microstructures

and significant changes in the Curie temperature for the
sputtered niobium nitride films. For a constant partial
pressure ratio (Ar/NZ = 35), an increase in substrate tem-
perature from 300°C to 700°C produced a significantly dif-
ferent nitride (i.e. a different nitrogen content) and re-
sulted in an increase in Curie temperature from 7.9°K to
14.7°K. The incorporation of a gas specie depends also on
the deposition rate, gas pressure and substrate potential
and often the substrate temperature effects are overshadowéd
by these other factors.

'The final factor influencing the properties of sput-

tered thin films is the nature of the substrate. The ef-

fects of the substrate material can be separated into two

12




general areas: those affecting the sputtering process

mechanisms and those affecting thin film formation. The
substrate properties of concern with respect to the sput-
tering process are the electrical conductivity, thermal
conductivity, surface texture and composition. The elec-
trical properties of the substrate, whether conducting or
insulating, influence the potential of the surface of the
substrate and can alter the plasma region next to the sub-
strate. The thermal conductivity determines the transient
substrate temperature characteristics which, as previously
noted, affect the sticking coefficient of each specie.

The surface texture and composition of the substrate also
influence the sticking coefficients by affecting the bind-
ing energy of atoms to the substrate and the mobility of
the sputtered atoms on the substrate surface.

With respect to thin film formation, the surface
texture and the crystallographic structures of the sub-
strate are the major considerations. The nucleétion rate
of the film depends not only on the deposition rate but
also on the surface configuration (i.e. smoothness) and
the surface wettability. The crystallographic structure of
the substrate is important as to whether the film will be
amorphous, single crystal, polycrystallihe with a random
or textured orientation or a combination of these. One
of the most critical effects is the variability of the

surface of the substrate and it is therefore imperative

%
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to have the surface thoroughly clean for consistent results.

E. Purgose

As has been shown in the prior discussion, each of
the sputtering parameters influence either the mechanisms
involved in the sputtering process or the material proper-
ties of the deposited thin film. The present research
concentrates on the relationship between the sputtering
process parameters and the material properties of composil-
tion and microstructure for the two binary alloy systems.
The R.F. kilovoltage, the associated D.cC. bias kilovoltage,
the argon pressure and the substrate temperature are the
sputtering variables measured and the chemical composition,

phases present, crystallite size and crystal structure

are studied for the films.
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DESCRIPTION OF EXPERIMENTAL APPARATUS AND PROCEDURE

A. Sputtering Process

Two types of targets were used in this research.
One set of targets was fabricated by plasma spraying a

powder mixture of the desired composition on a 1/4" thick

by 6" diameter commercially pure aluminum target. Seven

plasma-sprayed targets were made with the powder composi-

tions as given in Table II. The chemical and sieve analy-

ses for the elemental powders are shown in Table III. The

second set of targets was machined from plate stock and

their composition is given in Table IV. The plate targets

were 6" in diameter with the exception of the 65.2Ni -
34.8Ta target which was fabricated from a chill casting
and machined to a 4-1/2" diameter disc. The plate target
thickness varied with the total material present.

Three substrate configurations were employed in this
investigation with a similar substrate holder for each.
The substrate holder was a 1/4" by 6-1/2" diameter plate
with a 3" by 3" by 0.040" recess and two clamps. The sub-
strate varied depending on whether the experiment was for
deposition rate determination, electron microprobe analysis

Oor transmission electron microscopy; each arrangement ig

The glass slides were cleaned with hot

shown in Figure 3.
e

chromic acid, washed with de-ionized water, rinsed with
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methanol and baked at 100°C - 150°C. Nickel grids (150
mesh) with cither a carbon or silicon monoxide support film
were used for the transmission electron M1Croscopy work.
The clamps on each substrate holder were to assure positive
thermal contact between the substrate and the holder. The
beveled microscope slides and the plain slides enabled
film thicknesses to be measured for all configurations.
The sputtering apparatus was a typical diode sput-
tering setup as shown in Figure 4. The R.F. generator was
a Lepel crystal controlled generator model number T-2-1-
MC1-X-BW which has a single phase output at a frequency of
13.56 MHZ. The generator was matched to a 50 ohm load at
a power level of 2000 watts. Power was controlled by the
crystal driver control and monitored by a watt meter posi-
tioned between the generator and the matching network.
The matching network was designed to match the sputtering
module and target electrode to a 50 ohm impedance and thus
obtain zero reflected power. Two meters, a D.C. bias and
an R.F. kilovolt meter, were located on the matching net-
work and measured the effective kilovoltage between the
target and the substrate. Consecutive adjustments of the

matching network controls and the crystal driver control

enabled‘precise kilovolt levels and zero reflected power¥*

to be maintained.

*The zero reflected power was measured by a 0-500 watt Blrd
meter and had an accuracy of +2/-0 watts.
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The vacuum pumping system consisted of a Sargent
Welch turbo-molecular model 3102-D pumping system with an
optimum vacuum of <10 ° torrin the blanked off condition.
An auxiliary mechanical pump was used to double pump shaft
feedthroughs into the sputtering chamber. Either ultra-
high purity argon or prepurified nitrogen could be bled
into the chamber through a needle valve. A titanium gas
purification element, heated to 900°C, was incorporated
in the argon line to insure the purity of the argon. it
could be isolated when nitrogen was used. Between the
chamber support column and the turbo-molecular pump throat,
a sputter-shutter throttling valve was positioned to regu-
late the pumping speed (i.e. chamber pressure). Adjust-
ment of the needle valve and the sputter-shutter valve
enabled a constant argon flow and pressure to be maintained
in the chamber. Four wvacuum gauges were employed to
measure the chamber pressure from atmospheric to less than

10" @ torr:

Veeco TG-7 Thermocouple gauge atm. - 10 3 torr
Veeco RG-86 Ionization gauge 107! - 107¢ torr
Pirani GP-210C gauge 3 10" - 107* torr

Veeco RG-81 Ionization gauge 107 % - 107! %torr
The Pirani gauge and the RG-86 ionization gauge were simul-
taneously used to measufé the argon pressure during sputter-
ing and the measured pressiire had an accuracy of 1 * 10 *

torr (0.1 micron) at 3 % 10~° torr.
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The sputtering chamber consisted of three sets of
electrodes and a rotatable substrate holder table. 7Two
of the substrate electrodes were adaptable to substrate
tuning or sputter etching while the other was permanently
grounded and had a resistance heater for elevated tempera-
For all targets and substrates, the separation

ture work.

was approximately 10 cm. Both the targets and the sub-

strates had independent shields that permitted a selected
set of electrodes to be used. The target electrodes were
water-cooled and the selected substrate electrode could be
water-cooled. The feedthroughs for the vacuum gauges, gas

inlets and electrical lines were situated on the column

supporting the chamber.

The sputtering operation was divided into the three
stages of pre-sputtering, sputtering and post-sputtering.
The general sequence was to place the desired target (s)
and substrate(s) in the chamber, pump to less than 6 x 10 ’
torr,backfill with argon to the sputtering pressure and
sputter at the desired parameters for the desired time,
pump to less than 6 x 10 ’ torrand finally backfill with
nitrogen to atmospheric pressure and remove the substrate (s).
Sputteringpbh the substrate commenced only after the target
‘was cleaned, the sputtering parameters were stable and the
color of the plasma indicated a high purity argon content.
A detailed description of the three stageé 1s given in

Appendix I. The sputtering parameters that were closely
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controlled, and their accuracy are:

Pressure - #0.1lu at 3y

D.C. bias kilovoltage - #0.01 kv at 2 kv

R.F. kilovoltage - 30,02 kv at 2 kv
Reflected Power - *2 watts at 0 watts
Time - %2 sec.

Parameters of secondary importance that were recorded were
the forward power and the shunt and series settings of the
matching network. A typical data sheet for a sputtering
run 1s shown in Appendix II. A five hour sputtering run

was made for each new target in order to insure cleanliness

before a controlled run was attempted.

B. Film Thickness Measurement

Film thickness was measured using the Tolansky mul-
tiple beam interference technique [24]. A partially masked
glass slide was used as the substrate for the sputtered
thin films (see Figure 3). The sputtered films were then
coated with a uniform high reflectivity film by evaporating
high purity (99.99%) aluminum wire to a thickness of 1000A.
This assured the fabrication of a highly reflective surface
with a step height equal to that of the original sputtere@
film thiékness. For the measurement, a Zeiss model WL re-
search microscope was modified by the addition of a Leitz
multiple beam interference attachment and a polaroid camera.
A monochromatic sodium lamp was used as the light source
and either a 75% or a 94% reflectance‘referenée mirror was
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used. The interference patterns were recorded photographi-

cally or were measured directly with a micrometer eyepliece.
A column adapter to extend the cyeplece was used to compen-
sate for the Leitz objective in the Zeiss microscope.* Film

thickness was calculated from the amount of fringe offset

according to the relation [24]:

aid) =m* (&) (3)

d = film thickness in X

m relative fringe displacement

A = wavelength of light source in A

The accuracy of the technique was estimated to be *+508& or

better.

C. Electron Microp;obe Analysis

A standard ARL (Applied Research Laeratory) electron

Model 1.S23 solid state detector was uséd in the point, ma-
trix and scanning modes-cf.bperation. Qualitative analysis
for all elements was accomplished with the solid state de-
tector and quantitative analysis was performed with the.
spectrometers. The operating kilovoltage was based on the
critical excitation voltages for the desired characteristic
radiations and on the depth of x-ray emission. The charac-

teristic radiation analyzed and their respective excitation

*Leitz objectives are for infinity corrected eyepieces
wWwhile the Zeiss eyepieces have a finite focal distance.
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voltages are:

Ni K alpha, Ni’xa 8.33 kv
Ni L alpha,N;i.I_Cl 0.854 kv
Af K alpha,]x1<a 1.56 kv
Ta L alpha,TaLa’ 9.88 kv
Si K alpha,f&%<a 1.84 kv

The depth of x-ray emission was calculated by the theoreti-

cal relation [25]:

- 1668 _ 7 168 {AY
PR = 0.064 (VO Vc ) (4)
where: p = density of material, gms/cc.
R = depth of x-ray emission, microns
V62= probe operating voltage, kv
Vé-¢= critical excitation voltage for line

analyzed, kv

With glass as the substrate, Si K alpha radiation was used
as an indication of the penetration of the sputtered thin
ﬁilmj The microprobe was operated at a kilovoltage that
gave a depth of x-ray emission less than the film thickness.
The sample current was either 1.00 nanoamperes for qualita-
tive analysis with the solid state detector or that which
gave a count rate greater than 10,000 cts./sec. for quanti-
tative analysis. Fixed maximum counts were used for the

solid state detector scans and fixed time was employed for

the quantitative work.
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The solid state detector scans were recorded on a
strip chart and the principal peaks were noted from the
multi-channel analyzer. The quantitative data from the
spectrometers was recorded by teletype and, for large quan-
tities of data, on paper tape. A standard Z.A.F. (atomic
number, absorption, fluorescence) correction computer pro-
gram for conversion of intensity to weight percent, written
by J.I. Goldstein and P.A. Comella [26], was used in this
analysis. The absorption coefficient for nickel L alpha
radiation in nickel was that given by the more recent re-
sults of Colby [27] rather than that given in [26]. The
absorption coefficients calculated by the computer program
for the binary alloy matrices were checked using the rela-
tions and tables in the NASA Technical Note D-2984 [28].
The standards for the analysis of the Ni-AZ system were:
pure Ni (99.97 wt.%), pure AL (99.995 wt.$) and the 93.1
Ni - 6.9 AL target alloy; for the Ni-Ta system, the stand-
ards were: pure Ni (99.97 wt. %), pureiTa-(99.9+ wt.$%) and
the GS,éNi =~ 34.8Ta target alloy. These standards were
paste and the sputtered films were analyzed in the as-sput-

tered condition.

D. Transmission Electron MicroscoEz

Transmission electron microscopy was performed on

an R.C.A. EMU-3G electron microscope during the early part
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of this work and by a Phillips 300 electron microscope for

the high temperature hot stage work towards the end of the
research. The limiting operating characteristics for ecach

microscope are:

RCA EMU-3G  Phillips 300

Max. magnification (Normal
Holder) 45,000x 180, 000x

Max. magnification (Hot Stage) 28,000x 180, 000x
Max. temperature of hot stage 700°C 1000°C

Max. kilovoltage 100 100

Both microscopes were operated at 100 kv and the temperature

of the hot stage was measured by a Pt-Pt,10%Rh thermo-

couple. The only other major difference betwee the two

microscopes is that the selected area aperture for dif-
fraction is a sleeve type for the R.C.A. model and a fixed
circular type, either 20y, 30p or 50 4 diameter, for the
Phillips model. .Standard preparation of the grids and
support films was performed and films werethen sputtered
onto the grids. ©Normal operating procedures wer followed
and both structure and diffraction were monitored during

the hot stage work.
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RESULTS AND DISCUSSION

General

Several sets of controlled runs were made to deter-
mine the relationship between the sputtering paramecters and
the material deposited. Three sets of runs were made where
a single target, the 93.1Ni - 6.9A¢ alloy target, was used
and the sputtering parameters were varied. Specifically,
Table V shows the data for the runs made with time as the
variable; Table VI gives the data for the runs with the D.C.
bias kilovoltage as the variable; and Table VII lists the
data for the runs where the argon pressure was the varia-
ble. A set of four runs was made for each target with the
sputtering parameters held constant. Each set can be sepa-
rated into two short runs; for which the data is given in
Table VIII and Table IX, to show the deposition rate rela=
tion with respect to the ta;get.material and two long runs,
for which the data is given in Table X and Table XI, for
chemical analysis by thé electron microprobe. The sequeﬁce
of the four runs from each target was first a two-hour run,
then a ten-minute run, followed by a one-hour run and fi-
nally a five-minute run. Additional runs as.given in Table
XI1 were made from the pure aluminum target, the pure nickel
target, the 93.2Ni - 6.8Af plasma-sprayed target, the 93.1

Ni - 6.9Af alloy target and the 65.2Ni - 34.2Ta alloy
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target for the transmission electron microscopy work.

Degpsition Parameters

The first set of results to be analyzed is the set
given in Table V with the only controlled variable being
the time of deposition. The D.C. bias kilovoltage and the
argon pressure were very tightly controlled with a maximum
error of * 0.01 kv and # 0.05 * 10 3 torr respectively.
With "perfect" matching for each run, the R.F. kilovoltage
is not constant and the average values given in Table V
vary from a low of 2.44 kv (run #77) to a high of 2.59 kv
(run #80). Figure 5 is a set of plots of the R.F. kilo-
voltage with respect to time for each run. The R.F. kilo-
voltage with an error of # 0.02 kv is fairly constant during
any run. The slight decrease at the start of some runs is
due to a pressure decrease from 2.95 * 10 ° torr to 2.90 *
10" % torr and, as will be shown in later results, fhé R.F.
kilovoltage is somewhat sensitive to the argon pressure.
With tight control maintained on the D.C. bias kilovoltage
and the argon pressure, the variation in the magnitudes of
the average R.F. kilovolt values show no correlation to
these two major deposition parametersand no relation to the
other deposition parameters of time, forward power and re-
flected power. Thus the average R.F. kilovolt Variation

from run to run is due to variations in the external match-

ing network as substantiated by the slightly different

matching network settings for identical time, power, D.C.
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bias kilovoltage and argon pressure parameters. A change
in the R.F. kilovoltage from the low of 2.44 kv to the
high of 2.59 kv represents a change of approximately 7%.
By considering, as an example, a 0.10 kv difference from
2.50 R.F. kv to 2.60 R.F. kv with a constant D.C. bias
kilovoltage of 2.00 kv, these two conditions can be
expressed by assuming a sinusoidal target voltage as:

V, = 2.50 sin wt - 2.00 (5)

1

V2 = 2.60 sin wt - 2.00 (6)

The major difference in the two relations as shown in

Figure 6 are the magnitude of the R.F. voltage and the time

in the positive voltage region. For equation (5), 0.2048

of the cycle is positive and for equation (6), 0.2206 of
the cycle is positive; a difference of 1.58 percent of a
cycle. Because of this small change and due to the facts
that the target voltage is not sinusoidal and that the
positive part is "clipped" [29], the change is negligible.
Thus, it can be concluded that the noted variation in the
magnitude of the average R.F. kilovoltage from run to run
is insignificant and that the deposition conditions are
the same for all eight runs. Taking a weighted average of
thévR¢F;‘kilovoltages, thégeight-runs.given.infTablé \V4

represent the following deposition conditions:
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2.01 D.C. bias kilovolts
2.50 R.F. kilovolts

2.9 * 107 torr argon pressure
255 watts forward power
0 watts reflcected power
93.1N1 - 6.9A¢ alloy target
Substrate water cooled & grounded
With constant deposition conditions established for
all runs, Figure 7 shows the increase in film thickness as
a function of time. The curve is non-linear up to approxi-
mately 10008 or 15 minutes and shows an increase in the
deposition rate from an initial value of 66i/min. to
1313/min. The film thickness is dependent on the sputter-
ing and deposition rates which in turn depend upon the un-
measured parameters of target temperature, substrate sur-
face temperature and potential of the substrate surface.
The sputtering rate is a function of target compo-
sition, ion current flux and sputtering yields for each
specie as given by equation (1) in the introduction. The
net sputtering rate from the alloy target may be expressed
as:

N = (X7 p*T*Ypp) + (X *¥T*y0) (8)

(9)

N = J % (Xap*¥pp * Xg3*¥y4)

For the conditions of this set of runs, the ion current

flux, J, and the é%omic fractions of nickel, Xpp4 and
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aluminum, Xp g+ are constant. The sputtering yields of

nickel and aluminum must therefore be studied. Although
the target is water cooled, it does heat up slightly to
possible around 150°C. This increase in target temperature
is significant with respect to the low melting point specie
aluminum but is negligible with respect to nickel. Because
the target is nickel based (86.11 atomic % Ni) a two fold
increase in the sputtering yield of nickel would be required
to account for the two fold increase in the deposition rate.
This increase in the sputtering yield of nickel due to a
temperature increase is not plausible and later microprobe
results show that the sputtering yield of aluminum is not
large. Thus, the target temperature can be eliminated as

a cause of the initial non-linear behavior. A second point
with respect to the sputtering yield and the associated
sputtering rate is that a thin oxide film on the target
surface would give rise to an initial low deposition rate.
This factor may be eliminated because for all runs, the
target was precleaned for five minutes before deposition
and some.of'the.runS'were made approximately thirty minutes
after the previous run without breaking the vacuum. For
thirty minutés at 10-6 torr, if an oxide film did form, it
would be very thin and would be sputtered;dff in the five-
minute preésputter. It must be concluded that the sputter-
ing yields are‘fairlyconstant. TherefOrej the net sputter-

ing rate for all runs is the same and does not give rise to
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the non-linear thickness versus time curve.

The deposition rate is related to the primary quan-
tities of the sputtering rates and the sticking coefficients
of each specie and the secondary quantities of the resput-

tering and evaporation rates of each specie as given in

equation (2) in the introduction. The net deposition rate

from the 93.INi - 6.9Af alloy target may be expressed as:

' ' .. (10)

D = (SppNap = Nap = Hpp) + (sy;Nys Ni -~ MNi

i

(SpeNap + SyilNyi) - (Nap + Ngy * Mpp + Hyy) (12)

The sputtering rates NAE and NNi are constant so they may

be eliminated from consideration. The other six parameters
must be investigated to see which may cause the initial non=
linear behavior. Analogous to the target, the substrate

is water cooled but does heat up to possibly as high as
200°C. The substrates were glass slides and being :good
thermal insulators, the substrate surface may heat to higher
temperatures. Assuming the maximum substrate temperature
as 250°C (it could be as great as 500°C), this would give a
zero evaporation rate for nickel, Hys v and a small evapora-

tion rate for aluminum, Hape The effect of these two para-

meters is negligible and would be opposite to the observed
- trend in that the deposition rate would decrease as the de-

position time increased (i.e. as the substrate heated up) .
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More importantly, the substrate temperature has a signifi-
cant effect on the sticking cocfficients. The sticking co-
efficients of nickel and aluminum are also dependent on the
nature of the substrate. 1Initially, the substrate is cold
and amorphous glass and later the substrate is warm and is

a nickel-based thin film. An increase in substrate surface
temperature from 20°C to 250°C will affect the sticking co-
efficient of aluminum. The increase in substrate tempera-
ture will lower the sticking coefficient of aluminum and
will result in a lower deposition rate. Thus for the reason
that the film is nickel-based and a substrate temperature
effect on the sticking coefficient would give a trend oppo-
site to that observed, the increase in substrate temperature
may be neglected. The change in substrate from amorphous
glass to a metal film, however, will give a major effect on
both sticking coefficients. Very little data is available
on sticking coefficients because of the many possible com-
binations of substrate surfaces and vapors. It is general-
ly accepted that for low relative substrate temperatures, a
metal vapor deposited on a substrate of the same material
will have'a sticking coeffiéiént of unity. Yang et al.[30]
have found that for.a substrate temperature of 20°C (TS/Tmp
= 0.237), the deposition of silver gives a sticking coeffi-
}cient of 1.00 on silver and of O.3l,6n glass. The sticking
coefficient is also dependent on film thickness and should

approach unity for self-deposition. For the linear portion
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of the curve of Figure 7 where the deposition rate is con-

stant at 131 ﬁ/min. and the relative substrate temperature
for nickel is low, 'PS/Tmp ~ 0.3, the sticking coefficient
of nickel may be taken as unity. The sticking coefficient
of aluminum in this region is less than unity because the
relative substrate temperature is high at approximately
TS/Tmp’B 0.56. Taking the major change in deposition rate
as due to a change in the sticking coefficient of nickel,
this would make the initial sticking coefficient of nickel
on glass on the order of 0.5 as shown in Appendix III.
Qualitatively this value is quite reasonable and an increase
in the nickel sticking coefficient from 0.5 to 1.00 as the
substrate becomes a continuous thin film is consistent.
Johnson [31] has shown a similar change in the sticking ¢Qa
efficient:and;deposition rate for cadmium sulfide using a
vacuum micrObalance.technique. The sticking coefficient is
also dependent on the net sputtering rate and the impurity
- gas concentration so these conclusions are valid only for 2.01
D.C. bias kilovolts and 2.9 * 10 % +orr argon pressure. A
final point concerns the resputtering rates given in equa-
tion (12) which are dependent on the substrate surface po-
tential. If the substrate surface and the plasma are at
ground'potential, then the reSputtering rafes will be zero
and the non-linear behavior of Figure 7 is due solely to a

change in the sticking coefficients. However, because the

substrate is a dielectric and an R.F. field is applied, the
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substrate may acquire a negative potential and attract low

energy 1ons. Therefore until the film 1s continuous and

the substrate potential is at ground, the resputtering

rates will be non-zero. A positive plasma potential will

similarly give a non-zero resputtering rate. An initial

resputtering rate will give a low deposition rate and com-

plement an initial low sticking coefficient. Although the

surface potential was not measured, it will be low and the
resputtering rate due to the attraction of low energy ions
will be low and possibly negligible.

In summary, Figure 7 shows that for constant sput-
tering conditions, the deposition rate is not constant and
increases from 663/min. to lBlﬁ/min. This increase is not
related to any sputtering parameters but to a significantly
large increase in the sticking coefficient.

The second set of runs to be analyzed is that given
in Table VI where the D.C. bias kilovoltage is varied from
0.45 kv to 2.50 kv. For these runs, the argon pressure was
tightly controlled at 2.9 * 10 ¥ torr with a maximum error

of 0.05 * 10 3 torr and the power level was set to give

kv. The associated R.F. kilovoltage was very stable during
each run, varying less than 0.03 kv from the average value.

The power level is very dependent on the degree of matching

and at the low power levels, the system was run slightly

unmatched because the crystal driver control isatoo coarse
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to set the proper power level. As an example, for run #82

the system could be matched at the fixed driver control

It is also important to note that the power read-

ings are very misleading when the system 1s unmatched. For

example, the forward power for run #85 is approximately

twice that for run #83 and the reflected power for run #85

is half that for run #83 while the R.F. and D.C. bias kilo-

voltages are the same and the deposition rate, as will be

shown later, is identical for each run. This last point is

a clear indicator that the primary electrical parameters
to be measured are the R.F. kilovoltage and the D.C. bias

kilovoltage rather than the R.F. power input. The final

depositionpparameter, time, was held at ten minutes for the
high deposition rates and was increased to longer times for

the le*Dgc.,bias.kilovoltages, i.e. 1.00 kv, 0.50 kv and

0.45 kv, because of the difficulty of measuring the thick-

ness of very thin films by the multiple beam interference

technique.

As can be noted from TabBle VI, there is a corres-

ponding increase in the R.F. kilovoltage as the D.C. bias

kilovoltage increases. Figure 8 is a plot of the average

R.F. kv as a function of the D.C. bias kv showing the rela-

tion is slightly non-linear. The dashed line in Figure 8

represents equivalent R.F. and D.C. bias kilovoltages.
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The relationship between the applied R.F. kilovoltage and
the D.C. bias kilovoltage depends on the capacltance of the
target and external equipment and on the plasma character-
istics. A simple electrical schematic of the sputtering
system and the location at which the R.F. kilovoltage and

the D.C. bias kilovoltage were measured is shown as follows:

7~ SERIES 7~ SHUNT

R.F.
D.C.
Pk SEE
] |
O J e
| S E T
-

Not included in the schematic are the capacitances of the
plasma, of the target, of the insulation between the target
and the chamber and of the feeds from the matching network
to the target. As written in equation (5) and (6), the

voltage applied to the target with respect to ground is:

Vv \RFuln wt VDC' (13)

Tsui [32] has shown that by assuming a linear electric field
in the R.F. dark space, the D.C. bias value will reach
0.999928 of one half the R.F. peak-to-peak voltage, i.e.

~VDC/VRF = 0.999928. From Figure 8, the measured‘R.F.
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kilovoltage, Vep| e does not equal the D.C. bias kilovol-

tage as one would cxpect. The difference between the two

results is that Tsui took the plasma at ground potential,
i.e. Vp = 0. Because the target is a metal with low capa-
citance, the measured R.F. kilovoltage does not have to be

modified by a capacitance ratio as Butler and Kino [33] did

for their work. The R.F. meter does read the actual target

R.F. voltage and thus the plasma is not at ground potential
but at a positive potential with respect to ground. Simi-

lar to the analysis by Brodie et al. [34], the target vol-

tage with respect to ground is:

V = VRF pSin wt - (VDC + VP—v) (14)

where v is the maximum positive potential of the target

with respect to the plasma. By Tsui's results,VRF,m
\Y4 + V
DC P

0.999928~ 1 and v is very close to zero. The potential
gradient of the R.F. dark space is (Voo + V )N"RF, and it
is this voltage which accelerates the argon ions to the
target. Stray capacitances between the meter position and
the targét surface are not included in this analysis; how-
ever, these are in parallel with the target and thus do

not alter the target voltage. Thus the increase of the R.F.
kilovoltage over the D.C. bias kilovoltage as shown in
Figure 8 is due to an elevatlon of the plasma potentlal

above ground and the magnitude of the R F. kilovoltage is
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equal to the net D.C. bias kilovoltage which accelerates

the ions.

The sputtering rate and the deposition rate as a
function of the net D.C. bias kilovoltage depend on the
variation of the three primary parameters of ion current,
sputtering yield and sticking coefficient. Figure 9 shows
the target voltage variation based on equation (14). As

Anderson et al. [35] have shown for a dielectric target,

the relation between the applied voltage and the ion current,

which is assumed independent of time, is given by:

= Iion/c (15)

CL|D.:
<

where C is the capacitance of the dielectric target. For
R.F. sputtering of metals, C is the capacitance of a fixed
blocking capacitor. This gives the relation that g% o IiQn
or that the ion current is directly proportional to the R.F.
target voltage which is approximately equal to the net D.C.
bias voltage, _i.e.,‘I-hion'oc Vep+ For the purpose of simpli-
fying the present énalysis, the sputtering yields of nickel
and aluminum can be assumed to be equal to that for the

pure species even though the target is a solid solution of
aluminum in nickel. The‘data for the variation of the

sputtering yield for Ni, AL, and Ta by Ar” ions with re-

spect to the argon ion energy is given in Table XIII. The

threshold energy of argon, defined as the minimum argon ion

energy to sputter a specie, is given in Table XIV for Ni,Al
36
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and Ta [42]). The sputtering yield data is scarce for the

ion energy range of this study. Carter and Colligon [43]

have made a complete review of the present sputtering theo-
ries and the expressions for the sputtering yield. Based
on the published data of Table XIII, the sputtering yield
data for nickel bombarded by nitrogen according to Bader et
al. [44] and the sputtering yield being proportional to the
natural logarithim of the ion energy, a simple analysis is
given in Appendix IV to approximate the sputter yield of
nickel and aluminum as a function of the argon ion energy.
Figure 10 is a graph of the approximate variation of the
sputtering yield with ion energy along with the published
values of Table XIII plotted as points. The final primary
parameter, the sticking coefficient, was found in the pre-
vious section to vary initially from 0.5 to 1.0 for the
nickel specie. It can thus be concluded that the sticking
coefficient for the nickel based alloy on glass will ini=-
tially be approximately 0.5.

Figure 11 is a plot of the film thickness as a func-
tion of time for'the-different D.C. bias kilovoltage con-

ditions. 1Initially, it can be noted that the deposition

rate is identical for both the l0-minute and the 30-minute
runs at 1.10 R.F./1.00 D.C. bias kilovoltages. At the low

R.F. and D.C. bias kilovoltages, the deposition rate is low

and consequently, the sticking coefficient, which depends

in part on the film thickness rather than on the deposition
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time, does not change very rapidly. As shown in Appendix
V, the governing equations for this 93.1Ni - 6.9Af alloy

target for two target voltage conditions are:

> SN YV |
Nili Nil[i _ 0.8611
i=l, 2 — * = , (16)
1 XNi|i Yag|i 0.1389
1 _ Salloy|1, YRr|1 , Xwil1¥nil1 * *ar|1¥az|1
— = * * f (18)
D, Salloy’Z Ver | 2 Xyilo¥nila + %ap 2Warls

Three major assumptions were made in this analysis:

(1) The resputtering and evaporation rates are
qué 0.

. : : P
negligible, i.e. NNi = NAZ Mg

(2) The sticking coefficient of nickel on glass
is equal to the sticking coefficient of alu-
minum on glass which is thus equal to a
sticking coefficient of the alloy on glass,

l.e. syi = Spp = Salloy.

(3) Steady state conditions exist at the target
surface.
Taking the R.F. kilovoltage which is equal to the net D.cC.
bias kilovoltage, VRF A VDC + Vp, Table XV gives the sput-
tering yield from Figure 10 and the atomic fractions from
equations (16) and (17) for each target voltage condition.
If it is assumed that the sticking coefficient at the sub-
strate is not affected by a voltage change at the targét,

then s may'be-assumed equalto,salloy o+ This 1is

alloy|l
valid only for the initial deposition rate at t = 0@ or
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for steady state conditions at t > 0. Equation (18) may
then be solved with the data of Table XV. Because tho ini-
tial deposition rate is known for the 2.52 R.F. kilovolt
and the 1.10 R.F. kilovolt conditions (where short time

data is available), equation (18) for t = oF becomes:

D.|, + Vv X l1Vags |1 + X |1y
1l t=0 _ _RF!1 , _Ni 1 Ni'!1 Ag'l“Ao'l (19)

2le=0* Veplz  Hyilovyil, + Xa g o, 15
This equation states that knowledge of the net D.C. bias
voltage (the R.F. voltage) and the sputtering yields enables
the calculation of the relative deposition rates. At the
target voltage condition of 2.52 R.F. kv and 2.0l D.C. bias
kv, the initial deposition rate was 66 A/min. and at the
target voltage condition of 1.10 R.F. kv and 1.00 D.C. bias
kv, the initial deposition rate was 27.5 &/min. By setting
D lt=0+ equal to either of these known rates, the deposition

rate ratio can be calculated and a calculated ﬁltt=0+ can be

found for each target voltage condition. Table XVI gives
the results of equation (19) for both known initial depo-
sition rates. Very good agreement is obtained for the two
known conditions where the calculated values Qf'25,4~£7miﬁ,
‘and 71.3 ﬁ/min. are very close to the experimental values of

27@5‘§ﬁmin.fand;66_§§min. Based on the calculated initial

deposition rates, approximate film thickness versus time
.curveS'are'draWh»on Figure 11 fér'the.conﬂitiQnS where only

- One data point is available.




For the 2.50, 2.01, 1.50 and 1.00 D.C. bias kilo-
voltage conditions, the film thickness for a deposition time

of 10 minutes 1s experimentally known and by extrapolating
the 0.50 and 0.45 D.C. bias kilovoltage data back to 10
minutes, the film thickness for these two conditions for a

deposition time of 10 minutes can be found. Figure 12 is

a plot of film thickness for a deposition time of 10 min-

utes as a function of the R.F. kilovoltage which is equal

to the net D.C. bias kilovoltage. The calculated initial

deposition rate from Table XVI is also plotted on Figqure 12

and 1s analogous to a calculated film thickness for a depo-

sition time of 10 minutes. Where the experimental data is

available to compare to, i.e. 1.10 and 2.52 R.F. kilovolts,
the initial deposition rate calculated from equation (19)

and the data agree very well. As Figure 12 shows, the cal-

culated initial deposition rate also agrees within experi-
mental error with the data for the 0.56 R.F./0.50 D.C. bias
and 0.45 R.F./0.45 D.C. bias conditions (extrapolated from
30 minutes and 20 minutes respectively). Figure 12 shows
that at the higher R.F. kilovoltages, the experimental
curve of film thickness deviates from the curve of the cal-
culated film thickness at.ten minutes_based on the 1initial
deposition rates. This deviation occurs because the stick-
ing coefficiént is inéreasing from its initial value of

approximately 0.5 at a faster rate for the higher deposition

rates. This is evident for the 2.52 R.F./2.01 D.C. bias
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condition where the initial deposition rate of 66 A/min.

agrees very well with the calculated valuce but where the
film thickness after ten minutes is significantly higher
than would be expected (750 A). The high valuc of film
thickness for the 2.50 D.C. bias kilovoltage indicates
that the sticking coefficient has changed rapidly in the
ten minutes of deposition as shown in Figure 11 by the
approximated thickness versus time curve. This behavior
1s to be expected because the film is 1280 R thick and
the sticking coefficient should be close to unity. The
final point is that the slope of the initial deposition
rate versus R.F. kilovoltage curve of Figure 12 is a con-
stant value of 29.6 A/min. per R.F. kilovolt. This is
expected because the sputtering yield in this ion energy
region is approximately?(az—,5) as shown in Appendix IV
and the ion flux.isproportional,to:V'(equationalS), Thus
with4ﬁﬁ==SkJ*y-Where‘J = k*V and y = a - 5;, the deriva-
tive of D with respect to V isx

ab

dv
By the analysis of the data for the 2.01 D.C. bias kilovolt-

= s xk#+a = constant (20)

.ageconditiOn as a function of time, as,previously'discusf
sed, the StiCking-coeffiCiénf'for~hickel iﬂcreases from

about 0.5 to 1.0. Therefore under steady atate condition,
the deposition rate.can'be-expecte@ to be approximately twice
the initial deposition;rate_as-given.in Table XVI and the »

rate of change of the deposition rate with R.F. kilovoltage
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0
should be 59.2 g/?lﬁ; to be consistent with the change in

the sticking cocfficient.

In summary, several major points are noted from this

analysis. First, the R.F. kilovoltage is greater than the

D.C. bias kilovoltage at higher kilovoltages due to the

increase in plasma potential above ground; thus the R.F.

kilovoltage can be taken as the net D.C. bias kilovoltage.

Second, the three governing equations (16), (17) and (18)

express very well the relation between the initial deposi-

tion rates for different sputtering conditions at constant

sputtering pressure. Third, the initial deposition rate

is linearly related to the R.F. kilovoltage (net D.C. bias

kilovoltage) with a slope of §9§6ﬁ£$ln' over the kilovol-

tage range investigated. Finally, the sticking coefficient
and the resulting variation in the deposition rate change
more rapidly at the higher sputtering rates.

The third set of runs to be studied is the set given
in Table VII where the argon pressure varied from 2.9 * 10 3
torr to 34.0 * 10 ° torr. "Perfect" matching was achieved
for each condition and the two deposition parameters of
D.C: bias kilovoltage and time were tightly controlled at
2.01 # 0.01 kv and 10 minutes *2 seconds respectively. The
average Values of the R.F. kilovoltage show a slight in-
Crease with an increase-in the pressure. As substantiated
by the variation of the R.F. kilovoltages for the éonstant
deposition conditions of the runs given in Table V; this




increase from 2.52 R.F. kv at 2.9 « 10-'3

3 : C :
torr is not significant and is due to

torr to 2.72 R.F,
kv at 34.0 * 10

slight changes in the matching network as related to the

power input. Although power 1s a deposition paramcter of

secondary importance and the exact magnitude of the for-

ward power may be misleading, as previously noted, an in-

crease 1in power (by the crystal driver control of the R.F.

generator) is required at the higher pressures to maintain

the 2.01 D.cC. bias kilovoltage condition. This indicates that

for constant power conditions,

an increase in pressure re-

sults in a lower D.C. bias and R.F. kilovoltage. With con-

stant kilovoltage conditions,

the increase in power cor-
responds to an increase in current which to a first approx-

imation means an increase in the ion flux.

the ionization process and the mean free path of the parti-

cles. At low pressures anduat_constant;voltagemdonditions

where the sputteriHGYieldiis.not'afunction-af'pressure, the
ion flux, J, increases as the pressure increases [47]. This
results in a linear relatiQn;between the:sputtering rate and

the pressure (equation 9). At high pressures, the mean free

Paﬁh ofythe particles is small and-sputtered;atoms‘are able
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to diffuse back to the target which results in a decrease

in the sputtering yvield., As shown by Lacgreid and Whener

[39] for 150 ev argon ions bombarding nickel, the sputter-
ing yield decreases at pressures greater than approx-

mately 20 = J.O“3 torr. Thus at high pressures, the ion

flux is high and the sputtering yield is low. Figure 13 is

a plot of the film thickness for the ten minute runs of
Table VII as a function of the argon pressure. The analysis
1s complicated by the change in the sticking coefficient

All

with respect to time as discussed in the first section.

of the ten minute runs except that at the pressure of

2.9 « lO-3 torr give a film thickness greater than 1000 R
and consequently the sticking coefficient for each has
reach unity. At the high deposition rates, the sticking
coefficient changes rapidly and the comparison of thickness
data for constant short time is no longer very accurate.
Specifically, quantitative evaluation of the process cannot
be made for this case due to the unknown variation of the
sticking coefficient with time as a function of the depos-
tion rate, the unknown variation of the sputtering yield
with pressure and the unknown variation of the ion flux
with the pressure. It was shown that for tﬁe.conditions

of 2.01 D.C. bias kilovolts and 2f9.*.l0—3 torr argon

3i/min.'to‘a»steady state value of 131 A/min. If the linear
portion of Figure 13 is extrapolated back to 2.9 =* 1073




torr, the film is between the limits of 66048 and 13108 based

on the deposition rates. Therefore, given an initial linear
variation of the sticking coefficient with film thickness,
which will be more salient at low deposition rates, Figure
13 shows an approximate linear variation between the film
thickness, for a constant deposition time, and the argon
pressure,

By analyzing the variation of the mean free path of
gas particles and the R.F. sheath thickness with respect to
pressure, some qualitative evaluation of the observed trend

can be made. The standard relation for the mean free path

of gas particles is [45]:

x = —XT (21)
pTo?/2
where = the mean free path

p = the pressure
0 = the effective cross-section dianeter
k = Boltzmann constant
T = the temperature.
The effective cross-section diameter of argon based on van
o : .
der Wall's equation is 2.94A [46]. With the pressure in

10" ° torr (microns) and the temperature as 298°K, the mean

free path as a function of pressure is:

AL = | * 3 | —1 (9 9°)
(molecule) = 11.362 | [PAr(lO torr) ] (22)

Figure 14 is a plot of equation (22) for the pressure range
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The variation of the R.F. plasma sheath thickness

studied.
with pressure is a function not only of the density of ions

but also of plasma-space charge relations. The dens ity of

ions is approximately egual to the density of gas particles

which is given by equation (23):

n_ p
VvV kT
-3
p(molecu%es) — 9.656 « lO15 p(lg(OKforr) (23)
cm.

The space charge conditions are given by the Langmuir-
Child equation which relates the current to the voltage.

The netdependence of the R.F. sheath thickness with pres-—

sure 1s approximately inverse, i.e. xc:B——-, as noted by
Ar

Levitskii [47]. However, Cannara and Crawford [48] have

shown the complication is that for a constant target voltage,

an ilncrease in the pressure has a dual effect, i.e. to dec-

rease the sheath thickness and to increase the ion current.

The SPuttering.rate~is directly dependent on the ion
current (equation (1)) and for R.F. sputtering without mag-
netic assistance, the ion current cannot be separately con-
trolled. As shown in the previous section, the ion current
for constant pressure ccnditions.is‘directlygreiatedlto the
target voltage (equation (15)); however, the sputtering
yield is also a function of voltage (Appendix IV). For cdn—'
stant target voltage, the ion current is not simply related
to the pressure. Tsui [32] states that aﬁ the pressures
of 2 » lO'-3 torr to 20 *.10—3 torr, the majority of ions
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originate at the ion sheath-plasma interface. This pressure

range corresponds to a mean free path of 5.7 em. to 0.57 cm.

respectively. With the mean free path, X, greater than or
approximately equal to the sheath thickness, x, as deter-

mined visually (i.e. A>X), it can be assumed that the ion

current is proportional to the pressure (i.e. IionG:pAr).

By plotting the R.F. forward power, which is directly re-
lated to the ion current for constant target voltage and
perfect matching, as a function of argon pressure, the re-
lation is found to be linear up to approximately 20 * lO-'3
torr as shown in Figure 15. At pressures greater than 20 *
10;3torr, the mean free path becomes a factor of increasing
importance because the sheath thickness will be on the order
of or greater than the mean free path (i.e. x>)). Thus the
ion current will not be simply related to the ion density at
:ﬁhe=plasmaesheathiinterface (or to the;argon,preSSure), Also
the sputtering yield will decrease at these higher pressures
~due¢xythe shQrtEmean free path and diffusion of sputtered
atoms back to the target. Therefore, as the dashed line at
theﬁhigh pressuresfshows-in~Figure 13, the film thickness
for ten minutes (which is_related'to~the:sputﬁering.rate)
should tend to increase at a slower rate.

In summary, although the film thickness data is com-

'thatfthe film thickness at ten minﬁtes and:hence‘the depo-

sition rate increases as the pressure increases. As
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qualitatively expected and as shown by the dashed lines in

Figure 13, the film thickness for ten minutes and therefore

the deposition rate is directly related to pressurc below
20 * 10 ° torr and at higher pressures the rate of change

of film thickness versus argon pressure tends to decrease.

Composition

The composition of the target materials for the runs
given in Table X and XI was analyzed prior to determining
the change in composition from the target to the sputtered
thin films. Both the platé and plasma-sprayed targets were
analyzed for composition and homogeniety and, in addition,
the plate targets were analyzed for microstructural varia-
tions. The pure Ni, Ni-A£ alloy and Ni-Ta alloy target ma-
terials were metallographically polished and then etched
with Marbles Etch*. Both the pure Ni and the Ni-Af alloy
possessed an equiaxed, fine grain, single phase structure.
The Ni-Ta alloy had a fine precipitate structure with fine
platelets or needles of a second phase. Chemical analysis
of these three plate target materials was performedon ‘the
electron microprobe using the pure elements as the standards.
The analysis showed that the pure Ni and the Ni-Af alloy
were homogeneous and of the composition‘given in Table IV,

i.e. 100 wt.% Ni and 93.1 wt.% Ni - 6.9 wt.% AL respective-

lYQ The analysis of the Ni-Ta alloyindicated 34.8 wt. % Ta

*Solution of 20 gms. of CuSO4, 100 ml.?HQO, 100 ml. HC1,

200 ml. CZHSOH'
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in the fine precipitate matrix while a composition of
about 42 wt.% Ta was found for the second phase platelets
indicating they were NiBTa. The average composition of
the Ni-Ta alloy is thus a little higher in tantalum than
the value given in Table IV for the bulk alloy target.

For the plasma-sprayed targets, both qualitative

and quantitative analyses were performed. Qualitative
analysis for homogeniety was performed on small cut samples
Oof the plasma-sprayed target material with the electron
microprobe. The Ni-Af% samples showed a fairly uniform dis-
persion of aluminum particles with little agglomerated alu-
minum. This result is due to the finer size of the aluminum
powder in comparison to that of the nickel powder as given
by the sieve analyses listed in Table ITI. 1In contrast, the
Ni-Ta samples showedisighifiCant inhomogeniety and agglo-
meration of tantalum. This was true especially for the high-
er tantalum content plasma-sprayed samples, even‘thoughnboth
the nickel and tantalum powders have similar sieve analy-
ses (Table III). Quantitative analysis for nickel was done
by Coors/Spectro Chemical Laboratory using standard wet-
che-mziica.l‘ di methlyglyox:Lme techniques. Two smal 1 samples of
each of the plasma-sprayed specimens were analyzed; the
stated accuracy for a duplicate analysis is £0.15 wt.% Ni

(absolute). Table XVII gives the results of the quantita-

ive analysis and Figures 16 and 17 show the relation be-
tween powder,compositioh and plasma-sprayed target
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composition for the Ni-Af and the Ni-Ta targets respectively.

From Figure 16, the agrcement between the powder
composition and target composition for the N1-Ag plasma-
sprayed targets is found to be very good. The Ni - 3.4A%
target possesses slightly higher aluminum in the plasma-
sprayed target (3.88 wt.% Ag) than in the powder (3.4
wt.% AL). This small deviation is probably due to in-
homogeniety of the small plasma-sprayed specimen that was
analyzed. It can be concluded that the average compo-
sition of the Ni-A ¢ plasma-sprayed target corresponds to
the composition of the powder.

In complete contrast, the composition of the Ni-Ta
plasma-sprayed samples show little agreement with the compo-
sition of the powder. As noted by the qualitative analysis
with the electron microprobe, the Ni-Ta plasma-sprayed sam-
ples showed significant inhomgeniety and this is reflected
in the lack of correspondence between the analysis of the
plasmaesprayédsamplesand the composition of the powder .
To better determine,the'relationvbetWeen the Ni-Ta plasma~
sprayed target composition and the powder composition, x-
ray fluorescence analysis was performed onboth.the‘p@wders
and the plasma~Sprayed'samples. The intensities of both

I and Ta. peaks were observed. The Ni-Ta powders
al Lgy *’

showed the proper intensity relationships for tantalum con-

the'Ta

tents of 2.4 wt.% Ta, 9.7 wt.% Ta and 17.1 wt.% Ta. How-

ever, while the plasma-sprayed Ni - 2.4Ta sample indicated




approximately the same tantalum intensity as the Ni - 2.4
wt.% Ta powder, both the Ni - 9.7Ta and the N1 - 17.1Ta
plasma-sprayed samples gave approximately the same tantalum

intensity which was slightly higher than that of the Ni -

9.7 wt.% Ta powder. Thus, in contrast to the wet chemistry
analysis, the low tantalum content (2.4 wt.% Ta) plasma-
sprayed target actually has an average composition equival-
lent to the 97.6 wt.% Ni - 2.4 wt.% Ta powder. The two

higher tantalum content plasma-sprayed targets, where in-
homogeniety is a major factor, have similar compositions.
These compositions do not correspond directly to the compo-
sition of their respective powders, agreeing more closely with
the wet chemistry analysis. There is fairly good agreement
between the composition of the plasma-sprayed sample and the

powder for five of the plasma-sprayed targets. Also, the

desired composition is related to the percent surface area
covered by each specie. #or these two reasons, the composi-
tion of the plasma-sprayed target surface will be assumed
equal to the composition of the powder. 'ThiszaSSUMPtion is
in error for the two high~£antalum plasma:sprayed targets
and will be further discussed after the composition analysis
of the sputtered thin films.

The chemical analysis=df"the sputtered films was made
on the fairly thick films of the runs given in Tables X and
XI. For these runs, the deposition conditions were approxi—

mately constant with the argon pressurepcentrolled at
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2.9 * 10“3 torr and the D.C. bias kilovoltage at 2.0l kv.
The R.F. kilovoltage showed only minor changes in magnitude
from run to run with a low value of 2.30 R.F. kv (run #63)
and a high value of 2.56 R.F. kv (run #29). With a deposi-
tion rate greater than 100 &/min., the 60-minute runs gave

a film thickness greater than 0.6 u (6000 &), and the 120-
minute runs gave a films thickness greater than 1.2 u (12,000
ﬁ). The specific operation of the electron microprobe de-
pended on the particular set of films analyzed, i.e. 0.6y
Ni-Af%, 1.2 y Ni-A%, 0.6y Ni-Ta, or 1.2 u Ni-Ta.

The operating kilovoltage which gave a depth of X-ray
emission less than the film thickness was determined experi-
mentally for the 0.6pu and 1.2 u films sputtered from the
98.8Ni - 1.2A% plasma-sprayed target (runs #31 and #29).
Figure 18 is a graph of the lea intensity as a function of
the~micr0probe}kilovoltage for the two films on glass sub-
strates and a bulk sample of "infinite" thickness {(the Ni -
6.9A% alloy standard). The bulk alloy indicates the S#Ka
background intensity. Comparing the two films to this val-
ue, the Si  intensity from the 0.6 pand 1.2 1 films is great-
‘er for kilovoltages greater than about 13.8 kv and about 20.8
kv respectively. From equation (4) apd with the critical
voltage set at that for Si, (Vg Isin = 1.84) .anc'i.l the den-
sity set at that for pure nickel ( Py; = 8.90), the calcu-
lated;kiIOVOltages for a depth of X-ray emission.of‘0.6tﬁ

and 1.2n are 14.2 kv and 21.3 kv respectivel?.A These
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compare favorably with the experimental values.
For the lower encrgy radiation of ARK o ( Vc , A ’Q‘I,(a:

1.56) and Ni (V = 0.854), the kilovoltages for a

Lo C'Ni._u
[,

depth of x-ray cmission of 0.6 and 1.2y are slightly

lower than that for SiKa' These are 14.1 kv and 21.2 kv

for AQKC!and 14.0 kv and 21.2 kv for Niux‘ The higher

= 8.33) and Ta (V , =
K o I C TaLa

9.88) would require much higher operating microprobe

enerqgy radiation of N;Ka (VC[Ni

voltages to achieve a depth of x-ray emission of 0.6 u

and 1.2 u. The 0.6 ¥ films can thus be analyzed at a kilo-
voltage of 13 kv or lower and the 1.2 p films at a kilo-
voltage of 20 kv or lower without penetration of the beam
through the film into the glass substrate.

The actual operating kilovoltages finally used for -
analysis were chosen such that they were less than the
kilovoltage that would cause complete penetration of the
thin film and at least twice as large as the critical exci-
tation.kiIOVOltage,‘Vc,-Qf the desired characteristic rad-
iation, i;e,'vb/vc > 2. This was so that intensities sig-

nificantly larger than background would be produced and so

that analysis could be carried out in reasonable time.
The characteristic radiations used for the Ni-Af

alloy thln films were NlK@, NlLa and -AJLKa with cr-ltlcal

excitation voltages of 8.33 kv, 0.854 kv and 1.56 kv

respectively. These films were analyzed under the follow-
ing_conditiOnS:




0.6 u thick film by Ni, and AtKn at 8 kv

1.2 y thick film by Ni and AKF“ at 8 kv

L

1.2 y thick film by NlLa and ACKQ at 20 kv

A kilovoltage of 8 kv was chosen because it is just below

the Ni K excitation voltage. Thus NiKa and NiKB will not

be excited and will not fluoresce NiLa and AEKQ. The re-

sults of the analyses at 8 kv and 20 kv on the two-hour
1.2 y thick films for all the Ni-Af targets are shown in
Figure 19. With the two differences being the depth of

penetration and the nickel characteristic radiation used,

both operating conditions gave the same composition for

each film.
The characteristic radiations used for the Ni-Ta alloy

films were Ni,, With VC,NiKa 8.33kv and Ta; . W1tthcJTaLa=.

9.88 kv. Because the Ta; critical voltage is quite high,

only one analysis was made under the following condition:

1.2 py thick film bY'NlKa and Ta; , at 20 kv

The possibility of analysis of tantalum at low kilovoltages

was eliminated because the computer program,

1
used to convert intensity to weight percent, could not

using”TaMa

analyze M lines. Thus the 0.6 yu and the 1.2 p thick Ni-Af

thin films (Table X) were analyzed under two different probe

operating conditions and the 1.2 y thick Ni-Ta thin films

(Table XI) were analyzed at only one operating condition.
Considering first thé Ni—AZ system, Table XVIII

gives the weight percent aluminum in the sputtered thin,
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films obtained by microprobe analysis using the 93.1Ni -
6.9A¢ alloy as the standard. The analysis using the pure
element standards gave similar results and the combinedana-
lyses for wt.% Ni and wt.% Af gave a total composition

close to 100 wt.%. The data of Table XVIII, from which

Figure 19 was drawn, show the composition is uniform in the

thin films. Preliminary ion microprobe results [49] simi-

larly show a uniform composition in the film. Figure 20

is a plot of the average aluminum content of the sputtered
films as a function of the aluminum content of the target.
The dashed line in Figure 20 represents equivalent alumi-
num contents in the target and sputtered film; all of the
analyses gave a lower aluminum content in the sputtered
film than in the target.

The lower aluminum content in the thin films is
thought to be caused by two factors. First, the sputter-
ing yield of aluminum is lower than that of nickel. Second-
ly, the sticking'coefficient of aluminum is less théh that
of nickel which is approximately unity.

The,highest aluminum content in a éputtered~thin
film results from the 93.1Ni - 6.9A% alloy target. As dis-
cussed previously, for this alloy target, the sputtering
rate of each specie is proportional to the bulk target com-
position due to a change in the surface composition. The

change from 6.9 wt.% AL in the target to03.9547 wt.% AL in

the Sputtered film thus gives an aluminum sticking

Q-
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coefficient of approximately 0.55 as shown in Appendix VI.
With a substrate temperature of about 250°C and a relative
substrate temperature with respect to aluminum of TS/Tmp R
0.56, an aluminum sticking coefficient of 0.55 is quite
reasonable. Thus for the above common condition of deposi-
tion for the Ni-A% targets, the sticking coefficient of a-
luminum can be assumed to be in the range of 0.55,

The Ni-A® plasma-sprayed targets are bi-metal tar-
gets of pure nickel and pure aluminum and thus each element
sputters as the pure specie according to the surface area
covered by each specie. This is in contrast to the alloy
target where the surface composition is not the bulk target
composition but adjusts according to the sputtering yields
of each specie, as shown in Table XV. For the plasma-
sprayed targets, the sputtering rate of each specie is
governed by the area covered by each specie and by the sput-
tering yield of each specie. Thus the change in composi-
tion from the plasma-sprayed target to the sputtered film
depends not only on the sticking coefficient, but also on
the sputtering yields. This is subs tantiated by the 3.9
wt;%.Az in the thin film sputteredﬁfrom;théf93,1Ni'-;6;%A2
alloy target as compared to the 1.5 wt.% Ag in the{thin
 film sputtered from the comparable 93.2Ni - 6.8A¢ plasma-
éprayed target. The four circles of Figure 20.correspond
éo the.plasma-Sprayed'targets and show a fairly linear re-

lationship significantly depressed'from the dashed line.
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For steady state conditions and negligible evaporation and

resputtering rates, the deposition rate of each specie may

be expressed using equation (1) and (2) as:

D, S y X
AL Sar Yar  ag (30)
Dyi  Sni  Yni  *ni

The sticking coefficients should be dependent only on the
substrate conditions which are common for all the runs.

From the analysis of the thin films sputtered from the Ni-

and SNi can be assumed to be 0.55 and

As discussed previously, the composi-

Af alloy target, Sap

1.00 respectively.

tion of the plasma-sprayed target is assumed equal to the

composition of the powder. Using equation (30), the sput-

tering yields given in Figure 10 result in a calculated

aluminum content higher than experimentally measured. Also

noted previously, a target temperature of 150°C will have
an eéffect on the sputtering yield of aluminum. This fac-
tor was considered negligible on the variation of film
thickness with time and was not required for the analysis
of the aluminum sticking coefficient from the alloy target
(Appendix VI). The target temperature factor is, however,
particularly important for the analysis of the plasma-
sprayed target where the confiquration of aluminum in the
target 1is small particles of pure aluminum. As discussed
by Carter and Colligon [43], an inCrease in target tempera-

ture will lower the sputtering yield of a specie. A target
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temperature of 150 € will have a negligible effect on the
sputtering vield of nickel (Tmp = 14537C) but may signifi-
cantly decrcase the sputtering vield of aluminum (Tmp =
660 °C). For example, by considering the 95.4Ni - 4.6a0%
plasma-sprayed target and again using equation (30), a
sputtering yield of aluminum of approximately 1.0 is neces-
sary to give a film composition of 1.134 wt.% AL (Table XIV).
An aluminum sputtering yield of 1.0 is much lower than the
value given in Figure 10 but is plausible since the target
temperature is not known exactly and may be greater than
150°C. Thus the difference in the sputtering yields of
nickel, 2.4, and aluminum, 1.0, and the difference in
sticking coefficients of nickel, 1.0, and aluminum, 0.55,
result in a large drop in the aluminum content from the
plasma-sprayed target to the sputtered thin film.

The complete microprobe analysis of the sputtered
Ni-Ta thin films is given in Table XIX with respect to both
the pure element standards and the 65.2Ni - 34.8Ta alloy
standard. The agreement between both analyses is wvery géod,
The preliminary ion microprobe results [49] also show a
uniform composition in:the Ni-Ta films as in the Ni-A4L
films. The consistent decrease in the total'Weight'per—
cent with the increase in the tantalum content of the
thin film occurs because theACOmPUter program did not cor-
rect for a third elementy argon; this factor will be‘veri-
'fied‘and-digcussed 1atér; Figure 21 is a plot of the
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average tantalum content of the sputtered film as a function

of the tantalum content of the target. For all the Ni-Ta

plasma-sprayed targets, the tantalum content of the sput-
tered films is lower than that of the target while for the
Ni-Ta alloy target, the tantalum content of the sputtered
film is approximately the same as in the target.

As discussed previously, the Ni-Ta alloy target was
analyzed to be 34.8 wt.% Ta in the fine precipitate matrix
and about 42 wt.% Ta in the second phase platelets. The
36.7 wt.% Ta in the thin film sputtered from the Ni-Ta alloy
target is in agreement with the target composition. Being
an alloy target, the target surface composition adjusts to
give the composition of sputtered particles equal to the
bulk target composition. Thus the approximately equal com-
positions of the sputtered thin film and the target give an
identical sticking coefficient for each specie. Nickel and
tantalum have high melting points (Table I) and therefore
a substrate temperature of 250°C is expected to have a neg-
ligible effect on the sticking coefficients. The sticking
coefficient of both nickel and tantalum can thus be taken
as unity.

If sticking coefficients of unity are assumed for
both species, the change in composition from the plasma-
sprayed targets .to Fhe sputtered thin fiims is due solely'

to the different sputtering yields of nickel and tantalum.

' The high melting points of nickel and tantalum also dictate
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that a target temperature of 150°C will have no effect on

the two sputtering yields. Because the target composition

for the two high tantalum content plasma-sprayed targets is
uncertain, only the data point on Figure 21 for the 9712Ni -
2.4Ta plasma-sprayed target is accurate. Analogous to
equation (30) for the Ni-Ap targets the deposition rate

of each specie for the Ni-Ta targets can be expressed as:

Ta Ta yTa XTa

- — * * — (31)
Pvi  Swi o Yni oy

The sticking coefficients of nickel and tantalum are unity;
the sputtering yields of nickel and tantalum are found from
the data of Table XIII, and the sputtered film composition

was determined experimentally (Table XIX). Since the total

composition must be 100 wt.%, i.e.

Epg * XNi = 1, (32)

position. Table XX gives the "expected" target composition,
as calculated in Appendix VII using equations (31) and (32),
along with the filmuand powder compositions.

The low tantalum_plasma-sprayed target (2.4 wt.% Ta)
_SHQWS good agreement between the "expected" composition and
the powder composition.’ This behavior-agrees with the X-ray
fluorescence analysis and the previous conclusion that the
target surface composition corresponds to the powder compo-

- sition for this target; For the two high tantalum plasma-
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sprayed targets, the “expeccted" target composition does not

correspond very well with the powder composition. Qualita-

tively, the sputtered film composition and the resultant
"expccted" target composition agree with the X-ray fluores-
cence analysis and somewhat with the wet chemistry analysis
in that both targets have similar compositions. The net
conclusion is that the plasma-spraying operation for these
two high tantalum content targets gave erratic composition
results. Also, the inhomogeniety of tantalum in the target
surface increases the lnaccuracy of the target surface
composition determination. Although the exact magnitude of
the target surface composition is uncertain, it is clear from
all of the analyses that the tantalum content of the tar-
get is greater than that of the sputtered film. Thus the
difference in sputtering yields of nickel, 2.4, and tanta-
lum, 0.98, result in the decrease in the tantalum content
from»the'plasma—sprayed target to the sputtered thin film.
The possibility of a third element or of trace ele-
ments was.investigated'using the solid state detector of
theﬁelectronrmicroprobe. Three sets Of Samp1eS1consisting
of the target material and the two-hour sputtered thin film
from that target were analyzed. From the quantitative
microprobe results, the basis for seléCtion,andfthe‘three

sets are as follows:
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Target Thin Film

Basis for Sclection

No A! or Ta in film Pure Ni Run #33
Maximum A{ in film 93.1Ni-6.9A alloy Run #68
Maximum Ta in film 65.2N1i-34.8Ta alloy Run #73

The microprobe was operated in the scanning mode (8 u by
10 y area scanned) at 20 kv and 1 nanoampere.

The solid state detector scans, generated for a maxi-
mum of 50,000 counts, are shown for each set in Figures 22,
23 and 24. The quantitative analysis for each sample 1is
given alongside the scan. The notation on each scan is the
channel number of the multi-channel analyzer, the charac-
teristic radiation corresponding to the channel and the in-
tensity in counts. The oxygen peak noted in each scan is
the background oxygen level and is not indicative of oxygen
Oor oxides in the samples. Neglecting argon as an impurity,
none of the scans showed any detectable impurity content
with detection being on the order of 0.1 wt.% of an element.
Comparing the solid state detector scan of the thin film to
that of the target material, the pure Ni and ﬁhe Ni-AL sets
are similar with a slight decrease in the intensity of alumi-
num for the Ni-AL set. In contrast, for the Ni-Ta set of
Figure 24, the thin film shows an appreciable amount of ar-
gon in addition to the change in intensity of the charac-
teristic radiations of Ni and Ta. This argon content par-
tially accounts for the total weight percent for the Ni-Ta
films not equaling lOO.wt.%g As will be shown by the
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transmission electron microscopy work, the Ni-Ta thin films

from this alloy target are partially amorphous in structure.
This somewhat open structure is liable to entrap argon {from
the plasma. As will be discussed, tantalum tends to form an

amorphous structure. Thus the gradual decrease in total

welght percent (Table XIX) with increase in tantalum in the
thin film is due to a change in density and an increase in
argon content. The pure Ni and the Ni-Ag¢ thin films are

crystalline in structure from the transmission electron

microscopy work. The solid state detection scans of these

films (Figures 22 and 23) show no detectable argon content.
Fagen [50] has shown that for argon release from an

amorphous alloy film, a temperature on the order of 400°cC

1s required. The temperature of the substrate was estimated

to be as high as 250°C. Thus, argon entrapment is quite

feasible and is enhanced by“the_partially amorphous struc-

ture of the Ni-Ta films. A secondary factor that will con-—

tribute to the total welght percent hot being 100 wt.%

and which was not corrected for in the computer program is

content and/or less than 100% dense material account for

the deviation from a total analyzed composition of 100 wt.%.
In summary, several major points are noted from

the chemical analysis of the targets and the sputtered

thin films. First, the change in composition from the tar-

get to the sputtered thinffilm:is dependeht_qngthe'SPuttering




yields and the sticking coefficient of each specie. Speci-

fically, as shown in the tollowing table, for an alloy tar-
get, the sticking coefficients determine the change in com-
position and for a plasma-sprayed target, both the sticking

coefficients and the sputtering yields determine the change

in composition:

Target Change in Composition Explanation for Change
Material From Target to Film or No Change
N1-Ta alloy No Change Sni ™ STa ~ 1.0
. : >
Ni-AL alloy Decrease in Ta 1.0s Sui > Sag ~ 0.55
Ni-Ta plasma-sprayed Decrease in Ta 2.4~ YNi > YTa ~ (.98
1 - - : I~ > I~
Ni-Af plasma-sprayed Decrease in AL 2.4 Yni > Yap © 1.0
R > & 0.55
1.0 SN Sal 0.55

Second, the temperature effects at the target or at the sub-
strate do not influence the sputtering of the nickel or tan-
talum specie while both influence the sputtering of the
aluminum specie. Third, the Ni-Ta films, which are partial-
ly amorphous, entrap argon while the Ni-Af films, which are

crystalline, do not show any detectable argon content.

Target Surface Phenomena

This section concerns the effect of ion bombardment
on the target surface. As previously noted in the intro-
duction, if the target is two phase, each‘phase will sputter
according to its local composition. In this research, three

basic target structures were used:'tWO-phase-plasma—sprayed
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targets (Table III), single phase plate targets (pure Ni,

purc Al and 93.IN1 - 6.9A7 alloy) and a two phase plate tar-

get structure (65.2N1i - 34.8Ta alloy). Each of thesc target
structures gave a different ion bombardment effect.

Two sets of figures for the plasma-sprayed targets
will be shown as typical of the surface structures before

and after sputtering. Because a large dpeth of field is

required to resolve these surfaces, an ETEC scanning elec-

tron microscope was employed. Figure 25(a) is the unsput-

tered surface of the Ni - 9.7Ta plasma-sprayed target and
Figure 25(b) is the surface after about 8 hours of sputter-
ing at a deposition rate of about 100 ﬁ/min. Figure 26 (a)
is the unsputtered surface of the Ni - 6.8 Af plasma-sprayed
target and Figqgure 26 (b) is the surface after about 15 hours
of sputtering at a deposition rate of about lOO:ﬁ/min.

The unsputtered surfaces of Figure 25(a) and 26(a) show

the characteristic surface topography due to plasma spray-
ing. Both surface are similar and indicate that composi-
tion does not significatly affect the topography. These
two micrographs are typical of the unsputtered surface top-
graphy of all the plasma-sprayed targets. The sputtered
surfaces of Figure 25(b) and 26 (b) show two significant
points. First, both surfaces possess a very pointed topo-
graphy consisting of conical projections and second, there7

is a definite size difference of the conical projections of

the two surfaces. The ion bombardment éfféctuforming the
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conical projection is due to the variation in sputtering

yleld with the angle of ion incidence as noted by Stowart
and Thompson [51]. On increasing the ion incidence angle
from 0° with respect to the surface normal, the sputtering
yield increases, reaches a maximum and then decrecases to
zero at 90° (parallel to target surface). Although the
angle of ion incidence is normal to the target surace,

the irreqular plasma-sprayed surface enhances the sputter-
ing of surfaces at an angle to the ion flux. The conical
projections are thus developed by the higher sputtering
rates at these angled surfaces. The taller projections of
Figure 26 (b) as compared to those of Figure 25 (b) results
from the longer sputtering time of about 15 hours from the
Ni-Af target, compared to a sputtering time of about 8 hours

from the Ni-Ta target. Thus the conical projections remain

and increase in sizevas'the=sputtering time increases.

The singleﬂpﬁasejplate targets show very little ef-
_fect»due-tcxién'bcmbardmentzin_COmparisQn to the two phase
Ni-Ta alloy plate target. Prior to sputtering, the single
phase targets were not given a metallographic polish due to
their large size while the smaller two phase Ni-Ta alloy
'target‘was,pqlishéd:wiﬁh 1 micron diamond paste with random
dreas having an excellent finish. The sihgle,phase'targets
showed only the outline of grainwboundariesraféer sputter-
ing for more than 8 hours from each target. Other ion etch-

ing effects were not noticed on the single phase targets.




due to the poor surface finish. 1In contrast, the two phase,
chill-cast, Ni-Ta alloy target possessed several interesting

ion bombardment phenomena.

As previously noted in the discussion concerning

electron microprobe analysis, the microstructure of the Ni-
Ta alloy target consists of a fine precipitate structure and

second phase platelets or needles. This structure is shown

polished and chemically etched (Marbles Etch) in Figures

27(a) and 27(b). Specifically, Figure 27 (a) shows two con—
verging platelets and the surrounding fine precipitate

structure and Figure 27 (b) shows the fine precipitate stru-

cture with very fine platelets and a path of lamellar stru-
cture. 1In addition, Figure 28 shows a high magnification
micrograph of the fine precipitate matrix obtained by scan-
ning electron microscopy. This reticulated and platelet .
structure agrees with the Ni-Ta phase diagram of Figure 2
with respect to the nominal composition (Table IV) and the
sharp change in the solid solubility of tantalum in nickel.
After more than 8 hours of sputtering from the Ni-Ta

alloy target, several ion'etching effects are evident as

shown in Figures 29 and 30. First, there is preferential
sputtering from the matrix and £he platelets; second, hill-
ocks are formed randomly; and third, the fine‘prECipitate
strﬁCtureiswdeveloped by sputtering. 'Replicéting and
shadowing techniques were performed on the target surface.

Subsequent transmission electron microscopy revealed that
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the platelets are raised and that some of the hillocks

appear to be clevated and some depressed.  The hillock form-

ation is a phcnomena due solely to ion bombardment as dis-

cussed by Bayly [52]. The development of the sputter-etched

precipitate and platelet structures is due to the variation
in the net sputtering rate with local atomic composition.
The precipitate structure is not a chemically homogeneous
structure on the fine precipitate size scale and thus the
precipitates and the area in between them sputter at dif-
ferent rates. The platelets are high in tantalum (= 42
wt.%) compared to the precipitate matrix (=~ 34.8 wt.$%) and

are expected to sputter at a significantly different rate

than the matrix. As previously discussed, the sputtering
yield of tantalum is lower than that of nickel. Thus the
high tantalum content platelets sputter at a slower rate
than the matrix and form the elevated structure. This
topography change results in a change in surface composition
such that the composition of sputtered particles is equal to
the average bulk composition.

In summary, this investigation of the surface topo-
graphy before and after sputtering reveals the dependence
of the sputtering rate on the angle of ion incidence and on

the local atomic composition.




Microstructure

The data for the runs made for transmission electron
microscopy arc listed in Table XIT. For each run, two nickel
grids with carbon support films were used and, in addition,
run #91 and #92 included two nickel grids with silicon monox-
ide support films. The deposition rate for all the runs
was on the order of lOO;/min iZO;/min. depending on the
sputtering kilovoltages and argon pressure. Prior to depo-
sition, care was taken to assure that the plasma was high
purity argon with the characteristic light blue color. Each
of the micrographs of this section will be accompanied by
the run number, the target, the nominal film composition,
the film thickness and the magnification. The results of
the as-sputtered thin films are presented and discussed
first; the‘hot stage transmission electron microscopy re-
sults are shown and discussed separately.

The pure aluminum and pure nickel thin films were de-
posited under similar conditions with the deposition time
varied. The film thickness for the pure aluminum set were
about 250&, 5004, and 750R respectively and for the pure
nickel set, they were 3008, 6008 and 900R respectively.
ThetZSOﬁ,pureialuminum film possessed a discontinuous striuc-
ture consisting of small "islands" Qf material on the carbon
film. The SOOﬁ pure aluminum film had a similar structure
with a high density'of"islands" and possibly with some

structure between the "islands". Figure 31 is a bright
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field micrograph of the 750A thick pure aluminum film.
This film is very irreqular with large thick areas separated
by thin areas. From dark field analysis, there arec lLarge
single crystals on the order of 5000A maximum which overlap
other crystals. The "island" structure of the thin films
and the very irreqular structure of the 7502 thick film
illustrate the high mobility of aluminum atoms on the sub-
strate. The large crystallite size indicates that the im-
purity content of the argon plasma is very low. This is
true because aluminum has a high affinity for oxygen or
nitrogen and if oxides or nitrides did form, the structure
would be very fine grained.

The pure nickel films possessed a significantly dif-
ferent structure than that of the pure aluminum films.
Figure 32 is a bright field micrograph of the 300A thick
pure nickel film. The film had a continuous fine structure
with a crystallite size on the ordér-qf‘200§ to.300£. Very
few twins or stacking faults were noted. The selected area
diffraction patterns from this film showed the diffraction
rings to be continuous and this is indicative of the fine
crystallite size. The pattern indexed as a standard face
center cubic (F.C.C.) patfern with a lattice parameter of
3.5225A., This lattice parameter value is excéptionallyﬁ
close to the published X-ray data‘for~purehickel éf
3.52383 [53].

'All of the pure nickel films were continuous and the
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average crystallite size increased as the film thickness

increased. The 300A thick film possessed an average Crys-
tallite size of 2008 to 300A with the largest crystallites
about 700A; the 600A thick film had an average crystallite
size of about 500A with the largest being approximately

1300A; and the 900A film had a crystallite size of approxi-

mately 700A with several very large crystallites. The den-

sity of twins and/or stacking faults appeared to increase
with the thicker films. The selected area diffraction
pattern for each thickness showed sharp rings with an in-
crease in the "spottiness" corresponding approximately to
the increase in the average crystallite size.

The thin Ni-Agf alloy films deposited from the 93.2Ni -
6.8A¢ plasma-sprayed target possessed a structure similar
to that of the pure nickel but with several important dif-
ferences. The deposition conditions were similar to those
for the pure aluminum and pufé:ﬁiCkeI runs and the result-
ant thicknesses of the film were again about 300§, sooﬁ,
9008 and 12008 respectively. The structures of the 3008
and the 600& films are shown inh Figure 33(a) and 33 (b)
respectively. The 900A and 12008 films showed a structure
similar to the two thinner films but the transmission was
seriously hampered because of the low intensitydue to the
high film thickness. Comparison of Figure 33(a) with 32
shows the crystallite size to be finer for the Ni-A% alloy

than for the pure nickel. The average crystallite size for




the 3003 alloy thin film was estimated to be between 508
and 100A. Although slight changes in grain size can be
noted as a function of deposition time or film thickness
(Figure 33), all of the alloy films had a crystallite size
less than 1008. The selected area diffraction patterns
were consistent with the observed fine structure in having

very continuous, slightly broadened rings. The patterns

from each of the films indexed to a standard F.C.C. struc-
ture but with lattice parameters that varied significantly
from that for pure nickel, i.e. a lattice parameter of
3.41& was found for the 3008 film and a value of 3.64% was
found for the 600A films. The thinnest (300R) film also
gave some very weak extra ringS-th;corresponding to an
F.C.C. structure which were not present for the thicker
films.

There were also significant differences between the
structure of the alloy films deposited from the plasma-
sprayed targets and those fromethe_alloy-fargEts:(Table
XII). The film thicknesses obtained from the alloy targets
were approximately 6002 for the Ni-A% allOy,film;and ap-
proximately 5004 for the Ni-Ta alloy films.

The structure and selected area diffraétibn pattern
for the Ni-Agf film sputtered frém'thé 93.1Ni - 6.9A% alloy
target are shown in the micrographs of Figures 34(a) and
'34(b). The structure,(Figure 34(a)) consisted of very

fine-crystallités_leSs than 100A in size with good
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diffraction contrast as was the case for the Ni-Af alloy
films obtained from the plasma-sprayed target. However,

the diffraction pattern of Fiqure 36 (b) showed very continu-
ous and somewhat broadened rings which indexed to a set of
very strong and a set of weak F.C.C. patterns. It was

noted that the weak extra rings observed for the 300A alloy
film from the Ni-A{ plasma-sprayed target correspond some-
what to the weak F.C.C. pattern of Figure 34 (b).

The structure and selected area diffraction pattern
for the Ni-Ta alloy film obtained from the alloy target are
given in Figures 35(a) and 35(b). In contrast to the Ni-AQ
alloy films, this structure exhibited very little diffrac-
tion contrast and the diffraction pattern gave only two
diffuse rings. Tilting of the specimen showed that the
Ni-Ta alloy film possessed a definite texture as shown in
the selected area diffraction patterns of Figure 36. The
four fold symmetry of the inner most ring, as shown in
Figure 36(a), occurred at a specimen tilt of either about
+19° or about -36°. The tWQ*fold-Symmetry'Qf the inner
most ring'(Figure 36(b)) was obtained at a specimen tilt
of about -6.5°. Tilting of the sample also produced some
shQrt.arcs of diffraction rings which did not correspond
to the ¢ompléte rings of Figure 35(b).

‘ The crystallite size in a thin film depends atomis-
tically on the density and mobility of atoms on the sub-

strate. This may be translated into the rate of arrival
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of atoms to the substrate, the sticking coefficient and the
resputtering and evaporation rates for the film. If the re-
sputtering and evaporation rates are assumed negligible,
the rate of arrival depends on the sputtering paramcters
while the sticking coefficient depends on the relative sub-
strate temperature, Ts/Tmp' and the substrate material.

For all of the runs described above, the sputtering para-
meters were maintained fairly constant and the substrate
was a carbon support film. Thus the major difference for
each material is the substrate temperature, Ts' with re-
spect to the melting point of the material, Tmp' A sub-
strate temperature of about 100°C maximum can be assumed
because all of the film deposition runs for electron micro-
scope examination were made at extremely short times. The
ratio {Ts/Tmp]AZ is much larger than the ratio [TS/Tmp}Ni.
Thus the crystallite size for nickel is much less than that
for aluminum as is observed for the pure element films.

The melting point of the alloy in the Ni-Agf films is only
slightly lower than that of pure nickel and it is expected
from the temperature factor that the alqu'films'should
~have a crystallite size approximately equal to that for
pure nickel. This is opposite to what is observed and
therefore Oother factors must be considered when analyzing
crystallite size in alloy films. The aluminum specie in
the Ni-A% alloy films is essentially an impurity with re-
spect to the nickel lattice. The accommodation.of the
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larger aluminum atoms results in a "defect" structure and
a finer crystallite size for the Ni-Af alloy in comparison
to pure nickel.

The crystallite size as a function of the film thick-
ness depends on the previously mentioned factors of the net
deposition rate and the substrate temperature. However,
these factors will change as the sputtering process con-
tinues. First, the mobility of the atoms will change as
the substrate becomes the initial thin film deposit and
second, the substrate temperature will change. Both of
these factors will tend to increase crystallite size as
follows. As the substrate becomes the thin film deposit,
the crystallite nucleation rate will decrease and crystal-
lites will tend to grow rather than to start new ones [20].
Due to the high energy of the arriving atoms, heat will
build up in the thin film and the corresponding increase
in.temperature-enhances the formation of larger crystal-
lites. As Was.observed:infthe-micrographs for both the pure
nickel and the Ni-A% films and by the increase in the spot-
tiness of the diffraction rings, the crystallite size did
increase as the film thickness increased.

The defect structure of the films depends primarily
on the mobility of the atoms. Thus, for the pure aluminum
films with the relatively high atom mobility, there were
few defects, i.e. the major featurevin these films are in=

terference fringesvdue to thickness contours. :For7the
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nickel base films with relatively low atom mobility, there

are scveral defects, twins and/or stacking fault, and a
high surface area to volume ratio because of the small
crystallite size. For pure nickel, the stacking fault
energy 1s high [2] and twins and stacking faults are not

expected and were very rarely observed. The deposition of

vapor on a cold substrate, however, will enhance the

formation of these defects and is the explanation for the

observed defects. The addition of a solute to the material

will also aid in the formation of defects. This is an ef-
fect similar to that which produced the finer crystallite
size of the alloy films. 1In solid solution with nickel,
both aluminum and tantalum lower the stacking fault energy
of nickel [2] and increase the probability of twins and

stacking faults. As noted previously, the atomic diameter

of aluminum is 6% larger and tantalum is 18% larger than
nickel. Thus, both the Ni-Af% and Ni-Ta alloy films should
yield a higher defect density in the structure.

The observed structure of the alloy films agrees with
the criteria set forth by Mader [22] (as noted in the intro-
duction) inxthatuthe“Ni—AR alloy films were crystalline and
the Ni-Ta alloy films were "sémi—amorphous". Althdugh the
Ni-A% alloy films were crystalline, the very fine structure
and resultant‘high grain boundary to volume ratio indicate
that the defects are predominantly incorporated into the

grain boundaries. A discussion of geometric defects for

76




the Ni-Ta alloy films is not appropriate because of the
"semi-amorphous" structures. The structure showed little
diffraction contrast but is called "semi-amorphous" because
ﬁhe selected area diffraction patterns indicated a texture
which could arise only from crystalline material.

The last point relevant to the as-sputtered struc-
tures concerns the phases that are present. The diffraction
patterns for the pure Ni and the Ni-Af alloy films have been
analyzed but no clear interpretation is presently available

~

for indexing of the diffuse rings observed in the Ni-Ta
alloy film.

The pure Ni films gave excellent lattice parameter
values which corresponded to the published x-ray data. Al-
though the substrate used for the electron microprobe ana-
lysis of the Ni-A¢ alloy films was not the same as that
for the transmission electron microscopy, the composition
of the thin films are assumed to be that determined by the
electron microprobe. Thus, the composition of the Films
from the 93.2Ni - 6.8A4 plasma-sprayed target is 1.46 wt.2
At and the composition of the films from the Ni-A% alloy
Earget.is 3.95 wt.% AL. With the exception of the very
thin SOOg_ﬁilm, the diffraétiQnypattern for the Ni-1.46
wt.2 AL films iﬁdexed to a single F.C.C. phase with a lat-
tice parameter significantly différent than that of pure
nickel. This confirms that the film is a single phase,

solid solution of aluminum in nickel. As shown in%Figure
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34(b), the Ni-3.95 wt.% A2 films from the Ni-Af alloy target

contained two F'.C.C. phases. The diffraction patterns for

these phases indexed to y and y' with the y' lines corres-
ponding to the weak rings. The weak rings for the 300
Ni-1.46 wt.% A2 film can thus be assumed to be due to Yy'.
Under equilibrium conditions, neither of these alloys should
possess the y' phase but these films were formed under
severely non-equilibrium conditions. The two phase, y and

Y' structure of the non-equilibrium as-sputtered films may

be explained as follows. The aluminum specie has high mo-

bility on the substrate surface and the crystallites are

very fine. With these two facts, the aluminum specie may

tend to segregate at the crystallite grain boundaries which
would require only short distances of travel. The grain
boundaries would thus be high in aluminum content and may

therefore order toiform”NiBA&. This reaction is reasonable

because the sputtered film is a high energy, non-equilibrium
structure where equilibrium thermodynamics of bulk phases

does not apply. The volume fraction of the Niij would be

small andpwduldfcorreSPOHd~tc<fhezdiffracticn-rings_being*
weak. For Ni-1.46 wt.% A% alloy, the y' rings are noticed

only for the very short deposition time where the heating

effects are minimal. The Ni-3.95 wt.% A% alloy gave the

y' rings for the thicker 600A film due to the higher alumi-
num content. As will be shown, the set of weak diffraction

ﬁrings;disappear~on-heating. These weak y" rings were also
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studied to see if they were due to double diffraction rather

than y'. The double diffraction principle has been well
discussed by Pashley and Stowell [54]) and the obscrved
rings do not correspond to double diffraction. This point
is significant because although none of the Ni-A{ alloy
films showed any preferred orientation by transmission elec-
tron microscopy, preliminary results by the more accurate
technique of x-ray diffraction on the Ni-3.95 wt.% Al films
of Table V indicate a definite (111) texture.

The hot stage transmission electron microscopy was
performed on both the R.C.A. EMU-3G model and the Phillips

300 model. The R.C.A. EMU-3G (with a lower maximum hot

thin films from the 93.2Ni - 6.8A% plasma-sprayed target.
As noted previously, only the 3002 film exhibited extra
4diffraction3ﬁhmﬂscorresponding to a two-phase structure.
Each of the films (i.e. 300A&, 600&, 900& and 12008) was
heated to approximately 600°C and the change: in structure
was observed. The 300§ and 600£ films agglomerated on
heating while the thicker 900& and 1200& f£ilms recrystal-
lized without breakup of the film. Figure 37 shows the
tranSformed.structure-of'thé 6OOA thick Ni-l;46 wt.% AQ
film after heating to 575°C. Thiélow magnification,
bright field micrograph shows two differeht structures: a
very fine structure with crystallites of_the_Same size as

the.as-sputtered structure and;relatiVély-large globular
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particles of an average size of 1.2 y with associated areas
denuded of material. The high magnification micrograph of
Figurc 38 illustrates that the globular particles possessed
significant internal structure. A most dramatic consequence
of the film breakup and agglomeration is shown by the un-
usual pattern in Figure 39. .

The agglomeration phenomena of the thinner films is
caused by a relaxation of the film into a lower energy con-
figuration. Presland et al. [55,56] have observed and ana-
lyzed this phenomena for thin silver films. In the present
work, the 3002 film structure was observed to break up at
a slightly lower temperature than that for the 600% film.
Depending on the film thickness, there is a critical tem-
perature, as was experimentally found. On break up, the
fine structure either was consumed into the larger particles
or recovered with a slight growth in crystallite size. The
globular particles did not increase in size significantly
on holding at about 600°C and thus single crystal diffrac-
tion techniques could;not*be.employed, The thicker 900A
and 12008 films did not agglomerate-presumably}because
either not enough thermal energy was available or more
probably, the continuous film is the stable conficuration.

The.filmS'fromithe alloy targets, runs #91 .and #92,
were studied on the hot stage of the Phillips 300 micro-

- scope. Particular attention was paid to the selected area

difffaCtionﬁpdtterns on monitoring the change in structure
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while heating the film. The break-up of the film was no-
ticed only randomly for the Ni-31.95 wt.% AL films and the
Ni-36.7 wt.% Ta films even though the temperature was

raised to 900°C for a short time. Neverthcless, the film

surface did become irreqular which indicates some relaxa-

tion and movement of material. Both the films deposited

on carbon and those on silicon monoxide exhibited similar

changes in structure on heating.

In the as-sputtered condition, the Ni-3.95 wt.% AL

films possessed a two phase, y + y' structure. Figures 40

and 41 are the selected area diffraction patterns at tem-
peratures of 265°C and 415°C respectively. The comparison
of these two patterns with the room temperature pattern
shown in Figure 34(b) revealed several interesting points.
In Figure 40, the two weak inner most rings are the (100)
and (110) reflections of the ordered y'-NiBA{,phase, The
high intensity "doﬂblerring" indexed to two verybclosely
spaced rings corresponding to the (111) reflections of v
and y"'. In.contrast,‘the-diffractionjpatternat 415°C
(Figure 41) showed no y' rings and indexed to a standard
singleiphase F.C.C. structure. Bright field analysis
showed only an increase in diffraCtion ;-c:l'o,‘ri*tl’?ﬂa.‘s‘"t xz\zi-,.-tr};_1:1'3';.'1':"{’61'_(;~
change in the fine structure. UPOn-heating to approximate-
ly 700°C, the fine structure recrystallized into polygonal
grains as shown in.Figure_42(a)‘and 42 (b) and the selected

farea.diffractign:patternAShOwed,sharp.SQQtty rings. The
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bright field micrograph (Figure 42(a)) shows a very irregu-

lar surface while the dark field micrograph (Figure 42(b))
clearly illustrates the polygonal crystallites. This poly-
gonal structure is similar to the structure of the 900A and
12008 Ni-1.46 wt.$ Ag films that were heated to 600°C. At
approximately 900°C, the Ni-3.95 wt.% A% films exhibited

a very irregular structure with many thickness contour
fringes. The diffraction pattern at 900°C gave a very spot-
ty F.C.C. pattern with some extra weak, continuous rings.
Although the pattern was not indexed, the extra weak rings
appear to be due to double diffraction and not to a second
phase. The double diffraction phenomena [54] may arise
because of the very irregular surface and the fine crystal-
lite size.

The appearance of the y' Ni A% rings in the diffrac-
tion patterns up to about 400°C is consistent with the ex-
Planation;that‘the;grain boundaries are enriched in alumi-
num and order to form»Ni3A£, The disappearance of the rings
in'the-diffraction pattern at 415°C indicates that thefy’
phase has beenteliminateé. :This would correspond to the |
hypothesis that if the structure at the grain boundaries
was aluminum rich and ordered to form Ni3A£,'thenaby heat-
ing the film, the defects (grain boundaries) should relax
,and permit:aluminum-todistribute homogeneou51y, This dis-
-~ appearance OfiNi3A2 at about°4QO°C?is in.COhtrast&tothe

disorderingtemperatureof 1250°C for Ni3A£ in the bulk
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alloys [57].

Heating of the "semi-amorphous" Ni-36.7 wt.% Ta film

resulted in only minor changes in the film structurc but
major changes were noted in the diffraction effects. On
increasing the temperature to about 400°C, the structure

showed an increase in diffraction contrast but the diffrac-

tion patterns did not change. At approximately 400°C, the

diffraction pattern changed and showed many continuous rings

as shown in Figure 43. The structure corresponding to this

pattern exhibited a very fine crystallite size ( << 1004).
Continued heating to 900°C resulted in enhanced diffraction
contrast, a slight increase in crystallite size and sharper
diffraction rings. The final structure and associated se-
lected area diffraction pattern at 900°C are shown in the
micrographs of Figures 44(a) and 44(b) respectively. Tilt-
ing*ofithe;specimen showed that the texture, observed in
the as-sputtered structure, was present at all temperatures.
The composition of the Ni-36.7 wt.$ Ta film is such
that the structure is two phase under equilibrium conditions
(Figure 2) . The diffraction patterns were therefore not in-
dexed due to the many rings and the uncertain structure of
the Ni3Ta phase. Thus the exact phases present in the heat
treated films are not known. Also,-no‘definitive.xfray‘
data for'intermediatezphases intﬁéNi-Ta system is avail-
able. These:facts, and the unu$ua1.cgmbinationof both a

texture effect and the presence of diffuse rings in the as-
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sputtered films have prevented good phase analysis for these
films. Howcever, the texture that is present in the heat-
treated films is confincd to only a few rings and thus there
are at least two phases present; an oriented phase and a
randomly oriented phase. The very slight change in crystal-
lite size shows that the structure is quite stable and does
not tend to break up upon heating.

Mader [22] has presented the rough criteria that an
amorphous alloy film should become crystalline on heating
to between 0.3 *Tmp and 0.35 * Tmp where Tmp 1s the average
melting points of the component species. The average melt-
ing point for this Ni-36.7 wt.% Ta alloy, based on the
atomic fractions of nickel and tantalum, is approximately
1970°K and according to Mader, the film should become crys-
talline between 320° and 420°C. Thus the observed change
in diffraction pattern at about 400°C agrees fairly well
with Mader's criteria.

In summary, the transmission electron microscopy has
revealed several significant points. First, in the as-
deposited;cpndition, the Ni-Ta thin film possessed a "semi-
amorphous" structure while the Ni-A% thin films?had a very
fine but crystalline structure. Second, the average Crys-
tallite size for the as-sputtered films increased as the
film thickness increased. Third, the Ni-1.46 wt.% A%
films were primarily single phase while the Ni—3.95 wt.$s AL

were two phase in the as-deposited condition. The hot stage

84




work showed three major effects. First, very thin continu-
ous films tended to agglomerate on heating. Second, the

y'~Ni3A% phase that was obscrved in some of the Ni-At alloy
films disappeared on heating. Finally, the "semi-amorphous"
Ni-Ta alloy film transformed into a two phase fine crystal-

line structure at approximately 400°C.
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CONCLUS IONS

This investigation of the R.F. sputtering of

nickel alloys has produced the following results:

(1)

(2)

(3)

The deposition rate of a nickel alloy on
glass changes significantly for a constant
sputtering rate for an initial short period
of time due to a change in the sticking
coefficients.

The major control of the deposition rate for
R.F. sputtering is obtained by the regulation
of the applied voltages and the argon pres-
sure. For constant pressure conditions, the

sputtering rate is linearly related to the

voltage for ion accelerating potentials be-

tween 0.5 kev and 5 kev. For constant volt=

conditions,; the sputtering rate is linearly

related to the argon pressure up to approx-

imately 20 =* lOfg'torr.

The control of film composition is dependent

on the tarqet'cdnstruction.and‘compbsition
and on the sputtering yields and sticking
coefficients. All of the films gave equal
or gréater*nidkel contents ﬁhan that in the

targets due to the higher sputtering yield
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(4)

(5)

(6)

(7)

of nickel to those of the solute specie

aluminum or tantalum.

The net sputtering rate is particularly a
function of the angle of ion incidence and

of the local atomic configurgtion.

The as-deposited structure of the R.F.
sputtered films is related to the mobility

of the sputtered species on the substrate

and to the degree of mismatch of the specie
atoms for an alloy film, As-depositied, the
Ni-Al films possessed g fine crystalline
structure and the high tantalum (36.7 wt.% Ta)
sputtered film had a somewhat amorphous
structure.

The sputtered films may maintain a high energy
non=-equilibrium structure where bulk thermo-

dynamic considerations are: strongly influenced

by surface gffects.

The absorption of argon is particularly noticed
for the sputtered films that tend to form g

non-crystalline structure.
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TABLE 1

Physical Properties of Af, Ni and Ta

AL

Atomic number 13
Atomic weight 26.9815
Melting Point 660°C
Crystal Structure F.C.C.
TABLE II

Ni Ta
28 73
58.71 180.948
1453°C 2996°C

F.C.C. B.C.C.

Composition of Powder Mixtures for
Plasma-Sprayed Targets

Ni - AL System
98.8 wt
96.6 wt

95.4 wt

93.2 wt

Ni - Ta System

97.6 wt

- 90.3 wt

82.9 wt

- o9

oL o°

oo

do

o\°

Ni

Ni
Ni

Ni

Ni

Ni

Ni

88

1.2 wt & AL

4.6 wt & AL

- 6.8 wt $ AL

2.4 wt % Ta
9.7 wt & Ta

17.1 wt & Ta




TABLE III

Chemical and Sieve Analysis

of Elemental Powders

N1 powder
(wt.$)

Ni 99.83
Co 0.07
Fe 0.030
S 0.020
C 0.007

Cu 0.005

(Tyler)
+200 10% max.

-325 15% max.

Ta powder
(wt.$%)

Ta 99.59
Cb 0.20

C 0.11

O .07
Si  0.02
Fe 0.01

(Tyler)

+200 10% max.

-325 25% max.

89

Al powder
(wt.%)

AL 99.50

Fe 0.17

(Tyler)
+270 5% max.

-270_ balance




Composition of Machined Plate Targets

Pure Ni
(wt.$%)

Ni 99.95

Fe 0.01/0.04
Co 0.01/0.03
C trace

Si trace

S trace

Pure
(wt.

Al 99.

Si 0.

Cu 0.

TABLE IV

Al
%)

995

001

.001

001

93.1Ni-6.9A%

(wt.$%)
Ni 92.99
AL 6.9
Ti 0.088
Mg 0.013
C 0.008

65.2Ni-34.8Ta

N1i
Ta
Ti

AL

(wt.%)
64.85
34.8

0.28
0.042
0.012
0.0105
0.0020




TABLE V

Runs with Time Varied
for 93.1Ni1i-6.9Af Alloy Target

Run  Time F.P. R.P. R.F. D.C. P,
(#) (MIN.) (WATTS) (WATTS) (kv) (kv) (u)

71 5 265 0 2.57 2.01 2.9
69 10 265 0 2.52 2.01 2.9
77 15 255 0 2.44 2.01 2.9
78 20 255 0 2.51 2.01 2.9
79 25 250 0 2.56 2.01 2.9
80 30 255 0 2.59 2.01 2.9
70 60 260 0 2.49 2.01 2.9

68 120 255 0 2.47 2.01 2.9
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TABLE VI

Runs with D.C. Bias Varied
for 93.1N1-6.9Af Alloy Target

Run Time F.P. R.P. R.F. D.C. Pay
(#) (MIN.) (WATTS) (WATTS) (kv) (kv) (u)

81 10 400 0 3.41 2.50 2.9
69 10 265 0 2.52 2.01 2.9
82 10 170 19 1.79 1.50 2.9
83 10 92 19 1.09 1.00 2.9
85 30 186 10 1.10 1.00 2.9

86 30 41 8 0.56 0.50 2.9
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Run

(#)
69
87
38
89

90

TABLE VII

Runs with Argon Pressure Varied

Time

(MIN.)

10
10
10
10

10

F.P.

(WATTS)

265(255)

275

325

450

515

93

R.P.

(WATTS)

0

0

icr 93.1Ni-6.9Af Alloy Target

R.F.
(kv)

2,52
2.58
2.61
2.65

2.72

D.C.
(kv)

2.01

pAr
()

2.9
5.1
10.0

20.2




TABLE VIII

Runs with Ni-A{ Targets
at Constant Sputtering Parameters
for Deposition Rate Analysis

Target Run Time  F.P. R.F. R.F. D.C. Par
(wt.%) (#) (min.) (watts) (watts) (kv) (kv) (u)

Pure Ni 36 5 280 0 2.36 2.01 2.7

Pure Ni 34 10 275 0 2.36 2.01 2.8

98.8Ni-1.2AL plasma sprayed 32 5 265 0 2.70 2.01 2.7

98.8Ni-1.2Af plasma sprayed 30 10 250 0 2.53 2.03 2.7

96.6Ni-3.4AL plasma sprayed 42 5 280 0 2.49 2.01 2.7

96.6Ni-3.4AL plasma sprayed 40 10 280 0 2.46 2.01 2.9

95.4Ni-4.6AL plasma sprayed 46 5 255 0 2.30 2.01 2.8

95.4Ni-4.6AL plasma sprayed 44 10 265 0 2,35 2.01 2.8

93.2Ni-6.8AL plasma sprayed 52 5 255 0 2.43 2.01 2.8

93.2Ni-6.8AL plasma sprayed 50 10 250 0 2.51 2.01 2.9

93.1Ni-6.9AL alloy 715 265 0 2,57 2.01 2.9

93.1Ni-6.9AL alloy 69 10 265 0 2.52 2.01 2.9
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Target
(wt.%)

Pure Ni

Pure Ni
97.6Ni-2.4Ta plasma
97.6Ni-2.4Ta plasma
90.3Ni-9.7Ta plasma

90.3Ni-9.7Ta plasma

65.2Ni-34.8Ta alloy

65.2Ni-34.8Ta all oy

TABLE IX

Run

(#)

36

34

sprayed 56

sprayed 54
sprayed 62
sprayed 60
82.9Ni-17.1Ta plasma sprayed 66
82.9Ni-17.1Ta plasma sprayed 64
76

74

(min.)

95

Time

10

10

10

10

Runs with Ni-Ta Targets
at Constant Sputtering Parameters
for Deposition Rate Analysis

F.P.
(watts)
280
275
260
255
245
240
255
260
265

260

R.P.
(watts)

R.F. D.C.
(kv) (kv)

2.

36

.36
.35
.38
.44
.43
.31
«30
.36

.35

2

2.

.01

01

.01
.01
.01
.01
.01
.01
.01

pAr
(u)

2.7

o
O




TABLE X

Runs with Ni-Af Targets
at Constant Sputtering Parameters
for Microprobe Analysis

Target Run Time R.F. D.C. Par
(wt.%) (#) (min.) (kv) (kv) (W)

Pure Ni 35 60 2.33 2.01 2.8

Pure Ni 33 120 2.35 2.01 2.8

98.8Ni-1.2AL plasma sprayed 31 60 2.55 2.01 2.7
120 2.56 2.01 3.0

98.8Ni-1.2AL plasma sprayed 29

96.6Ni-3.4AL plasma sprayed 41 6.0 2.43 2.01 3.0

96.6Ni-3.4AL plasma sprayed 39 120 2.54 2.01 2.8

95.4Ni-4.6M plasna sprayed 45 60 232 2.01 2.7
95.4Ni-4.6AL plasma sprayed 43 120 2.34 2.01 2.8

93.2Ni-6.8AL plasma sprayed 51 60 2.46 2.01 2.8
93.2Ni-6.8AL plasma sprayed 49 120 2.41 2.01 2.9
93.1Ni-6.9AL alloy 70 60 2.49 “

93.1Ni-6.9AL alloy 68 120 2.47 2.01 2.9
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Runs with Ni-Ta Targets

TABLE XI

at Constant Sputtering Parameters

for Microprobe Analysis

Target
(wt.%)

Pure Ni

Pure Ni

97

97.
90.
90.
82.
82.

65.

65

.6N1-2.4Ta plasma sprayed
6N1-2.4Ta plasma sprayed
3N1-9.7Ta plasma sprayed

3N1-9.7Ta plasma sprayed

9Ni-17.1Ta plasma sprayed
2Ni-34.8Ta alloy

.2Ni-34.8Ta alloy

9Ni-17.1Ta plasma sprayed

Run
(#)
35
33
55
53
61
59
65
63
75

97

Time
(min.)

60
120
60
120
60
120
60
120
60

120

R.F

2.

(kv)

33

.35
.34
.37
43
.41
.31
.30
.36

D.C.
(kv)

2.01

2.01

2.01
2.01
2.01

2.01

pAr
)

2.8




Runs with Various Targets for
Transmission Electron Microscopy

Target
(wt.%)
Pure AL
Pure AL

Pure AL

Pure Ni
Pure Ni

Pure Ni

93.2Ni-6.8AL plasma sprayed

93.2Ni-6.8AL plasma sprayed

93.2Ni-6.8AL plasma sprayed

93.2Ni-6.8AL plasma sprayed

93.1Ni-6.9AL alloy

65.2Ni-34.8Ta alloy

TABLE XII

Run

15

16

17

18
21

23

22

24

25

26

91

Time

12

98

F.P.

245

245

240

235

250

245

245

245
240

240

275

280

R.F.
(#) (Min.) (Watts) (Watts) (kv)

2.

1.

03

99

.99

.13

.18

.16

.27

.61

D.C.
(kv)

1.

1.

79

73

.71

.84

. 81

.79

.88

.01

pAr
(u)




TABLE XIII

Sputtering Yield for Ni, Al
and Ta by Ar*t ions

Ni AL

atoms atoms

10n ) ( 10n )

Ar’ energy (

Ta
atoms)
10n

200 ev 0.7L39] 0.3539]

0.3[39j

36] [37] | 0s [30]

500 ev 1.45[ ,1.33

600 ev 1.52[39] 1.24139]

[39]

1000 ev 2.21[37],2.1[41],2.0T38T

[40]

5000 ev —_ 2.0

1.05I4O]

TABLE XIV

Threshold Energy for Ni, Af and Ta

Ni 21

AL 13

Ta 26
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TABLE XV

Sputtering Yields and Target Surface
Composition for Ni-At¢ Alloy Target
for Various Target Voltage Conditions

(kv)

3.41
2.52
1.79

1.10

YNi

atoms)

(—

10n

2.48
2.42
2.34
2.15

1.56

(

YAE

atoms)

ilon

.95

.90

.82

1.63

.17

kNi

(atomic)

0.8298

0.8296

0.8282

0.824

0.823

6

0

TABLE XVI

Xt

X,,.Y

N1

(atomic)

0.1702
0.1704
0.1718
0.1754

0.1770

N1
atoms)

(

RIVAFY)

ion

2.3898

2.3314

2.2507

2.0588

1.4910

Calculated Deposition Rate Ratio

and Deposition Rates

344L
2;52

1.79

D1 10R

Fle=0

+ = 27.5

Dl,t=0+

Dy 10t

(—

=Q$;

'J

8

1.77

1.00

9

0

quf¢0+

(K/Min,j
99.0
71.3
48.9
27.5

10.1

D

2.52RFlt=O

+ =

66.0

o

t=0"

b,

.52 t=
(—)

1.387

1.000

0.686

0.385

100

O+

D11t50+.f
(K/Min,)

91.5
66;0

25.4

9.4

Dy Je=0*
(A/Min.)
95.2
68.6

9.8




TABLE XVII

Wet Chemical Analysis of Plasma-Sprayed Targets

98.

96.

95.

93.

97.

90.

82,

Powder
(wt.$%)
8Ni1 - 1.2Aa¢
6Ni - 3.4Af
4Ni - 4.6AZL
2Ni1i - 6.8AZL
6Ni - 2.4Ta
3N1 - 9.7Ta
ONi - 17.1Ta

(wt.% Ni - balance A!{ or Ta)

101

Plasma-Sprayed Film

98

98.

95.
96.

95.
95.

93.
93.

94.
94.

86 .
87.

89.
88.

75N1
93N1

74N1
12N1

35N1
14N1

19N1
33N1

16N1
19N1i

96N1
25N1

O6N1i
84N1

1.25A¢
1.07A¢

4.26A¢
3.88A(L

4.65A¢L
4.86A¢L

6.81A%L
6.67AL

5.84Ta
5.81Ta

13.04Ta
12.75Ta

10.94Ta
11.16Ta




TABLE XVIII

Electron Microprobe Analysis of
Ni - Af Sputtered Films

Deposition Time 1-Hour 2-Hour 2-Hour
Probe kv - Sample Curreént . 8kv-0.10uA. 8kv-0.10yuA. 20kv-0.05yuA.

X-ray Lines LNLLQ;-AﬁKa~ NlLu, AﬁKa NlKa, AEKa

Target Material e ___1_;_(Wt;%;A£) : __(wt.% AD) (wt.% AL) (wt.% AL)

Pure Ni 0.004 0.000 0.038 0.014

98.8Ni - 1.2AL Plasma Sprayed 0.532 0.517 0.506 0.518

96.6Ni - 3.4AP Plasma Sprayed 0.833 0.884 0.860 0.859

95.4Ni - 4.6AL Plasma Sprayed 1.121 1.169 1.112 1.134

93,2Ni_-_6;8"g“Plasma;Sprayad 1.676 1.368

1.322 1.455

93.1Ni - 6.,9A% Alloy 3.737 4

.083 4,021 3.947




’
TABLE XIX

Electron Microprobe Analysis
of Ni-Ta Sputtered Films

Deposition Time 2-Hour
Probe kv - Sample Current 20 kv - 0.05pA.
X-ray Lines Ni, , Ta

Ko Lo

Standards Pure Ni, Pure Ta 65.2N1i - 34.8Ta Alloy

Target Material wt.% Ni wt.% Ta sum wt.

o\®

Ni wt.% Ta sum
Pure Ni 101.838 0.067 101.905 101.215 0.065 101.280

'97.6Ni - 2.4Ta Plasma Sprayed 98.161 1:164 99.325 98.045 1.149 99.194

90.3Ni - 9.7Ta Plasma Sprayed  92.330  6.504 98.834 92.072 6.364 98.436

82.9Ni - IJflTa'Plasma.Spraygd 90.580 6.830 97.411 91.115 6.906 98.022

65.2Ni - 34.8Ta Alloy 53.939  37.015 90.954 54.769 36.394 91.163




TABLE XX

Calculated Target Composition
for Ni-Ta Plasma-Sprayed Targets

Film "Expected" Target Powder
Composition Composition Composition
(wt.3 Ta) (wt.% Ta) (wt.% Ta)
1.16 2.8 2.4
6.43 14.5 9.7
6.87 15.3 17.1
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FIGURE 3

SUBSTRATE CONFIGURATIONS

Deposition Rate Determination
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FIGURE 4

R.F. SPUTTERING APPARATUS
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R.F. KILOVOLTS

FIGURE 5

VARIATION OF R.F. KILOVOLTAGE
WITH DEPOSTTION TIME
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FIGURE 6

TARGET VOLTAGE AS A FUNCTION OF TIME
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FIGURE 8

R.F. KILOVOLTAGE VERSUS
D.C. BIAS KILOVOLTAGE

3.5- —— f

3.0

2.5 4
— /
>
X
w 20 4
W 2.
g
H Q /
O
3
= 1.5 d
L4
L. /
(1o

J /
1.0
/
/7
0.5 )
7
0 0.5 1.0 1.5 2.0 2.5

D.C. BIAS KILOVOLTAGE (KV)

112




€ETT

e e o G ot ottt P et et T

TARGET VOLTAGE (KV)

TARGET VOLTAGE WITH RESPECT TO GROUND
VERSUS TIME FOR VARIOUS VOLTAGE CONDITIONS

wt (RADIANS)
Tr 3Tr/2 277

I a— VRF= 1.10 VDC= 1.00
~— VRe=1.79 Vpe=1.50

- VRF =3.4] VDC= 2.50
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FILM THICKNESS (A)

FIGURE 11

FILM THICKNESS VERSUD
VARIOUS VOLTAGE CONDITIONS ON NI-AlL ALLOY TARGET
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FIGURE 12

FILM THICKNESS AND DEPOSITTON RATE VERSUS
R.F. KILOVOI/TAGLE IFOR NIT-=-AL ALLOY TARGET
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FIGURE 13
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FIGURE 14

MEAN FREF PATH OF ARGON
VERSUS ARGON PRESSURE
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FIGURE 15

R.F. FORWARD DPOWER VERSUS ARGON
PRESSURE IFOR NI-Al, ALLOY TARGET
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FIGURF 16

PLOT OF ALUMINUM CONTENT IN PLASMA SPRAYED
TARGET VERSUS ALUMINUM CONTENT IN POWDER
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FIGURE 17

PLOT OF TANTALUM CONTENT IN PLASMA SPRAYED
TARGET VERSUS TANTALUM CONTENT IN POWDER
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FIGURE 18

SILICON K ALPHA INTENSITY VERSUS MICROPROBE
KILOVOLTAGE FOR THIN 'IILMS AND BULK SAMPLE
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FIGURE 19
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FIGURE 20

PLOT OF ALUMINUM CONTENT IN SPUTTERED
FILM VERSUS ALUMINUM CONTENT IN TARGET
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FIGURE 25

SURFACE TOPOGRAPHY OF NI - 9.7TA
PLASMA SPRAYED TARGET

(a) unsputtered, 500x, 40°tilt
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FIGURE 26

SURFACE TOPOGRAPHY OF NI - 6.8AL
PLASMA SPRAYED TARGET

(a) unsputtered, 500x, 40°tilt

(b) sputtered, 500x, 40° tilt
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FIGURE 27

MICROSTRUCTURE OF NI-TA ALLOY TARGET
AS POLISHED AND CHEMICALLY ETCHED

(a) 400x




FIGURE 28
MICROSTRUCTURE OF FINE PRECIPITATE

MATRIX OF NI-TA ALLOY TARGET
AS POLISHED AND CHEMICALLY ETCHED

4000x
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FIGURE 29

LOW MAGNIFICATION MICROGRAPH OF
SURFACE TOPOGRAPHY OF NI-TA
ALLOY TARGET AFTER SPUTTERING
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FIGURE 30

HIGH MAGNIFICATION MICROGRAPHS OF
SURFACE TOPOGRAPHY OF NI-TA
ALLOY TARGET AFTER SPUTTERING

(a) 800x
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FIGURE 31

MICROGRAPH OF AS-SPUTTERED STRUCTURE
OF PURE ALUMINUM THIN FILM

Run # 17
Target: pure Al

Film: pure Al
750 A thick, 46,400%
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FIGURE 32

MICROGRAPH OF AS-SPUTTERED STRUCTURE
OF PURE NICKEL THIN FILM

Run #18
Target: pure Ni

Film: pure Ni
300 & thick, 71,500x
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FIGURE 33

MICROGRAPHS OF AS-SPUTTERED STRUCTURE
OF TWO NI - 1.46AL THIN FILMS

(a)
Run #22
Target: N1 - 6.8A1 plasma

sprayed
Film: 98.54Ni - 1.46A1l
300 & thick, 71,500x

Target: Ni - 6.8Al1 plasma
sprayed

Film: 98.54Ni - 1.46A1

600 & thick, 71,500x




FIGURE 34

STRUCTURE AND SELECTED AREA DIFFRACTION
PATTERN OF AS-SPUTTERED NI - 3.95AL THIN FILM

Run #91

Target: 93.1N1 - 6.9A1 alloy
Film: 96.05Ni - 3.95A1

600 & thick, 176,000x
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FIGURE 35

STRUCTURE AND SELECTED AREA DIFFRACTION
PATTERN OF AS-SPUTTERED NI - 36.7TA THIN FILM

Run #92

Target: 65.2N1 - 34.8Ta alloy
Film: 54.4Ni - 36.7Ta - Ar
500 & thick, 108,800x

(a)

(b)
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FIGURE 36

SELECTED AREA DIFFRACTION PATTERN SHOWING
TEXTURE OF NI - 36.7TA THIN FILM ON TILTING

Run #92

Target: 65.2N1 - 34.8Ta alloy
Film: 54.4Ni - 36.7Ta - Ar
500 & thick

(a) +19 specimen tilt

(b) -6.5 specimen tilt
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FIGURE 37

LOW MAGNIFICATION MICROGRAPH
OF FILM BREAK UP ON HEATING

Run #24

Target: 93.2Ni1 - 6.8Al1 plasma sprayed
Film: 98.54Ni - 1.46A1

600 A thick, 5100x, 575°C

.
‘\.‘. F li.




FIGURE 38

HIGH MAGNIFICATION MICROGRAPH 1
OF AGGLOMERATED STRUCTURE

Run #24

Target: 93.2N1 - 6.8Al1l plasma sprayed
Film: 98.54Ni - 1.46A1

600 R thick, 44,800x, 575°C

- - 2 .

*
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FIGURE 39

MICROGRAPH OF IRREGULAR
FILM BREAK UP PATTERN

Run #24

Target: 93.2N1 - 6.8Al1 plasma sprayed
Film: 98.54Ni - 1.46Al

600 & thick, 3140x, 460°C
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FIGURE 40

SELECTED AREA DIFFRACTION PATTERN
OF NI - 3.95AL THIN FILM AT 265°C

Run #91
Target: 93.1IN1 - 6.9A1 alloy

Film: 96.05Ni - 3.95A1
600 & thick, 265°C

FIGURE 41

SELECTED AREA DIFFRACTION PATTERN
OF NI - 3.95AL THIN FILM AT 415°C

Run #91
Target: 93.1Ni - 6.9Al1 alloy

Film: 96.05Ni - 3.95A1
600 & thick, 415°C
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FIGURE 42

BRIGHT FIELD AND DARK FIELD MICROGRAPHS
OF NI - 3.95AL STRUCTURE AT 700°¢°C

Run #91
Target: 93.1N1 - 6.9A1 alloy

Film: 96.05Ni - 3.95Al
600 & thick, 73,600x, 700°C

(a) Bright field

- ™

145




FIGURE 43

SELECTED AREA DIFFRACTION PATTERN
OF NI - 36.7TA THIN FILM AT 410°C

Run #92

Target: 65.2N1 - 34.8Ta alloy
Film: 54.4Ni - 36.7Ta - Ar
500 & thick, 410°C
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FIGURE 44

STRUCTURE AND SELECTED AREA DIFFRACTION
PATTERN OF NI - 36.7TA THIN FILM AT 900°C

Run #92

Target: 65.2N1 - 34.8Ta alloy
Film: 54.4Ni - 36.7Ta - Ar
500 & thick, 73,600x, 900°C
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APPENDIX I

Description of the Threce Stages for Sputtering

Pre-sputtering Stage (12 hours)

(1) Break vacuum with nitrogen.

(2) Screw selected target(s) to upper electrode(s)

and place either aluminum foil or a sheet of

annealed copper between target and electrode to

assure thermal contact.

(3) Place substrate(s) on substrate holder table.

(4) Pump chamber and gas lines to ~ 5 * 10 7 torr.

Sputtering Stage (1/2 hour + deposition time)

(5) Water cool target and substrate, backfill gas

lines with argon, heat Ti gas purifier to 900°C.
(6) Bleed argon to a chamber pressure of ~ 3 * 10 3
torr by the needle valve and allow the system to
stabilize.
(7) Select target, place the shield over the corres-
ponding substrate, raise chamber pressure to
~ 10 * 10 ? torr by the sputter-shutter valve.
(8) Start the R.F. generator and apply low power to
the target to warm up the generator.
(9) Start plasma by:

‘a) Applying high power (RsSOO watts)
b) Using teslacoil

(10) Set argon pressure to desired level and match

system at high power input.
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(11)

(12)

(13)

(14)

(15)

Monitor the forward and reflected power and the
D.C. bias and the R.F. kilovoltages until they
indicate the target is clean and they have stabi-
lized.

Set power level to approximate range to give de-
sired D.C. bias kilovoltage and R.F. kilovoltage
with the system matched.

Remove shield over substrate and immediately set
the parameters and match the system to give the
desired conditions.

Adjust the driver control, the shunt and series
controls of the matching network and the needle
valve to maintain the sputtering conditions while
depositing on the substrate.

Quench plasma by turning R.F. generator off.

Post-sputtering Stage (1/2 hour)

(16)
1mn

Pump chamber and gas lines tow~ 5 * 10 7 torr.

Backfill chamber to atmospheric with nitrogen

and remove substrate(s).

Pump chamber to 10 ! torr and hold.




APPENDIX II

Data Sheet

RUN # INITIAL VACUUM

DATE - NEEDLE VALVE SETTING
ELECTRODE # LINE PRESSURE
TARGET GAS PURIFIER
SUBSTRATE SPUTTER SHUTTER VALVE

| TIME | FORWARD | REFLECTED|R . F. VOLTAGE|D.C. BIAS |PRESSURE
| (min) | POWER POWER (kilovolts) (kilovolts) (microns)

,SLIDE

FINE TUNING SETTING

SERIES SHUNT
(watts)| (watts) (====) (---)
s

‘Comments:




APPENDIX III

Calculation of the Sticking
Coefficient of Nickel on Glass

From Figure 7 of the Results and Discussion section,

two deposition rates are known:

<4
I

t =0, D t=0+ 66 ﬁ/mln.

t>>0, Dl o 131 &/min.

Assuming the resputtering and evaporation rates are negli-

gible, then:

The sputtering rates are independent of time so:
DJt=O+ = SNi’t=0+ Ny; + SAth=O+ N,p (III-2)
\ (III-3)

Dlece = Syift=e Myi * Sarfe= Var

Under steady state conditions with respect to the tar-
get surface, the sputtering rate of each specie is directly

proportional to the bulk target composition:

N,. . : |
Ni _ “Ni _ 0.8611 (III-4)

NAZ Xap 0.1389

= 0.1613 NNi (III—S)

151




With the known deposition rates and equations (III-2),

(ITII-3), (III-5), a relation with only the sticking coeffi-

cients can be derived as follows:

Dl pogt = 66 = (55 lyogt) (Myg) + (sl o*) (0.1613 N.)  (III=6)
D gce =131 = (S5l YNG) + (5ppl o )(0.1613 N ) (II1I-7)
Dl 4 e 131 _ (Snilpew I (Nyi) + (Spplye 1(0.1613 Ny, ) (IT1-8)
Dlocgt 66 (Syyleag®) Myy) *+ (Sppliigt) (0.1613 N )

(sjlew) * (Sppli-ce) (0-1613) N

1.985 = Guileco™) * Gapl,_gr) (0-1613)

From the electron microprobe analysis, the sticking coeffi-

cient of aluminum is (see Appendix VI):

el o 0.5

For simplicity of this analysis, it can be assumed that:

It is also known that at t >> 0, SNi,t= = 1.00 so by sub-
stituting these values into equation (III-9), the initial

sticking coefficient of nickel on glass is:




_1.00 + (o 55) (0.1613)

S + = 0.4594

Ni | e=0

S + ~ 0.5

Ni | t=0
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APPENDIX IV
Analysis of Sputtering Yield

Versus Ion Energqy

An approximate expression for the sputtering yield

as a function of ion energy is desired for ion energies

above 1 kev. For the low ion energies below 10 kev, there

are three«zegionsof the sputtering yield versus ion energy

curve. At the ion energies of approximately 0.5 kev, the

yield, S, is approximately a linear function of ion energy,
E:

E ~ 0.5, S=C*E (1v-1)

Conversely at the high energies above 5 kev, the sputter-

ing yield is approximately constant (increasing at a very

slow rate):

E > 5, S ~ C' (IV-2)

For the present work, the transition region between these
two limits of ion energies, between approximately 1 kev and
5 kev, is of concern. The simplest expression for the sput-

tering yield as a function of the ion energy over this

- transition region is [43]:
S « in (E/E,) o (1v-3)

where E 1s the ion energy and Et is the threshold energy
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for the ion-target atom combination. This gives the rela-

tion:
l <E <5, S = k 2&n (E/Et) (IV-4)

The natural logarithm of x for x > % can be expressed by

the following series*:

x-1
X

x—l)2 + l(x-l

3 . -
" 5 (5 )2 4+ e (IV-5)

in x = + %(

The threshold energy of equation (IV-4) is on the order of
0.02 kev (Table XIV) and with (E/Et) >> %, the series ex-

pansion may be used to give:

(E/E)-1 | (B/E)-1, | (E/E)-1 5
S ek eyt gty ey v ] (4V6)

E-E E-E E-E . o
ety Cp e g0 e (1v-1)

S =k [

Considering the first three terms of the series to observe

the basic form of the expression, equation (IV-7) reduces
to:

2 3
3(EL)  3(E.) (E.)

S = k[—— - = + 2E2 ~ - ] (IV-8)

The general form of equation (IV-4) with the series expan-

sion of the natural logarithm is thus:

R

*Standard Mathematical Tables, Chemical Rubber Co., 13th
ed., p. 381.
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(1v-9)

Dl

C d
S = a + """2"""3""...‘.;
E E

For E >> 0, equation (IV-9) gives the proper limit of S
a in agreement with equation (IV-2). As the energy decrcases,

the higher power terms contribute more to the value of the
sputtering yield.
To approximate equation (IV-9) by two terms, three

terms, or more, high ion energy sputtering yield data 1is

required. As shown in Table XIII, there is low ion energy

data for both nickel and aluminum; however, there is no
high ion energy data for nickel as there is for aluminum.
The sputtering yield of nickel by Ar' at high energies can

be approximated from the high ion energy sputtering yield

data of Bader et al. [44] for nitrogen bombarding nickel.

For constant ion energy and target material, the sputtering

yield can be taken proportional to the ion-target atom

energy transfer term e [43]:

4M.M
1 2 (Iv-10)

2
(Ml+M2)

where M, and M, are the masses of the bombarding ion and

sputtered atom respectively. Thus the relation between the

sputtering yield of Ni by N; of energy E, SgllE, and the
| | 2
sputtering yield of Ni by Ar" of energy E,'SNiI , 1s:
” Ar'E
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2

Ni c
SAr[E _ 4 My My /Mt M) (IV-11)
N1 - | 2
Sy [E 4 M ML/ (M M)
2 2 2
Substituting in the appropriate values:
Ni « oNi _
sArlE 1.1 SNZ'E (IV-12)

The sputtering yield of nickel by N; of 5 kev ion energy

is =~ 2.3 by Bader et al. and this gives the sputtering yield

of nickel by ar' of 5 kev ion energy as:

Ni

Arls # 2.53

S

Equation (IV-9) can be solved for the n constants
(i.e. for n terms) with n sputtering yield-ion energy values.

Table IV-1 gives the calculated values of the sputtering

yield_for_a four term expression, S = a + 9-+ S. 4+ é—,
E E2 E3

and for a two term expression, S = a + g, along with the
published values and the values of the constants. With the
available data, the four term series represents the data
the best. Comparing the two term series to the four term
series, the agreement is very good for ion energies above

1 kev and is poor at the lower energies where the higher
power terms are significant. With the desired result being
a simple, fairly accurate expression for the sputtering
‘'yield above 1 kev, the two term expressions are sufficient.

Thus for Figure 10 of the text, the sputtering yield varia-

tions with ion energy are:




0.5375

Ni, .
Spplp = 2.6375

E
AL, _ _0.5182
sArlE = 2.1036 =
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Four term, Ni

Two term, Ni

Four term, AZ

Two term, AL
* sputtering yield at energy E/ argon ion energy

Values of Constants

Four term, Ni

Two term, Ni

Four term, A%

Two tern,

AL

Calculated Sputtering yields

Ni

Table IV-1

Data Points for Solution

*
2.53/5

2.53/5
2.00/5

2.00/5

a

+2.56558
+2.63750
+2.07600

+2.10360

Ni

Energy (published) (four
__term)

2.10/1
2.10/1

1.24/0.6

1.24/0.6

b

1.52/0.6

1.05/0.5

C

0.70/0.2

0.35/0.2

d

-0.09005

-0.53750

-0.35449

-0.51820

Ni
(two

A%

-0.45226

-0.13334

0

0

AL

(published)  (four

term)

+0.07973

0

+0.02704

0

AL
(two

5
S
0
5
0
5
0
5
0
6
5

.0 kev
.5 kev

.0 kev

kev

5
4
4
3
3.
2.5 kev
2

1

1

0

0

0

kev
kev
kev
kev
kev

kev

(2.53)

-, e am. e

2.10
1.52
1.39
0.70

2.53
2.52
2.52
2.50
2.49
2.46
2.42
2.33
2.10
1.52
1.20
0.70

2.53
2.52
2,50
2.48
2.46
2.42
2.37
2.28
2.10
1.74
1.56
-0.05
159

2.00

| - - S

.00
.99
.98
.96
.94
.91
87
79
62
24
05
35

o R e I R I o A S S O G WV

)
~

2.00
1.99
.97
.96
.93
.90
84
76
59
24
07
87

term)




APPENDIX V

Analysis of Deposition Rate

for Ni-Al Alloy Target .

The net deposition rate D for the Ni-Al alloy target

is expresscd as:

D = DNi + DAl (V-1)

By assuming the resputtering and evaporation rates are

neglible, the net deposition rate is-:

D = syiNyi * 5a1¥a1 (V-2)

By also assuming that initially, i.e. t=0+, SNi = Saq which
is effectively assuming a sticking coefficient for the

alloy, i.e. SNi = Spq = Salloy’ the net deposition rate

is :

? = Sal1oy My * Nap) (V=3)

The sputtering rate is expressed as:

Nni = ¥yi ¥ 9 % Ygs

N1 = %an

* J % Ya1

No=Ngg + Ny =0 % (v, + X2 1Yn1) (v-4)

The ion flux J is defined as:

J = I/A
ions

cm secC

I = ion current = ions/sec




A = target area = cm’
The ion current is directly proporational to the net D.cC.
bias kilovoltage, which is equal to the R.F. kKilovoltage,

SO:

dav
dt—I/C - T V

This gives the ion flux as:

J e VRF (V-6)

By considering two conditions, 1 and 2, the ratio of the

Sputtering can be expressed as:

(Ngi; + Nag)| g J1 0 *nill Yyil1 * Xa1ly Yarly

%
(Ng; + Ny0)] Jo o Xyilp Yyilo + *a1l2 Ya1lo

(Ngi + Nap) |y Veplg *wil1 Yyili * ¥a1l1 Yagls
° ' T Voal, x| v + X, .|, v (V-7)
(Mg + N0, RFI2  *nil2 Ynilo * %5107 Yaqlp

By combining the net deposition rate relation,
EQUatiQn~(Vﬁ3),1Wi£h,thezsputterihg rate relation, equation
(V=7), the ratio of the deposition rates for two conditions
is:

| Ty ‘
s,,.}w]f“ .Nl .Al 1 (V-8)
alloy!?2 (N,_. + NAl)-z

b, Salloylz  Vrrl2  *yilz Yyila * Xa1ln Yaql o

The target is an alloy so under steady state
conditions, the Spﬁttgring rate of each specie is pro-

portional to the atomic fraction of each specie in the
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target:
Nyi xNi,tarqct

Xoq | g
Al Alltarget

The composition of the target is (Table IV):

(V-10)

93.1 wt.% N1 -~ - 0.8611 at. fract. Ni

6.9 wt.% Al -~ - 0.1389 at. fract. Al

and thus equation (V-10) becomes:

NNi o 0.8611
© 0.1389

Al

Expanding the sputtering rate of each specie:

Gagil3) 95) g3 13) 0.8611
(%3713) (3) (vp];)  0.1389

i=1,2

| (xgil3) i li) o.8611
=12 T ) = 0.1389
111 War ly y

The total composition must be 100 atomic %:

i=1,2 Xgili + %a1ly = 1.00

=1 - x

=L, 2 *arli wili

Substituting equation (V-15) in equation (V=13):

Xnili . Yyili _ 0.8611

Equations (V-16), (V-15) and (V-9) are the

(

(V-11)

(V-12)

(V-13)

(V-14)

(Vv-15)

(v-16)

governing relations because the values needed are known

as follows:

\V4 ié‘meaSured‘
Vpp '

yNi and Yap1 are found from published data,
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D is known from D vs. t relation,

Salloy p may be assumed equal to salloy 2

at t=0+.
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APPENDIX VI
Aluminum Sticking Cocfficient Calculation

for 93.1N1 - 6.9A2 Alloy Target

The average composition of the sputtered thin film

is Ni-3.947 wt.% AL from the Ni-6.9 wt.% AQ alloy target.

With steady state conditions at the target surface, the sput-

tering rate for each specie is:

=,

AL _ 0.1389 )
~  0.8611 (VI-1)
Ni

By assuming the resputtering and evaporation rates are neg-

ligible, the deposition rate for each specie may be expressed

as:

g Spgl o
_A% _ AL AR (VI-2)

Ni  Snili

From the microprobe analysis, the ratio of the deposition

rates is:

5
'AQ _ 0.0821 . (VI-3)
D... 0.9179

N1

Taking the sticking coefficient of Ni equal to unity and
‘substituting equation (VI-1l) and (VI-3) into equation

(VII-2), the sticking coefficient of aluminum is calculated

as:
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N1 AR
SAP, SNJ. & 6

AL Ni
Sag ¥ 0.55
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APPENDIX VII
Target Composition Calculation

For Ni1-Ta Plasma-Sprayed Targets

By rearranging equation (31) of the text for the

ratio of the target compositions, the equation is:

Ni _ Sta , Yra , Pni

(VII-1)

¥ra Sni Yni  Pra

The sticking coefficients of nickel and tantalum are as-
sumed to be unity. The sputtering yield of nickel is taken

from Figure 10. Using the analysis of Appendix IV based on
the 5 kv and 0.6 kv data of Table XIII, the sputtering yield

of tantalum is given by:

. i1, 0.30682
RF

This relation gives the sputtering yield of tantalum as
0.98 for 2.3 kv < VRF < 2.4 kv. The composition values
‘used in equation (VII-1) are the atom fractions. Also the

total composition is expressed as:

Xpy = 1 - Xai | | (VII-2)

The following table gives the values used and the solution

to equations (VII-1) and (VII-2) for the "expected" target

composition.
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SNi

(---)
1.00
1.00

1.00

atoms atoms

(==) (==) (wt.%) (wt.%)

(---)

1.00 2.37 0.98 (98.84 / 1.16) 97.2

0.98 ( 93.57 / 6.43) 85.5

2.30 2.40 0.98 ( 93.13/ 6.87) 84.7
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