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(ABSTRACT)

The fabrication of bilayer and multilayer Mo/Al thin films using a conven-

tional multi-target rf-diode sputter deposition system was studied. The films were deposited on glass

and Si( 100) substrates. The as-deposited films were charactexized with respect to their structure and
i

composition profiles using X-Ray diifraction, AES, SEM, TEM, and RBS techniques. The as-

deposited bilayer films were of good quality with an interface thickness of about 200 Ä. They were

annealed at different temperatures in the range of 300-600°C for different times. Diffusional inter-

mixing and phase changes were monitored and diffusivity measurements were made. The growth

characteristics of intermetallic compounds were analysed. Mo/Al multilayer thin films with layer

thicknesses less than 200 Ä were also deposited. An assessment of structural and compositional

modulations in these multilayer films revealed the need for the conversion of the conventional diode
' sources to magnetron sources for improvement of film quality. Also presented are a few preliminaxy

‘ theoretical calculations for high-energy ion·beam mixing of the Mo/Al bilayer thin films.
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1.0 INTRODUCTION

Transition metal films are being used extensively in Integrated Circuits (ICs)

as Schottky barriers and as ohmic contacts [1]. One of these transition metals is Molybdenum

(Mo), which is deposited as a thin film on silicon to form refractory Molybdenum silicide gates and

interconnects in VLSI and VVLSI circuits. Aluminium (A1) thin film stripes are being used as

electrode and wiring material in these IC devices. Al/Mo bilayer thin films also find applications in

solar energy devices, planar type magnetic sensors and other thin film devices. The Mo thin film

I layer acts as a diffusion barrier that prevents reactions between the Al electrode and the silicon ac-

tive layer in such devices. It may also help prevent electromigration failures of the Al thin film

stripes, caused by field-assisted Grain Boundary diffusion of A1, by solute·vacancy trapping and

intermetallic compound formation [2]. These applications stress the importance of the character-

ization of Mo/Al bilayer thin films for their preparation, structure, thermal stability and phase

transformations.

Currently, there is renewed interest in the production and stabilization of

synthetic metallic multilayered superlattice thin films that have a eutectic phase diagram and have

different crystal structures [3, 4, 5, 6]. These multilayer films are found to exhibit several interesting

properties such as electrical resistivity controlled by layer thickness, a sudden sign change in Tem-
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perature Coefiicient of Resistivity (TCR) from positive (metallic) to negative (non-metallic) as a

function of layer thickness with zero TCR over a wide temperature range at the appropriate layer

thickness [7], increased superconducting transition temperature, two~dimensional magnetic behav-

ior, and elastic ’Supermodulus Effects’ [8]. Further, Mo/Al multilayer thin films are best suited for ·

BCC/FCC interface coherency studies and interdiffusion studies for very short diffusion distance

and time scales. These multilayers, being made of altemating layers of dense high atomic number

Mo with the low atomic number Al, may be used as a dispersion element for soft X-rays in X-ray

optics, thus producing wavelength selectivity through Bragg diffraction at low angles less than ap-

proximately l5°. They can also be used to form complex X-ray interference structures [9].

Formation of amorphous alloys in layered thin films through solid state
I

diffusional reactions or high-energy ion-beam mixing, in general, increases the corrosion and

oxidation resistance by promoting the formation of a uniform passive protective film [10]. A com-

parative study of thermal diffusion and high-energy ion-beam mixing would lead to a better

understanding of the mechanisms involved in radiation enhanced diffusion. Ion-beam mixing of the

Mo/Al bilayer and multilayer thin films to examine the differences in mixing rates and the efiiciency

of mixing may help optimize the parameters involved in the fabrication of protective layered thin

film coatings, surface·a1loyed by ion-beam mixing. Further, Mo/Al layered films are amenable to

easy RBS composition profile analysis because the RBS spectral peaks corresponding to Mo and

A1 are well separated in energy due to the large differences in their atomic densities and atomic

numbers.

Considering the theoretical importance and potential applications of Mo/Al

bilayer and multilayer thin films, the thesis work presented here concentrates on the fabrication of

these films using a conventional radio·frequency (rf-) diode sputter deposition system and their

characterization with respect to structure and composition. The films were deposited on glass and

Si(l00) substrates. The methods used for film characterization were Auger Electron Spectroscopy

INTRODUCTION
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(AES), X-ray diffraction, Analytical Electron Microscopy (AEM), and Rutherford Backscattering

Spectroscopy (RBS). _

The as-deposited Mo/Al bilayer films were annealed at different temper-

atures in the range of 300-600°C for different lengths of time. The annealed films were examined

for composition profile changes due to interdiffusion, intermetallic compound formation and

metastable or amorphous phase forrnations. The lattice diffusivity of Mo ir1 Al thin f1lm and the

growth characteristics of intermetallic compounds are presented. Attempts were made to deposit

Mo/Al multilayer thin films with different layer thicknesses. Parameters determining the structural

quality and composition modulation amplitude of these multilayer films were analysed.

In this thesis, the second chapter reviews relevant literature on sputter de-

position technique, the Mo/Al phase diagram and crystal structures of possible intermetallic com-

pounds, and the results of earlier studies on similar BCC/FCC layered thin films. llt also briefly

reviews the characterization techniques used in the present study. Chapter 3 presents the theory

based on which the experimental results obtained using the various techniques were analysed. The

various experimental procedures adopted for fabrication and characterization of the Mo/Al layered

thin films and for the study of diffusional reactions in them are presented in Chapter 4. The results

of these experimental studies are presented in Chapter 5 along with discussions of the results.

Conclusions and recommendations for future work are presented in the last Chapter 6. Finally, in

the appendices, recommendations are made for improvement of film quality and for obtaining

sharper interfaces using rf- magnetron sputtering sources. Results of a few preliminary theoretical

calculations to predict the effect of ion-beam mixing with a high-energy Argon ion beam on Mo/Al

_ bilayer thin films are presented. Few experimental RBS analysis results from ion-beam mixing of

Tin (Sn) tl1in films on pure Iron (Fe) substrates are also presented for a qualitative comparison with

the tl1eoretical predictions for ion-beam mixing of the Mo/Al films.
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2.0 LITERATURE REVIEW V

p In this chapter, the literature on the fabrication of thin films using sputter

deposition technique is first reviewed. Special attention is given to the optimization and control

of parameters that affect the quality of the deposited films. Following the above review of sputter

deposition technique, a survey of the equilibrium phase diagram of the Mo/Al binary system and

the crystal structures of the intermetallic compounds is presented. Data available in the literature

on interdiffusion and compound formation for the Mo/Al system are also presented. Further, other

similar BCC/FCC metallic layered thin film systems are reviewed. Finally, a brief review of the

, techniques of characterization of layered thin films is presented. This review concentrates on the

techniques (AES, XRD, TEM, SEM, and RBS) used in this research effort.
l

2.1 Fabrication of Layered Thin Films

Traditionally, frhns that are less than a few microns thick are considered as

thin films. Several methods exist for the deposition of these thin films. Among these methods, the
most widely used ones for the preparation of metallic thin films are Glow Discharge Sputter depo-
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sition, Chemical Vapor deposition, Ion Beam deposition, Electron Beam Evaporation, and Mo-

lecular Beam Epitaxy. Each of these methods has its own advantages and limitations, depending

on the material to be deposited and the requirements on the physical properties of the deposited

film. One of the major advantages of Glow Discharge Sputtering is that thin films of almost any

element in the periodic table can, in principle, be deposited using this technique. Specifically, the

radio frequency (rf-) glow discharge sputtering technique, which was first described by Anderson

et. al. [11], can be used to deposit thin films of even semi- and non-conductive materials. This is

the technique that was used for the fabrication of layered Mo/A1 thin films in the research work

presented here. Hence, the processes and parameters involved in this sputter deposition technique

are reviewed in the following section.

2.1.1 Planar Diode Glow Discharge Sputtering

Because of the importance of thin films in modem technology and the high
A utility of sputtering technology to fabricate these films, there are several books and critical review

articles in the literature about sputtering and the sputter deposition processes. The review presented

· here pertains specifically to glow discharge inert gas sputter deposition technique using a conven-

tional planar diode source and is derived from a few recent review articles and books on the subjects

of sputtering and thin films [12, 13, 14, 15].

A conventional glow discharge planar diode sputtering system has one or

more targets (cathodes) and an adjacent substrate mounting table (anode) as depicted in Figure 1

on page 7. A low pressure abnormal negative glow discharge is established between the anode and

the cathode(s) by exciting the inert gas (usually pure Argon), using excitation coils. The glow dis-

charge environment is maintained by the application of DC or RF (5-30 MHZ) power. Norrnally,

gas pressures ranging from a few millitorr to about 100 mTorr are used. The positive ions in the

glow discharge strike the cathode target and remove mainly neutral target atoms by momentum

LITERATURE REVIEW 5



transfer and these neutral atoms condense on to the substrate to form the thin film. Together with
these neutral atoms, secondary electrons and ions, desorbed gases, X·rays, and photons are also

produced and all of these can affect the properties of the deposited frlrn. The growing fihrr and the
substrate platform are bombarded by the secondary electrons and ions. This is always the case ir1

« simple planar diode sputtering because the substrate platform is at a relatively high positive poten-

tial (normally ’fIoating’ in the glow discharge) with respect to the target which is connected to a high
negative voltage supply. In many instances, a negative bias potential is applied to the substrate

platform, so that the growing film is subject to positive ion bombardment. When operated in this
way, the system is said to be in ’Bias Sputtering’ mode.

For the deposition of layered thin films, multi-target configurations [16] are

required so that sequential deposition of two or more materials is possible. A typical multi-source

sputter deposition system that can be used for sequential deposition of metals to form layered me-

tallic thin films is shown in Figure 2 on page 8. In such sputter deposition systems, the targets are

well separated and the substrate table or hoder moves past the targets. A single layer of appropriate

metal gets deposited as the substrates pass by a target. These sputtering systems have the capability

to split and share the total available power between the depositing targets in any specific ratio so

that deposition rate of each target material can be controlled.

2.1.2 Deposition Parameters and Control

Westwood [12], in his critical review of glow discharge sputtering, analyses

the parameters that affect the characteristics of the deposited thin film. The rate of sputtering of the

target depends on the flux, type, and energy of the incident sputtering ions and the target material.

For a given sputtering gas and target material, the sputtering rate increases with both the energy and i

the flux of ions produced in the glow discharge. Increase of sputtering rate can be achieved by in-
creasing either the target bias voltage or the ion current density because in a diode discharge, the

LITERATURE REVIEW 6
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target bias voltage and the ion current density are interdependent. The maximum value of target

bias voltage is determined by the maximum power capacity of the rf- or dc power supply. Thus,

the power supplied to a target directly controls the target sputtering rate and consequently the thin

film deposition rate.

Another very important parameter that directly determines the sputtering

rate and the deposition rate is the inert gas pressure. Increasing the sputtering gas pressure increases
I

i the glow discharge current and thus tends to increase the deposition rate. But, this increase in gas

pressure also increases the retum of the sputtered material back to the target by backscattering; this

tends to decrease the deposition rate. increase in gas pressure also slows down the energetic particles

by inelastic collisions so that the energy of particlcs incident on the substrates is minimized. Fur-

ther, at higher pressures, self-sputtering may occur due to increased Penning ionization which tends

to increase the sputtering rate and consequently the deposition rate. The overall effect of these

competing processes as the sputtering gas pressure is varied is that there is a small range of gas

pressure at which the deposition rate is maximum. This optimum gas pressure also depends on the

system geometry (especially the target-substrate separation distance), the target bias voltage and the

sputtering gas used. The effect of sputtering gas pressure on the deposition rate of nickel is depicted

in Figure 3 on page 10 [17]. The deposition rate curve in this figure was obtained for a target- "

substrate separation of 4.5 cm and target voltage of 3000 V. The optimum pressure for this system

is at ~ 75 mTorr that yields a current density of ~ I mA/cmz and a deposition rate of 360 Ä/min.

Since the optimum pressure depends on many parameters, it must be deterrnined empirically for

each application under fixed conditions of geometry and target voltage. In most cases, this opti-

mum pressure lies between 10-150 mTorr for Argon gas.

It should be recognized that true deposition rate is the difference between

the arrival rate and the resputtering rate of the target material at the substrate. The arrival rate is

controlled by the control of target sputtering rate. The resputtering of the film deposited at the

substrate is controlled by the value of negative bias that the substrates are subjected to. The
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substrates in a diode sputtering system are generally left ’floating’ (not grounded) at a slight negative

bias and hence are always subject to ion bombardment and resputtering. It is generally found that

controlled resputtering often irnproves the physical properties of the deposited film such as film

density, grain size, adhesion, and surface morphology [12]. Control of resputtering is achieved by
l

applying a negative substrate bias voltage from an external power source. Usually, a small fraction

of the negative bias applied to the target from the main power source is redirected to the substrate
’ holder. Increasing the substrate bias increases the resputtering rate and hence decreases the net de-

position rate. However in most cases, the uniformity of deposit and the quality of the flm are im-

proved by this. Substrate biasing also increases the substrate temperature considerably and if the

bias is high enough, it may lead to an increase in inert gas incorporation in the growing film. Be-
I cause of these effects, it is generally preferred not to use a high substrate bias. Since substrate bias

is very critical for control of film quality, a proper biasing voltage has to be chosen empirically for

optimal control of the physical properties of the deposited film. The optimum value of this bias

usually depends on the geometry of the system, the film material being deposited, sputtering gas

and gas pressure. .

In short, for a specific target material, the rate of deposition and the quality

of the film are influenced by the following parameters -

• System geometry (target-substrate separation distance)
• Target voltage and power
• Sputtering gas pressure l
• Substrate bias voltage
• Substrate temperature (if externally heated or cooled)
• Residual and impurity gases in the system
• Type of substrate and its surface conditions
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The effect of substrate temperature and sputtering gas pressure on the morphology of thick metallic
sputtered films is schematically represented in Figure 4 on page 13. All the parameters listed above
are inter·related and attempts must be made to control the parameters through prior knowledge and
experience about the system and through empirical calibration of the system so that films with de- .

sired physical properties could be deposited.
i

l
2.1.3 Sputter Deposition of Layered Thin Films

Fabrication of bilayer and multilayer thin films by sequential sputter depo-

sition of two or more different materials makes use of sputtering systems with multi-target config-

urations represented lI1 Figure 2 on page 8. Though the deposition process and the control
parameters are the same as discussed in section 2.1.2., the optimization of these parameters is much

more difficult and involved. Sometimes, it may not be possible to obtain unique optimum values

for the control parameters, especially when sequentially depositing two different materials which
exhibit widely different sputtering and resputtering characteristics [12]. The important consider-

ations for obtaining sharp or abrupt interfaces and large coherent composition and structural

modulation amplitudes using sputter deposition systems [15] are -

l. Sputter source — deposition surface decoupling

2. Energy distribution of sputtered atoms

3. Geometry of source - substrate configuration.

Since the source is plasma based, plasma-substrate coupling is of primary

concern. This coupling is due to the secondary electron bombardment, inert gas ion bombardment,

neutral inert gas atom bombardment, and vacuum ultraviolet irradiation of the substrates and it

causes substrate heating, enhanced atomic mobility for depositing atoms at the surface of the
growing film, inert gas ion irnplantation, and ion-beam mixing of the deposit surface. One or more
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of these effects lead to the degradation of interface character with respect to sharpness up to a few
hundred Angstroms in extent. Unfortunately, due to the inherent nature of conventional diode

sources, it is almost impossible to completely decouple the interacting plasma from the substrates.

The effect of plasma·substrate coupling on the composition modulation amplitude of a semi-

conductor multilayer superlattice thin film deposited using a conventional diode sputtering source

is illustrated in Figure 5 on page 15 [18]. Increasing the sputtering gas pressure tends to decouple .

the plasma from the substrate and reduces the effect of p1asma·substrate coupling. However, it

should be noted that the modulation amplitude was well below 100% at all the indicated sputtering

gas pressures and modulation wavelengths. Though such effects have not been reported for the

deposition of a metallic multilayer system, one can expect similar effects in metallic systems also.

This makes it difficult to fabricate compositionally abrupt interfaces using a diode sputter deposi-

tion source. Magnetron sources are capable of completely decoupling the plasma from the substrate

and the advantages of magnetron sources over conventional diode sources for deposition of layered

thin films are discussed in appendix A.

The energy distribution of sputtered atoms also determines the energy or _

power deposited by these atoms at the substrate surface or the surface of the growing film that leads

to substrate heating. Considerable increase in substrate temperature is possible when the substrate

is thermally isolated. To minimize this effect, the sputtering system may be operated at relatively

higher sputtering gas pressures so as to thermalize sputtered atoms by gas scattering. _

I
The angle of incidence of the depositing atoms on to the substrate together

with the roughness of the substrate determines the uniformity of layer formation and the in—plane

or lateral coherence of the deposited layered frhns. Sputter sources are ’distributed’ in nature and

provide deposition at many different angles of incidence at the substrate. Also, the motion of the

substrates past the targets in a multi-target configuration results in deposition at nearly all angles
of incidence. These two effects tend to minimize the role of surface roughness of the substrate in
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producing films of non·uniform thickness [12]. However, for obtaining good lateral coherency, the

substrate surface should be as atomically smooth as possible.

2.2 The Mo/Al System

2.2.1 Phase Diagram and Crystal Structures

The most recent equilibrium phase diagram [19] of the A1-Mo binary system

is shown in Figure 6 on page 17. The diagram was assessed based on earlier work by other inves-

tigators and was obtained by thermodynamic modelling. This diagram shows that there are at least

nine intermetallic phases in the Al-Mo system. Since diffusion and phase formation studies of the

sputter deposited Mo/A1 bilayer thin films in the present investigation were carried out at temper-

atures between 300°C and 600°C, only those intermetallics that form below 600°C are of immediate

concem. These compounds are, Al], Mo (BCC), Al6Mo (Unknown structure; possibly

Monoclinic), A15Mo (Hexagonal), Al„Mo5 or Al,, Mo., (Unknown structure), A14Mo (C - cen-

tered Monoclinic), A18 Mo; (C - centered Monoclinic), ar1d A1Mo;, (Cubic - A15). Of these,

AlMo; and Al8Mo; exhibit some amount of solid solubility. The other intermetallics do not show

any signiiicant solid solubility. According to Kamei'et. al.[20], the solubility of Mo in A1 at 660°C

(approximately the melting point of Al) is probably much less than 0.06 atomic %. At lower tem-

peratures, solubility decreases rapidly such that at 400°C it is probably less than 0.01 atomic % .

The solubility of Al in Mo is not clear at low temperatures from the diagram. The given solid sol-

ubility curve is based on lattice parametric work [21]. It can be seen that an extrapolation of th.e

solubility curve to lower temperatures (< 600°C) would indicate only small amounts of Al solid

solubility in Mo (< 0.3 atomic %).

LITERATURE REVIEW 16



Weight Percent Aluminum ‘
0 lo 20 30 40 50 60 70 80 1002700 2 ic

2”°° · { 1 „ „2300 ‘„_ ~._
L ä\\‘ \\‘ • Ä?

~
__ ~2l50:I00 C2100 *°·§·* -F-° . . _;.· :• ~„ $$2*2 </ := ‘— ääää §S, I900 : { ‘s‘ ‘ {.. ' •ZI ' { I • E -125*/ 15°5:¤ 1700 • ‘° "' • "‘—„

1;

"

~"sL ‘ 70° ‘ I577$30°Cg_ l500 _ — lää ‘·~,_
E { ‘sL‘ .51 ,., • { I ‘~„
F' 1300 ( : {

‘5\
¢'|•

5
°

1 { ‘s
1100 z E ' ° ‘

I | ••••• •••• _555 : § : _
· ....mic.-...{ 1 { < {

7qQ ‘ 1 880.452°C. I I500 l I { 1 1 (AI)O IO 20 30 40 50 60 70 8‘0 90 100Mo Atomic Percent Aluminum Al

Fivure 6. Al·Mo E uilibrium binar hase dia ram |Rcf.l9].1, q Y P 8LITERATURE REVIEWV 17{ ___i___i_j



The crystal structures of the equilibrium phases present at temperatures

below 600°C for the A1-Mo system are - . W

1. Face centered cubic Al [22]

2. Body centered cubic Al„l\/Io with space group Im3 [23]
3. Al8Mo with unknown crystal structure that is possibly Monoclinic [23]
4. Hexagonal A18 Mo with space group P6; [25]
5. Al„Mo8 or Al„Mo4 with unknown crystal structure [19] ‘

6. C - centered monoclinic A14Mo with space group Cm [24]
7. C - centered monoclinic AlgMo; with space group C2/m [25, 26, 27]
8. Cubic AlMo8 which is of the type A15 with space group iPm3n [28]

9. Body centered cubic Mo [29]

The lattice parameters of the above phases are listed in Table 1 on page 19. 'Ihe atomic positions

for some of the intermetallic compounds listed above are given in Table 2 on page 21.

2.2.2 Diffusion and Reactions

Thin film diffusion and reaction kinetics differ from that of bulk specimens.

The factors that are responsible for this difference are critically reviewed by Balluffi and Blakely [30].

In most cases of thin film reactions, many of the factors discussed by them such as the presence

of large amounts of short-circuit diffusion paths, large bi-axial stresses, and steep concentration
gradients tend to be actively controlling the diffusion and growth kinetics. Because of these factors,

generally one can expect interface controlled’ kinetics to dominate thin film diffusion reactions.

Further, because of the steep concentration gradients, it is more difficult for the interface reactions
A

to maintain local equilibrium at reaction boundaries. This may lead to the formation of non-
equilibrium metastable phases in thin films. Interface controlled reactions exhibit linear growth
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I
Phascs Latticc pZII'ällIICICI'S (Ä) (Icll Anglcs
A1 FCC

ZI = 3. I469
AI„M0 Cubic

I1 = 7.58 I 5
Al,Mo I Icx:1g0n:1l

ZI = 4.89; c = 8.80I
A1,,Mo Monoclinic

a= 5.255; b = I7.768; ß= l00.7°c = 5.225
AISIVIO3 Monoclinic

a= 9.208; b = 3.6378; ß= I00.78°c = l0.065
AIMO, Cubic

_ a = 4.95()
Mo BCC

a = 3. I469
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Atomic Positions of the A1,,Mo Phase

Space group Tf, - Im3
l

(0,0,0; Vz,Vz,V1)+

24 A1 in g (0,y,z; z,0,y; y,z,0; 0, $7, 2; 2, 0, y; $7, 2, 0;
2, 0, y; y, 2,0; 0, $7, 2; 2,0, y; $7,2, 0) with

y= 0.1854; 2= 0.3083

2 Mo in a (0,0,0)

Atomic Positions of the AL,Mo Phase

Space group C} — Cm

(0,0,0; 1/2,1/2,0) +

2A.11I1& (x,0.,z) with x=0.l61l; z=0.5103
' 2 A1 in a (x,0,2) with x= 0.5117; z= 0.1481 a

4 A1 in b (x,y,z; x,y,z) with x= 0.6753; y= 0.0767; z = 0.6951

· 4 A1 in b (x,y,z; x,y,z) with x= 0.8322; y= 0.1180; 2= 0.2246
i

4 A1 in b (x,y,z; x,$7,z) with x= 0.2067; y= 0.1218; z= 0.8267

4 A1 in b (x,y,z; x,y,z) with x= 0.7087; y= 0.2351; 2= 0.6057

4 A1 in b (x,y,z; x,$7,z) with x= 0.5414; y= 0.2497; z= 0.0818

2 Mo in a (x,0,z) with x= 0.0000; z= 0.0000

4 Mo in b (x,y,z; x,y,z) with x= 0.3514; y= 0.1368; z= 0.3452

7
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Table 2. Atomic positions of somc intcrmctnllic compounels in AI—I\lo systcm.

» Atomic Positions ol tluc 1\l,,I\Io, Plnnsc

_ Space group C},, · C2/m

4 A1 ini (x,0,z; R, 0, 2) with x = 0.272 z = 0.906
' 4 Al in i (x,0,z; X, 0, E) with x= 0.460 z= 0. l78

4 A1 ini (x,0,z; X, 0, 2) with x = 0.l87 z = 0.279

4 Al ini (x,0,z; X, 0, Z) with x= t).367 z= 0.542

2 Mo in a (0,0,0)

4 Mo ini (:4,0,1; X, 0, E) with x= 0.004 z= 0.660

i
Atomic Positions ol thc Alälog Plnisc .

Space group O2, · Pm3n

6 Mo in c i (*/.,0,%; 55,*73,0; 0,‘7&,‘7i.; i>3,tI,‘„&; ‘/1,%,0; 0],},%-;)

2 A1 in a (0,0,0; 53,%, ‘.&)

LITERA'I‘URE REVIEW ZI

I I
·— — —*———*·



rates. If short-circuit diffusion controls the thin film reactions, the new phases being formed might

be nucleated along these short·circuit paths and may grow into irregular shapes with ocmplex

growth kinetics. The stress in thin films generally tend to assist lattice and grain boundary diffusion.

Reviewing specifically the diffusion data available for Al-Mo system, it was

found that very few studies were performed on this system so far. Nguyen van Chi [31] studied the

diffusion of Cr, Mo, Ti, V, and W in Al using electron microscopy techniques in the temperature

range of 560 · 655°C. He concluded that the diffusion coefficients near the melting point of Al were

greatly influenced by the number of d-electrons involved and also obtained a linear relation between

the results and the number of d-electrons of the diffusing element. He obtained a value of Do 2*

18 cmz/sec. for the pre·exponent factor and Q 2 60:1: 4 kcals for the activation energy for diffusion

of Mo in Al for a composition of 0.2 to 0.3 atomic % Mo in Al in the temperature range of 625 ·
655 °C. Rexer [32] studied the phase equilibria in Al-Mo system at temperatures above l400°C.

He obtained the relation

Cmax = 2.11 >< exp( — 5400/T)

for the maximum solubility of Al in Mo (Cmx), where T is the temperature in °K. However, these

studies were done on bulk samples.

Recently, reactions in Al/Mo bilayer thin films were briefly studied by

Kitada and Shimizu [33] using Auger depth profiling technique and TEM. In their bilayer films,

Al was deposited on Mo, on various substrates using a conventional electron beam evaporation

system. The thickness of the layers were 2* 500 A each. These investigators used TEM techniques

to study the microstructure of the as·deposited and annealed films. Intermetallic compounds formed

were identified using electron diffraction pattems. They could find compounds All 2Mo and

AIMO; being formed in films that were annealed between 300 to 500°C. However, they could not

clarify the other phases that might have forrned due to the complicated nature of the electron
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diffraction patterns. They also could not use the composition profiles obtained by Auger depth

profrling to determine the interdiffusion and intermetallic compound growth characteristics. This

was because of an unknown amount of profile shift caused by the analyzing method itself. Study

of electrical resistivity changes with annealing time led them to believe that the compound forma-

tion kinetics was parabolic and hence was diffusion controlled. It was also found that a reduction

in annealing vacuum caused Mo to diffuse to the surface and get oxidized. The Mo oxide was re-

ported to be amorphous.

2.3 Other BCC/FCC Metallic Layered Thin Films

Several other bilayer and multilayer thin film systems have been investigated

so far in which alternating BCC/FCC metallic layers were deposited. One such bilayer system that

is similar to Mo/Al system is the Cr/Al system. Like the Mo/Al system, Cr/Al system also exhibits

several equilibrium intermetallic compounds. Interdiffusion of Al and Cr in a bilayer thin film was

investigated by Chamberlain [34] using AES combined with Argon ion-beam sputter depth profil-

ing. Though several intermetallics were possible, only Al7Cr was observed at the interface of the

isothermally annealed samples. The growth rate of this compound was found to be parabolic and

the growth rate constant was estimated. The chemical interdiffusion coefficient D was calculated

and the lattice diffusivity of Cr in Al was estimated. This bilayer film was deposited by electron

beam evaporation technique.

The multilayer system involving Nb/Cu [3,35] was studied extensively for

structural and physical properties. Characterization of the films using X-ray diffraction revealed one
I

dimensional coherence with [110] and [111] texture in Nb and Cu layers respectively. These two
elements are not mutually soluble and hence there is no interdiffusion. The quality of the films
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however deteriorated at smaller layer thicknesses and the grain size was also found to decrease. The

as-deposited interfaces were found to be quite sharp at layer thickness > 20 Ä. No evidence was

found for the presence of coherency strains.

The Nb/Al system was investigated by McWhan et. al. [5]. This system

showed orthorhombic distortions of the Nb layers indicating the presence of anisotropic coherency '

. strains. Nb seemed to have contracted and Al expanded. The composition modulation wave was

approximately trapizoidal and the interfaces were E ll Ä thick. The interdiffusion was found to

be asymmetiic with Al diffusing into Nb.

' . Another investigation was on the Mo/Ni [4] multilayer thin film system.

The Mo/Ni multilayer films also showed [110] and [l l 1] preferred oxientation respectively. Several

substrates were used to f1nd out which substrates would give near-epitaxial growth. Anomalies in

lattice spacings, elastic modulii, and electrical resistivity as a function of modulation wavelength

were observed. These anomalies were attributed to the strains in the Ni lattice. Interdiffusion was

found to be negligible in the as-deposited films. These films were polycrystalline with a high degree

of texture.

lt should be noted here that all the above multilayer thin films were depos-
V

ited using magnetron source sputter deposition systems and not a conventional diode sputtering

system which was used in the present research effort. The interfaces in the cases cited above were

almost atornically sharp and the layering was also found to be very uniform and even coherent in

some cases, down to layer thicknesses of 10-20 Ä.
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2.4 Techniques ofCharacterization ofLayered Thin Films

Several destructive and non~destructive teclmiques are available for charac-

terizing layered thin films for the structure, texture, interface character, uniform and non-uniform

microstrains, surface condition, composition profile, intermixing of layers due to diffusion and/or

ion-beam mixing and possible new phase or compound formations. Some of the popular tech-

niques are X-Ray Diffraction (XRD), Auger Electron Spectroscopy (AES), X-ray Photoelectron

Spectroscopy (XPS), Rutherford Backscattering Spectroscopy (RBS), Secondary Ion Mass

Spectrometry (SIMS), Analytical Electron Microscopy (AEM), High Energy Ion Channelling,

Conversion Electron Mossbauer Scattering (CEMS), and Ion Scattering Spectrometry (ISS). Of

these teclmiques, AES, XPS, SIMS, and ISS need to be combined with sputter·etching of the sur-

face by an ion-beam to obtain composition-depth profiles and hence are considered destructive to

various degrees. Since the present study of layered Mo/Al thin films utilized four of these tech-

niques, namely, AES with Argon ion-beam sputter·etch proüling, X-ray diffraction, RBS, and

AEM, these four techniques are brietly reviewed here.

2.4.l_ AES with Argon Ion-beam Sputter-etch Profiling

AES is based on the Auger effect whereby an incoming electron with suffi-

cient energy ionizeis an atom by removing a core electron and the eircited atom relaxes to ground

state with the emission of a kinetic electron called the Auger electron. Energy analysis of these

Auger electrons yields elemental identification of the surface atoms within the sarnpling depth which

is roughly 5-20 Ä. This sampling depth depends slightly on the material being analyzed. Because

of the small sampling depth, AES is now a very popular technique for surface analysis [36]. Good
quantitative analysis using AES requires careful calibration as well as sufticient knowledge of the
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influencing parameters such as the current density, ionization cross·section, Auger transition prob-

ability, analyzer transmission, contribution of backscattered electrons and surface topography. Any

element in the periodic table starting from Lithium could be detected with 0.001 to 0.01 atomic

fraction limit of detection. Primarily, quantitative AES analysis is done by comparison with stand-

ard measurements, (the measured Auger signal of a specimen with unknown composition is com-

pared with the Auger signal of a standard with known elemental concentration) or by the use of

elemental sensitivity factors. The latter method is very useful in that it does not require any standard

measurements. If all Auger signals I, of the elements representing the specimen are known, the

concentration of the element A in the sampling volume is given by [37]

CA = (IA/KA)
ZÜ1/Ki)

where K, is the relative sensitivity factor of element i. In this method, however, the matrix de-

pendence of sensitivity factors and the influence of surface topography are ignored. These two ef-

fects may be important when AES is combined with sputter-etch profiling for the determination

of the composition profile in layered thin films. Despite the uncertainties in using the relative

sensitivity factors of pure element standards, quantitative analysis can be carried out with an accu-

racy of 10 · 30 atomic %.

Composition·depth profiling with AES can be done either by removing

surface layers by ion-beam sputter-etching with simultaneous surface elemental analysis [38] or by

using tapered scctioning methods. When adopting the former method for analysis of a multicom-

ponent system, one should always be aware of the possibility of ’selective sputtering’ which may

alter the very surface composition of the system that is being analyzed [39]. While sputter-etching

solid solutions or compounds, steady-state sputtering conditions are reached quickly after removal

of a layer comparable to the penetration depth of the primary ions. However, when a multi-phase

system is sputter-etched, steady-state conditions will be reached only after the removal of a layer

with a thickness of several grain diameters which is in general in the micron range. This may lead
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to severe roughening of the surface and an altered surface topography, and hence an altered surface

concentration as measured by AES [40]. This tends to alter the overall composition profile ob-

tained. A study of Al·Au, Al-Fe, Al-Ni, and Al-Cr compounds [40, 41] under 2 keV Argon ion-

beam sputter-etching showed depletion in Al, which is always the lighter and low sputtering·yield

component. The factor that detemrines the enrichment of aicomponent during the sputter-etching

of a multi-component system seems to be the recoil energy density deposited at the surface from

the collision cascade created by the irnpinging ion. It is experimentally observed [40] that for alloys

with quite different recoil energy densities of the constituents, collision cascade effects generally play

the dominant role and the enrichment of the heavier component occurs. One may expect to find

these effects when the Mo/Al layered films are subjected to sputter-etch composition·depth profil-

ing with AES. Also, the depth resolution in this case is affected by microtopography of the

sputter-etched surface and by ion bombardment damage or ion—beam mixing. Ion bombardment

’knock-on' causes motion of the atoms in the sample so that a sharp compositional interface is

homogenized to a certain extent by the momentum of the incident particles. Because of these

topographical changes and ion-beam damage effects, sputter-etch Auger depth profrling method is

not suitable for layered films in which the layer thickness is less than approximately 100 A. Higher

energies of sputter-etching ion-beam would increase this limiting layer thickness to larger values.

2.4.2 X-Ray Diffraction

X-ray diffraction techniques are well suited for studyirrg thin film systems

because they are non-destructive and provide relatively high resolutionover the small dimensions

of thin films. Techniques of analysis have been developed for analyzing the integrated intensities

and shapes of the X-ray diffraction peaks [42, 43]. These analyses give the thickness and orientation

of the phases present in the thin film. Any changes in thickness can be directly related to the growth
kinetics of the phases being formed as a result of thin film reactions. New phases could be easily

LITERATURE REVIEW
I

27



identified in most cases provided they are crystalline and give rise to specific diffraction pattems.
The dispersion status of the growing phases can also be determined using diffraction peak anaysis.

X-ray peak positions and peak shifts indicate changes in the average lattice spacing of the corre-

sponding phases as a result of composition changes and stresses in the thin film. From the

diffraction peak width and shape, information about the subgrain particle size and non-uniform

root~mean-squared microstrain can be obtained. An improved Fourier analysis method based on

the Warren and Averbach [44, 45] method of diffraction line shape analysis was developed by Smith

and Houska [46]. Computer programs are available to do routine line shape analysis on the

diffraction data to extract the above information.

X-ray diffraction technique for monitoring solid—state diffusion in thin film

systems has also been developed well [47]. The technique is based on the dependence of diffracted

intensity on the lattice parameter gradient which in turn depends on the composition profile inthe

sample. Computer programs are available to simulate the diffracted intensity band for a given

composition profile. The simulated bar1d is adjusted to fit the experimental intensity band by

changing the composition profile. From the composition profiles obtained at different temperatures

and times, diffusion data for the system can be obtained.

Analysis of multilayer thin films for structural information is most easily

done with X-ray diffraction. Simple reflection geometry is enough to make the measurements so

that the thin film need not be removed from the substrate. Composition and structural modulations
perpendicular to the layers can be studied on a standard diffractometer. However, structural infor-

mation parallel to the layers including texture and interface coherency can be studied only when the

X-ray scans are made in general directions in reciprocal space. The positions and line shapes of the

Bragg reflections of the average lattice and of the surrounding ’satellite’ reflections a.rising from the .

layering are used to calculate the average lattice constants and tl1e average modulation wavelength.
° Fluctuations in average lattice constant and modulation wavelength resulting from composition

gradients and loss of coherence can also be measured [48]. The integrated intensities of the re-
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flections are used for obtaining the composition and strain wave profiles. Interdiffusion and rnixing

between layers causes the amplitude of the modulation to decrease, which is reflected in the in-

tensities and positions of the satellite peaks and is easily measured in most cases. Low-angle (sat-

ellites of (000) reflection) diffraction peaks around the main bearn arise due to the composition
wave resulting from the layering and are observable only when the thickness of the individual layers
is S 60 Ä depending on the wavelength of the X-rays used. These low-angle peaks are insensitive
to strain modulations and are directly related to the structure factor modulation which in turn is

E
directly related to composition modulation. Hence, they make it possible to monitor diffusion even

in amorphous multilayer thin film systems [49].

2.4.3 Analytical Electron Microscopy

The power of the electron rnicroscope in characterizing layered thin films
lies in it being able to give real space images of the layering and to detect various kinds of defects

in the films. Electron diffraction techniques could be utilized for the identification of various phases

that might be present and their crystal structures. lt is well known that for all Transmission

Electron Microscopy (TEM) studies, thin specimens usually < l um are required. It is relatively

easier to prepare specimens thin enough to view under TEM by depositing the thin films on either

electron transparent carbon coated copper grids or easily dissolvable substrates such as cloven single

crystal NaCl. However, layered thin films are generally deposited on the surface of a thick substrate

and hence require thinning. Also, the most revealing mode of thinning for layered thin films is

perpendicular to the direction of layering. Ion-milling technique is generally used for obtaining thin

cross-sectional samples so that any differential thinning effects can be avoided. However, ion-milling

itself may introduce unwanted defects into the metallic layers due to ion-beam induced damage. It

may also induce amorphization due to ion-beam mixing and give rise to rnisleading results [50]. So,
if differential thinning could be avoided, one should always resort to chemical and electrocherniacl
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thinning techniques which are associated with less damage. There are several modes of contrasti
available through which layered structures could be revealed in TEM. Some of them are :
crystallographic contrast, absorption contrast, structure factor amplitude contrast, strain contrast,

and phase contrast, A critical review of the use ot TEM for the analysis and imaging of layered thin .

films is presented by Gibson [50].

The surface morphology of thin films can be studied using the scanning fa-

cility of an AEM or a STEM. Surface micro·topography is an important feature that in many in-
stances indicates the quality of the film. lt may also reflect the interface sharpness one can expect

in layered films. It is important to estimate surface roughness because it plays a vital role in deter-

mining the results of other analytical techniques such as AES, RBS etc. Reactions in layered films
may lead to the formation of compounds which alter the surface structure due to cracking or blis-

tering of the film. Formation of oxides on the surface and aflinity for oxygen may influence the

interdiffusion rate of layered structures [33]. Scanning images obtained with secondary electron de-

tector and backscattered electron detector would reveal information about the morphology of theh
surface and subsurface of the films. This information in many cases tums out to be important for

assessing the quality of the thin films.

2.4.4 Rutherford Backscattering Spectroscopy

This is an analytical method which involves bombardment of the thin film
sample with very high energy (0.5 to 3.0 MeV), low mass ions (usually H*, I·Ie*, or lIe’" “*)

which

penetrate into the sample [51]. The elemental identification of the sample constituents in RBS is

derived from the energy distribution of the backscattered projectile ions. Composition information

is obtained from depths upto 1 um into the sample, depending on the energy of the incident ion-
beam. The energy spectrum of the backscattered projectiles contains both depth and composition
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information because the incident ions lose energy to the outer shell electrons of the target atoms
as the projectile passes through the sample before and after the binary collision with a target atom.

Separation of depth information from the composition information is easily done through prior

knowledge of the sample constituents or by changing the angle of incidence of the projectile ion-
· beam. The sensitivity of RBS technique depends on the atomic mass of the element being analyzed

and the atomic mass of the matrix it is in. High mass element analysis in a low mass matrix would

exhibit higher sensitivity. The influence of the incident ion-beam radiation on most metallic target

materials is negligible within the sampling depth. A spatial resolution of S: 1 um and a depth re-
. solution of about 200 Ä are possible with RBS technique. However, mass resolution is poor and

it is hard to resolve high mass elements that are closer than 10 arnu in mass. So, RBS method is

best suited for layered thin films in which the two layered materials are well separated in atomic

mass. Such a separation does exist in Mo/A1 layered thin films and RBS technique is ideally suited

for composition-depth profile analysis of this system. RBS technique has been applied to study the

effect of ion-irnplantation and radiation enhanced diffusion of Tin into Iron [52]. In fact, as an ex-

ample of another thin film system, experimental RBS spectra obtained from Argon ion—bearn mixed

Sn frlrn on pure Fe substrate [53] were analyzed by the author to obtain Sn composition profiles.

A software package called RUMP [54, 55] was used for the analysis of the RBS spectra and the

results of the analysis are presented in appendix C.
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The theoretical basis for the equations and expressions that were used for

interpreting the experimental results obtained from the various thin film characterization techniques

and for diffusion analysis are presented in the following sections.

3.1 Sputter-etch Composition-Depth Profiling with AES

The technique of sputter-etching using an energetic Argon ion beam in

combination with AES elemental analysis (Auger composition-depth profiling) has been applied

successfully in the past for obtaining composition versus depth profiles for bilayer [34, 56] and

multilayer [57] thin films. For reasons of depth resolution and ion-bearn rnixing effects, Auger depth

profiling technique is applicable only for layered films whose layer thicknesses are in general greater

than 100 A. Using the Auger depth profiling technique, one obtains a profile of Auger Peak to

Peak Heights (APPH) of the elements of interest in the Auger derivative spectmm, as a function

of the sputter-etch time as raw data. In order to extract composition·depth profiles from this raw
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data, it is necessary to convert the sputter·etch time to depth a.nd the APPH signals to elemental

concentrations appropriately. .

For proper conversion of sputter-etch time to depth information, an exact

expression for the sputter-etch rate is required. Such an expression should take into account effects

of the differences in sputtering yields and atomic volumes of the layer constituents on etch rate.

Chamberlain and Lehoczky [56] have derived an expression for the alloy sputtering rate which in-
cludes both the above effects. The derivation of this expression was based on the following three
assumptions.

r 1. The atoms are sputtered off only from the outermost atomic plane of the film
2. The sputtering rate of a constituent is proportional to the surface coverage or surface concen-

tration of that constituent
3. The sputtering yield of each of the constituent is equal to the value of pure material. (i.e., the

Mo and Al sputtering yields are equal to the pure metal values.)

Along the lines of Ref.56, the following equations were developed for the etch-rate and concen-

trations of Mo/Al layered films.

The active surface coverage ED,,,„(t) of element Mo after an etch time t is

(A, (Y) / S )GM.-,(¤> = ----***;**5;-- 0) 2(^M¤(Y) / Sm) + (AA1(Y) / SAI)
and for Aluminum surface coverage EDA, ,

(A (Y) / S ) „(2) 2(AM¤(Y) / Sim) + (AA2(Y) / SAI) Q
i. ~ 2where, E2

AM0(t) = Measured APPH in Auger derivative spectrum of Mo (186 eV) Auger line
I
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AA,(t) = Measured APPH in Auger derivative spectrum of Al (68 eV) Auger line
8,,,,,, - = Relative Auger Sensitivity factor for Mo
SA, = Relative Auger Sensitivity factor for Al

To obtain the sputtering rate of the alloy in etching time t, one must equate the total volume of the ,
sputtered atoms to the volume of the thin film sample removed in a short time t. This yields the Iequation

im = vr <ß>
where,

y(t) = The alloy sputtering rate in nm/sec at time t „

v·" = The Ar“’ ion flurr in ions/(cmz sec)

Mm = Molecular weight of Mo

MA, = Molecular weight of A1
pM„ = Mass density of Mo

pA, = Mass density of Al

N = AVOgäLl1'O'S number

YMO = Sputtering yield for pure Mo

YA, = Sputtering yield for pure Al

With the substitution of equation (1) and (2) in (3), equation (3) can be rewritten in terms of the

experimentally measured sputter·etch rates for pure metals as ·

I
W) = I, (RMoAMo(t) / SMo) + (RA1AA1(*) / SM) (4)(AMD0) / SMo) + (AA1(¢) / SA1)where, I

I" = Ar* ion beam current in uA
‘ RMO = Experirnentally measured etch rate for pure Mo film normalized to a 1.0uA current

RA, = Experimentally measured etch rate for pure Al film normalized to a 1.0uA current
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Integration of Eouation (4) from t= O to t= t' gives the depth y(t’) perpendicular to the specimen

surface at sputtering time t'. Hence, the sputter-etch time scale can be converted to depth scale. If

one further assumes that the top altered layer is close to its steady state composition, the following

expressions for bulk concentrations of Mo and Al can be easily obtained from equations (l) and
‘ (Z)-

(A (0 / S )CMo(t) = (5)(AMOÜ) / Sms) + R(AA1(t) / SAI)

and

(A (0 / S )CAM) = (6)(AMOÜ)/SMo)(l/R) + (AA1(l)/SAD

where

pA|RMoMMo

The factor R is introduced as a correction factor for differences in atomic volumes of Mo and Al.
It must be noted here that these bulk concentrations are values averaged over the Auger excitation

spot which is approximately the size of the electron beam of the AES probe.

3.2 X-Ray Dwraction

Brief descriptions of the least-squares analysis of X~ray diffraction line

shapes for assessing non-uniform strain and subgrain size parameters of sputtered thin films are

presented below. Following this, X-ray diffraction theory for ideal multilayer thin films is surveyed.
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3.2.1 X-Ray Line Shape Analysis

A simpliiied version of X-ray diffraction line shape analysis based on the

Warren and Averbach [44] method was developed by Houska and Smith [46] with relevant com-

puter programs to perform routirre line shape analysis of diffraction profiles. A brief review of the

development of theoretical intensity expressions used in this line shape analysis program [46] is

presented below. The computer program LSA is used to determine the instrumental parameters

frrst. Then, the same program is used to fit the theoretical intensity expression to the experimental

data to yield the particle size and two strain parameters. The two strain parameters are then used

for determining the total mean square strain. The LSA program makes use of a non-linear least

squares analysis that fits the experimental data to the theoretical function given below by mini-

rnizing the sum of the squares.

The intensity profile of a x·ray diffraction peak with instrumental, particle

size, and strain broadening can be expressed by the Fourier series

P'(hs) = Yo {1 + 2 äl An c0s[21m(hs — hs'£)]} (8)

where hs is the scattering vector in reciprocal space, hs = 2 < d > sin0/7t. With a transforrnation to

orthorhombic axes, reflections considered are of the type (00£). < d > is the interplanar spacings

for the (00£)planes. Ys is a scaling parameter considered constant for a reilection. Effect of peak shift

caused by uniform strain in the sample is removed by translating the origin of the hs axis to the peak

maximum through hs’£. In the case of line profiles obtained from thin films, the Fourier coeflicient
A„ can be represented by an equivalent product of several coefiicients as

n nz n nzAn = [A2] [A2] Ai [AP] [AF] <9>
where,

]:A[s]n = Instrumental coefiicient with Cauchy profile
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• „[Ag] = Instrumental coefficient with Gaussran profile

A§ = Particle size coefficient .

[AP]n = Strain coefficient with Cauchy profile
nz . . „ „[AF] = Strain coefficient with Gaussian profile.

The Cauchy instrumental broadening coefficient is given by the Fourier transfonn of the Cauchy

function .

A2; = exp( —2rcaY) (10)

Similarly, the Gaussian instrumental broadening coefficient is obtained by taking the Fourier

transform of Gaussian function, as «

A2; = exp( —1raß2)
U

(ll)

The expression for particle size coefficient can be obtained by equating the distribution of column

lengths in the subgrains of the sample to the distribution of column lengths in a sphere of correct

mean diameter. This }«i«‘l<ls„

S n 4 n 3 3A = 1 — —— + ——- l , ——-\I“ N3 z7iN,i “< zig (lg)

and,

’ A3 — 0 2 3 N„ — „ H 3 (13)

where, N, is the average number of cells per column. The two strain coefficients can be expressed

in terms of two first neighbor root mean square strain pararneters as follows.

Il l’1 1
l [AF] = [ exp( — 2rc2 < sil) > 82)] ,r = —§ (14)

and,
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u nz 2 2 2 nz
,r=0 (15)

where, < afu > and < afl, > are the first neighbor root mean square parameters that describe the

non·uniform strain with distance according to the equation

< sil, > and < 6},3 > are first evaluated by the LSA program and then used to determine ’r’ and

< ef > through the above equation.

_ The X·ray diffracted intensity equation (8) is transformed into the following

integral by introducing the various line broadening functions as,

P' 110 [1 — n + ging}: (Y“+ Inn) cos21:hgudu (17)

where, II
— .2..u N3 (18)

hg = N3 (h3 — h3’£) (10)

· Y = 21:N3(aY + Tl? < 6¥D > tin) (20)

ß = 1:N3 2(aß2 + 21: < eil} > C2) (21)

Equation (17) can be shown to be equivalent to the integral
I

0 b 0 I
X) dx (22)
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where the functions g, and P,’ are given by

= jo e cos 2r:h3u du (23)0 3 ·

and,

P *110 -7%-%%}- = fg/2 [1- u ]e Yu cos 2rthgudu (24)
L Ol 3

Equation (22) is numerically evaluated with a nine point Gauss-Legendre quadrature which requires

the integration limits to be -1 to 1. To accomplish this the variable x is changed to a new variable

z such that equation (22) becomes

Yo" fil s1(bZ)P1’<h‘§ — bZ)dZ (25)

Using this numerical approach, the final intensity expression is derived as

9 - bz z

_z1=l(26)
_ Y {2rt(h(_-2 — bzi)}2 — 72 + —%cos(4T)

X •* +"DD2

where

3 8 0— -7 —cos{-3n(h3 —bzi) + 4T}__ e z 4 0 _ _ 9—· COS{3TI(h3 DI/22

D = {2n(hg — bzi)} + 72 (28)

- 2 h° — b -T = tab (29)
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Here, zi and wi are the roots and weighting factors of the Gauss·Legendre quadrature. The program

4 LSA performs a least squares fit of the experimental diffracted peak intensity profile to the above

fmal intensity expression. Detailed descriptions of the program LSA and the theory are given in

Ref.46. The instrumental parameters ay and aß are to be estimated from the line shape analysis of

diffraction peaks of a stress·free powder sample with no particle size broadening effects.

3.2.2 Diffraction from Ideal Multilayer Thin Films

An ideal multilayer thin film can be visualized as a layered structure in

which there are periodic altemating thin blocks of two different materials with perfect one-

dimesional order in the direction perpendicular to the plane of the film. In other words, both

chemical and structural modulation waves in the ideal mutilayer film are perfect square or rectan-

gular waves and the interfaces are atomically sharp and abrupt. An ideal multilayer film also is as-

sumed to contain an integral number of layers and the layers are considered to be completely

coherent with each other so as to form a ’one·dimensional superlattice’. In the case of a metallic

multilayer film in which two metals are deposited toiform alternating layers, it is usually found that

the thin layers are polycrystalline with a high degree of texture [3, 4, 5, 6]. It is also observed that

high-quality multilayer thin films with ultra-thin layers (< 40 A) have a tendency to form coherent

or at least semi-coherent interfaces even when metals with two different crystal structures are de- [
posited [3, 4, 5]. Any lattice mismatch is accomadated by elastic coherency strains. The one-

dimensional lattice distortion due to the Variation of the d-spacing of the crystal planes that are

perpendicular to the modulation direction in such ideal multilayers can be described with a periodic
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step function. Segmuller and Blakeslee [58] have used this step model to derive the expression for

the X-ray dilfracted intensity. This model was adopted for the simulation of X-ray dilfraction pat·

tern arising an ideal Mo/Al superlattice thin film as follows.

The d-spacing variation in an ideal Mo/A1 multilayer superlattice can be described by the periodic

step function

dn = dAI for 0 < rr < NAI
dn = dMn for NAI < n < N = NAI + NMO (31)

d ddn = forn=NAI and n= N

where,
i

dAI = Lattice spacing of Al (111) planes

dm = Lattice spacing of Mo (110) planes

NAI = The ntunbvr of (1 1 1) planes in an Al layer

NMO I = The number ol (110) planes in a Mo layer

ln this him] mw-. tlw sum-r l:ttti<—<· unit cell ronsists of one layer pair A1/Mo and its period is given

by

1 <1oN = dAlNA1 + <1M¤NMo (32)

The diffracted amplitude A of X-rays from this superlattice is given by the summation, ( with

orthorhombic axes and general (00£) reflection)

_ Nm " 1 _ dAI"l" h3Nn3)] X PAI E CXP 27TIll’13(I'l 'l"
n=O do

1 • dl\/10+ FMO exp 2mh3NAI—(T >< Z exp 2mh3(n + 1/2)T (33)
0 n=0 0

where,
FAI = Structure factor for A1 layer
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FM., é Structure factor for Mo layer

Here the reciprocal lattice vector hs is defined in the reciprocal lattice of the superlattice crystal with

the d-spacing do . The first surnmation is performed over this lattice with unit cell size d„N in the

as direction. The above summations can be made using the sum formula for geometric series. The

final expression obtained for the diffracted intensity [58] from the ideal Mo/Al multilayer thin film

is obtained as
q

l(h2) = ——¢——*—* X FA1 FmoSH] 7Th3dAl/do SIH TEh3dMo/do

' h N d /d ' h N d+ ZFAIFMO COS nh3N 511*.7* 2 Al Al 0 Smll 2 Mo Mo/do (34)sm 1rh3dAl/do sin 1:h3dMo/do

where, 1

NL = Total number of Mo + Al layer pairs in the film

The above expression was used to simulate the diffraction pattern from an ideal Mo/A1 multilayer

film with Mo(110) texture and Al(l11) texture. The expression gives the integrated intensity of main

and satellite reflections with their positions in reciprocal space.

3.3 RBS Analysis for Composition Profiles

The principle behind RBS analysis is that elemental composition and depth

information is obtained from the energy loss sulfered by high energy light ions in a single collision

with a target atom. A primary ion with energy E1 incident on the sample surface penetrates into
' the sample to a depth x due to its high energy where it suffers a single collision with a target atom

and is scattered back to the surface where it emerges at energy E2. The ion paths before and after
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collision are straight lines along which the ion loses energy into collision with electrons and
plasmons but is not detlected. The schematic geometry of a RBS experimental arrangement is given

in Figure 7 on page 44.According to Behrisch and Scherzer [59], the differential electronic energy
loss dE per unit path length s is given by

dE v—— = - A E 35ds V ( )
I

. where E is the ion energy, v is an exponent depending on the energy range, and A, is a constant
dependent on v. When the ion reaches the depth x below the surface its energy is reduced to E,’

given by

I _ V 1/(I — v)
El' = [El — (l — v)Av(x/ cos 11)] (36)

The collision with the target atom causes a further energy loss characterized by the nuclear energy

loss factor k given by,

k = E2' Mlcos9 + Mlcos9 + (37)El' M] + M2 M1 + M2

M,whereE2' is the ion energy immediately after collision. The ion coming out again suffers energy loss

so that the final energy E2 is given by

_ 2 1-v x 2(1—v)cos11E2- (k El) — (l — v)A„?ö;—ä· k + :52-;.;- (38)

. As can be seen from the above equation, the final energy of the ion yields

information on the mass number M; of the target atom via k, and the depth x where the collision

had taken place. The software package RUMP which was written based on this theory, is also ca-
pable of generating simulated RBS spectrum of a sample with the composition versus depth infor-
mation given as input to the program. The sample is divided into layers of varying thicknesses with

each layer having either a constant composition or having more sublayers in it with each sublayer

having constant composition. The thickness of each layer with its composition profile is input
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Figure 7. Schematic experimental gcometry of RBS.
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starting from the topmost layer. The thickness and composition values of each layer so specified is
adjusted so as to fit the experimental RBS spectrum. The sample description in terms of layer

thickness and composition that gives a near perfect fit to the experimental spectrum is the
composition-depth profile of the sample. Details of the RUMP program layout, algorithms, and

‘ operation can be had from the References [54] and [55].

3.4 Electron Dwractiorz Patterns

The method of solving electron diffraction patterns (both spot and ring

patterns) with the relevant equation is discussed in this section.

3.4.1 Ring Patterns (

Electron diffraction occuring from randomly oriented grains of a

polycrystalline thin film gives rise to a series of cones of reflection with each cone of apex angle

49, where 9 is the Bragg angle for the particular reflection. If one constructs the Ewald reflecting

sphere by drawing a sphere of radius (1/%.) from the thin film sample so that it passes through the

origin of the reciprocal lattice, each of the above diffraction cones intersect the reflection sphere on
a circle. These circles are the ones that are seen in a electron diffraction ring pattem. The radius
of the circle is the magnitucle of the reciprocal lattice vector g ( = 1/dhk, ) ( = 2 sin9/7». ) for that

particular reflection. However, the radius of a ring measured on the diffraction pattern is actually

magnified by the electron microscope. This magnification factor is the camera constant of the mi-

croscope, 7tL, where L is the effective camera length resulting from the magnifications of the im-
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aging lenses of the microscope. The formation of a diffraction pattern in a transmission electron

microscope is illustrated in Figure 8 on page 47. Thus, the radius ’r’ of a ring in a diffraction ring

pattern is given by

r = L tan 29 2 Lsin 29
=”

(7tL/d) (39)

Using this simple formula, one can obtain the d-spacings of various allowed reilections for the re- 1
flecting crystals. This information can then be used to identify the crystal structure, the lattice pa-

rameter and the identity of the unknown substance being studied. The breadth and spottiness of

the ring pattem depend on the grain size and total number of grains contributing to the diffraction.

Difficulties arise in indexing these ring patterns when the thin film has preferred orientation in which

case some of the allowed reflections may be absent. Also, if care is not taken to avoid double

diffraction, then one of the main diffracted beams itself gets diffracted and may cause rings corre-

sponding to forbidden rellections to appear in the diffraction pattern. The indexing of ring patterns

is carried out in much the same way as indexing of X-ray powder pattems using powder diffraction

data files.

3.4.2 Spot Patterns

Electron diffraction spot patterns are obtained when only one grain or crystal in the sample thin

film contributes to the diffraction. A diffraction spot occurs when the Ewald reflecting sphere passes

through or very close to a reciprocal lattice point (hkl) for which the structure factor is non-zero.

As seen before, the magnitude of reciprocal lattice vector (l/d) is related to the distance ’r’ of the

corresponding diffraction spot from the origin (000) by equation ( ). The procedure for solving the

diffraction spot pattem for the general case involves the following steps [60].
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l. The distances ’r’ between the origin (000) and other spots in the pattem which are at different
non·linear distances are measured.

2. The ratios of these distances are calculated and based on the ratios tentative (hkl) values are
assigned to the spots in the pattern.

3. Then, the angle between two reciprocal lattice vectors (i.e., the angle between the two (hkl)
planes giving rise to the two diffraction spots) is measured on the pattern and the signs and 4
positions of the two indices are altered so that the measured angle is correct.

S
4. The zone axis of the reflecting planes in the pattem is determined by taking the cross-product

of the above two reciprocal lattice vectors (rel vector).
5. Based on this cosistent indices are assigned to the rest of the spots on the spot pattern.

Double diffraction usually causes difficulties in indexing spot patterns by causing some forbidden
spots to occur. Since the missing reflections are important clues to the crystal structure it is neces-
sary to eliminate double diffraction effects in obtaining spot patterns. Usually, tilting the sample

removes the forbidden reflections caused by double diffraction by removing one of the strong
diffracted beams required for double diffraction [60]. 4

3.5 Dwusion Analysis for Bilayers e

The composition profiles obtained from as·deposited and armealed bilayer
Mo/Al thin films were analysed for interdiffusion. lf the annealing conditions are such that the outer

Mo layer is not depleted completely due to its inward diffusion into the Al layer, then the compo-
sition profiles obtained would satisfy the boundary conditions of the semi·infinite solid-state dif-

fusion problem. For the general case of diffusion in bimetallic systems consisting of more than one
phase, with the diffusion coeflicients dependent on concentration, the Boltzmann~Matano method

THEORY
l

48



E
of solution can be used for calculating interdiffusion coefiicient [61] provided the diffusion process

is one-dimensional with the new phases forming and growing ir1 a planar fashion. If one defines the

chemical interdiffusion coefiicient D by the equation

° öC (401

where
JMO = Mo flux in cm') sec“‘

CMO = Measured Mo concentration in atom fraction

x = The distance from the Matano interface (x= 0)

then Boltzmann-Matano solution of the diffusion equation

ÖCMO ÖZCM dD(CM )ÖCM_;
= D C .....‘L + . _..9. 4

gives the following expression for D(CMO) for a constant time ’t’ of diffusion.

“ _ 1 ÖC “‘ <: ., . , ,jo M ><(@M„ ) ÖCMO (42)

O where CMO' is the measured Mo concentration at a distance of x(CMO’) from the Matano interface.

As usual, the Matano·interface location (x= 0) is determined by requiring that the numerically in-

tegrated areas to the left and to the right of the interface be equal. The chemical interdiffusion co-

eflicient D is related to the individual volume diffusivities of Mo and Al by the Darken relation :

D = CAlDMo + CMoDAl . (43)

From this relation it can be seen that D would be approximately equal to DMO if CMO approaches

a value of zero and would be equal to DA, if CMO approaches the value l. Using the above relation,
it is then possible to calculate the lattice diffusivities of Mo and Al from D(CMO) versus CMO infor-

mation obtained through the diffusion analysis.
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The techniques used for fabrication and analysis of Mo/Al bilayer and

multilayer films are presented in the following sections.

4.1 Fabrication of Thin Films

4.1.1 Sputter Deposition System

The preparation of the thin film samples were carried out in a Randex

2400-8] (Perldn Elmer Ultek Inc.) auto-tuned conventional rf·diode sputter deposition system. This

sputtering system has three target sources which facilitates sequential deposition of up to three

materials. Films of thickness varying from a few Angstroms to 0.lmm can be depositied with the

system. Sputter·etching of the substrate is also possible. The targets are circular and of a size either

8 inches or 6 inches in diameter. Any of the three targets could be powered independently or the
total power could be split between any two targets. The system has an annular substrate table that
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is 21 inches in diameter and a J-arm substrate table that is approximately 8 inches in diameter.

The .I·arm table is supported by a J-arm through which chilled water could be circulated to water

cool the J-arm table. The vacuum deposition chamber is evacuated by a high vacuum cryopump

with liquid Nitrogen trap. The vacuum chamber could be pumped to as low as 3.5 >< l0°’ topr

pressure. The sputtering gas usually 99.99% pure Argon is 'admitted into the deposition chamber

through a micrometer valve which is used for control of sputtering gas pressure. The sputtering
system can be operated in the following modes:

1. Sputter deposit : All the supplied rf power goes to the target. The substrate table is grounded.

2. Bias sputter : A small amount of rf-power is applied to the substrate table. bias voltage is

controlled manually and can be set to any value between 0 volts to -500 volts. Positive biasing

is not possible in this mode.

3. Sputter etch : The rf power is applied to the substrate table so that the substrate could be

sputtered etched.

4. DC bias : This mode is same as 1 but allows for external DC bias to be applied to the

substrate table.

A
The target selection switch enables the selection of one of the targets to

l
which power is applied. It also allows two targets to be powered simultaneously which is essential

for the fabrication of the multilayered films. The sputtering system is powered by a 1000 watts (13.5

MHZ) rf generator. The substrate table rotation can be set to continuous rotation. The rotation

speed is controlled by a DC motor and can be set to designed speed. The target and the deposition

chamber are cooled with chilled water from a water coolant system. The outlet water temperature

was always maintained at less than 45°C. Panel meters were provided to indicate the values of target

forward power, target bias, substrate bias and reflected power. The rf system is autotuned or

manually tuned so that the reflected power never exceeds 10 watts. The sputtering pressure is

monitored with a separate sensitive Pirani Gauge vacuum meter. The system does not have a load

lock and the vacuum chamber is exposed to atmosphere after each deposition, and needs to be
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pumped to a high vacuum before each depositing cycle. Also there are no substrate heating,
orsubstratetemperature measurement and control facilities. The system geometry orsubstrate-targetseparation

can be varied from l inch to 2.5 inches. This is an important deposition control pa- i
rameter. E

EEI ä
4.1.2 Calibration and Control of Sputter Deposition.

A|

Before the fmal layered thin film deposition, the sputtering process param- !
eters need to be optimized and the system calibrated to obtain the desired quality of the deposited i

films. The process parameters that can be varied to change the deposition conditions of thefilmare
: g

I
l. Forward power and target bias. E

2. Sputtering gas, Argon pressure and flow rate.
I

3. Substrate negative biaspotential.4.

Target-substrate separationdistance.5.

Initial pumpdown vacuum. —
ä

6. Substrate sputter etch cleaning.

7. Substrate cooling.

Since the initial pump down vacuum determines how clean the system is

when the actual deposition is started and hence the purity of the deposited film, always the maxi-
mum achieveable vacuum was attained. This vacuum level was in the range 7 to 3 >< l0" Torr.

E
It was also found that the system needs to be cleaned with methenol after every 30-40 hours of

é
usage to achieve levels of vacuum in the above range. Since the deposition of layered thin films Ä‘ require as much decoupling of substrate from the source, the substrate to source separation distance E
was kept at its maximum possible 2Vz inches, even though this may cause a decrease in deposition é|
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I
rate. The effect of substrate bias was examined by depositing pure Mo and pure Al films at 0, -30,

and -40 volts substrate bias voltages. Higher substrate biasing was not attempted because it was

seen that increasing substrate bias deteriorated the interface sharpness in layered films. The effect
of argon gas pressure was examined by setting the pressure levels at 10, 15, 20 and 25 mTorr during
the deposition of pure metal (Mo and Al) films. The vacuum system was operated at its full ca- —

pacity to maintain maximum flow rate. The Argon gas pressure was controlled not by the outlet I I
pressure valve but by the control of inlet flow. The forward power and target bias applied to the

II
targets was maintained at the maximum possible steady value, since it was desired to have the

maximum possible steady deposition rates. The power was usually between 800 watts to 1000 I
watts. The target biasing voltages were between a 1000 V to 1300V, depending upon the power

Iapplied.
I

— Firstly for optimization of deposition parameters and for calibration of

thedepositionrate under optimized conditions, pure Mo and pure Al thin film samples wereprepared.The

pure metal targets used were of 99.99% purity. The Mo target was 6 inches in diameter and I

the Al was 8 inches. Each time before the deposition of the film, each target was sputtered for 30
Iminutes to l hour to clear the target surface to remove any surface oxides and contaminants that I

may have formed when the targets were exposed to the atmosphere. To asses the effect ofsubstratesputter

etching, in some cases the substrate were sputtered etched for 30 seconds, l minute and 2 I

minutes. The substrate used were highly polished Si(l00) single crystal with a cut better than :1: Vz°

and scratch free optically perfect thin rnicroscope cover grass. The silicon substrates were circular

with ’/s inch diameter and 1/16 inch thick and were polished on one side only. The glass substrates

were either 22mm diameter circles or l8xl8mm squares with thickness of 0.2mm. Sputter etching

for longer times seemed to introduce surface roughness and hence was restricted to 30 seconds or
‘ less, which should be enough for homogenizing the substrate.

The as deposited pure metal films were examined visually and under SEM

for surface roughness and uniformity of coverage of the substrate. These films then were subjected
I

to examination by X-ray diffraction. The strain and subgrain sizes were roughly estimated from the I
diffraction profile shifts and full width at half maximum of the diffraction peaks. Several trial de-
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positions were done with pure metals under different settings of the deposition control parameters

such as substrate bias, gas pressure, substrate etching and substrate cooling. The films were ex-

amined for quality and the deposition conditions were optimized. The pure metal films were of

approximately lmm thickness. lt was found that the Mo films got deposited with uniform substrate

coverage with very smooth and highly reflecting surface. However, it was difficult to obtain good

quality Al films. Substrate biasing was necessary to get uniform coverage of the substrate. Also
I

Al deposition rate is about 3 times faster than Mo deposited under similar conditions. Both for

Al and Mo substrate biasing at -30V irnproved the film quality and also the texture of the films.

Mo films deposited with substrate bias had (110) texture and Al films had (1 l 1) texture. The tex-

ture was qualitatively studied by measuring the ratios of the X-ray integrated intensities of various

(hkl) reflections from thin samples and comparing it with the ratios obtained from stress free pow-

der samples.

Increase of Ar gas pressure increased the rate of deposition and also the

uniformity of surface coverage in both Mo and Al thin films. However, beyond 20 mTorr pressure

the deposition rate decreased for Al and the uniformity of film coverage deteriorated with pores and Idiscontinuities observable in the Al films. Except for the increased texture and strain, Mo filmsdidnot
show any significant changes in flm quality. The Al films had poor surface reflectivity which I

is probably due to the Al oxide layer. However the backside of the film as seen through the

transparent glass substrates was highly reflective and continuous when Al was deposited with -30

V substrate bias on a substrate sputter etched for 2 minutes, at a sputtering gas pressure of 18

mTorr. The aim being the deposition of layered films, it is necessary to minimize the substrate

negative bias to as low a value as possible if it could not be avoided. This is to improve the

sharpness of the layer interfaces which may be affected adversely by positive ion bombardment of

the growing film.

The question of whether to apply substrate bias or not during the deposition

of layered films is easily resolved for deposition of bilayers. First a thick uniform layer of A1 is

deposited with a -30V substrate bias on top of which the Mo layer of required thickness is deposited
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with no substrate biasing. In the case of the deposition of multi-layers with ultra-thin layers,
substrate biasing becomes a problem.

Once the effects of variation of deposition parameters were estimated, the
optimum values for these pararneters were established and were used in the further depositions of

. layered films. The established optimum value for the sputtering gas pressure is 18 mTorr. Whenever
substrate bias was applied, the value of the applied negative bias was 30 volts. To get the least
possible interfacial diffusion in the samples during deposition, the substrate was cooled by circu-

lating chilled water. However, since the Si and glass substrates are poor thermal conductors, it is
expected that the substrate deposition surface temperature would rise to somewhere in the region
of 100-200°C. It was not possible to measure the substrate temperature during deposition. Problems
of arcing and fluctuations in the applied power were encountered when the full forward power of

1000 Watts was applied to the targets. Hence, in most cases the forward power applied was re-

stricted to 800 Watts.
l

· 4.1.3 Measurement of Film Thickness and Deposition Rate

After setting the deposition parameters suitable for layered film deposition,

pure Mo and Al films were deposited under these optimized conditions to estimate the deposition

rate. To estimate the deposition rate accurately, one needs to measure the film thickness precisely.

The film thickness of the deposited thin films were measured in to ways. The first method is to

measure the weight gained by the substrate due to the deposition of the film on it. Assuming the
density of the film to be the same as that of bulk Mo or bulk Al, the volume of the film was cal-
culated by dividing the weight gain by bulk density. The volume of the f1lm so obtained is then

divided by the area covered by the film to get the thickness of the film. This method is used for

getting a rough estimate of the film thickness. The accuracy of the thickness estirnated using this

method would be about :h 10 % of the total thickness of the A1 film and about :h 5 % for Mo film.
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The second and more accurate method involves the direct measurement of

frlrn thickness using an Ä-Scope. The Varian Ä-Scope employs the technique of multiple-beam
optical interference. lt can measure microscopic surface variations in the range from 30 Ä to 2
um. The accuracy of measurement is between 20 to 10 Älfor measurement of thickness of thin V

films on smooth substrates. The instrument uses a sodium vapor lamp and optical elements to di-

rect the light through specially coated Fizeau plate, which makes contact with the surface of the film
sample at a slight angle and forms an air wedge. An interference fringe pattern is formed in the air
wedge and is viewed through the filar eyepiece. If the thin frlrn has high retlectivity, the fringes
produced are sharp, dark, and well defined. A beveled edge on thin film specimen is necessary for
clear measurement of pattern. This is achieved by the use of a steel mask placed on the substrate
during the deposition. The mask produces a circular frlrn on the substrate with beveled outer edge

that makes an angle between 95 to l00° as shown in Figure 9 on page 57. The thin films them-

selves had good reflectivity and it was not necessary to put a reflective overcoat. The offset in the
fringes caused by the surface variation from the substrate to the film at the beveled edge of the film
is measured together with the fringe spacing using the graduated knob a.nd cross-hair arrangement

in the frlar eyepiece. Using these measurements, the thickness of the thin frlrn is calculated from the

formula _

Thiclcness of thin film = >< 2946Ä (44)Frmge spacing

lt was found that thickness estimates using the weight gain method agreed with the much more

accurate Ä~Scope measurements to with in five percent of the total frlrn thickness.

The deposition rates of pure Al and pure Mo thin frlms were obtained by
dividing the measured thickness of the films by the total time of deposition. Typical deposition rate

for Mo at 800 Watts forward power, 700 volts target bias, 30 volts substrate bias, 18 mTorr Ar gas
pressure and 2% inches target-substrate separation was 2.2 Ä/sec. Deposition rate of A1 under the

same conditions except for the 1000 volts target bias was 3.5 Ä/sec. The accuracy of these cali-
brations is again :1: 10 % minimum.

EXPERIMENTAL PROCEDURE 56



I

Ollset Lines Overlao and ‘Prevent Measurement

A Line

Space Between OltsetLines Makes Clear
—,

Pattern lor Easy
Measurement

Äl I gI I ·' . ‘ i thin Film900 /iy

over 90° i
‘

IIIIIIIIIIIIIIIIQ
i

lllllllllllllll

4FilmEdge Too Sharp
Carelul Maskinq Durinq Deposition FormsSUl”"°l'

Proper Edge ShapelFor Films Over 30ooX Ihicltl

Figure -9. Film thickncss mcasurcment using Ä·scope.

57
EXPERIMENTAL PROCEDURE



5
4.1.4 Deposition of Mo/Al Bilayer Samples

The Mo/A1 bilayer samples to be analysed by X-ray, AES, and SEM were
deposited on to- Si(l00) and glass substrates placed on a water-cooled J-arm substrate table. The
substrates were sputter-etched at 700 Watts power for 2 minutes after which a relatively thick layer
of Al was sputter deposited on to the substrate with a substrate bias of -30 volts. The layer thick-

5

° ness of Al in bilayer samples used for X-ray analysis was 1.8 pm. The layer thickness of A1 in bilayer
samples used for AES and SEM analysis was 1.2 pm. Immediately after the deposition of the A1

Ä
layer, the substrates were moved under the Mo target and the Mo layer was deposited to form the
top layer. The thickness of the Mo layer analysed by X-ray diffraction was approximately 6000 Ä.
The thickness of Mo layer analysed by AES and SEM was about 1200 Ä The as-deposited films
were analysed within two days after their fabrication and were always stored in a desiccater which
was kept refrigerated at a temperature of about l5°C.

The bilayer thin film samples to be analysed by TEM were sputter deposited
onto a carbon-coated standard TEM grid. The carbon layer is transparent to electron beam and
provides support to the ultra-thin layers of A1 and Mo deposited on the TEM grid. No substrate
bias was applied during the deposition to avoid risking damage to the supporting carbon fihn. An
Al layer of thickness 200 Ä was deposited first, on top of which a Mo layer of thickness 130 Ä was
deposited. The as-deposited films were examined by TEM and then stored in a desiccator and kept
refrigerated. Tables 3, 4, and 5 show the sputter deposition conditions employed during the depo-

sition of the above three sets of Mo/Al bilayer thin films.

4.1.5 Deposition of Mo/Al multilayers

l
Attempts were made to deposit Mo/Al multilayer films on Si(l00) single

crystal substrates by sequential deposition. Sequential deposition of Mo and Al layers can be
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;, _ Table 3. Typlcal sputter dcposition conditions used for thc dcposition of' 1200 Ä Mo on Al bilaycr film.

Film specimen: 1200 Ä Mo on A1 Bilayer Film

Initial Pressure: 3 >< l0" Torr
Ar Pressure: 18 m'l”o¤
Sputter Etch

Time 2 min.
Substrate Blas 800 voltsl Forward Power 700 watts
Relleeted Power < 2 watts

Deposition

Mode Al bias sputter / Mo sputter deposit °
Time · 61 min A1 / 9 min MoI
Target Blas 1000 volts

Substrate Blas 30 volts for AlForward Power 800 watts °I Rellected Power < 2 watts
Anode Spaelug 2 ‘/z inelies

Deposition Rate Mo-2.22 Ä/sec ; A1~3.47 Ä/sec

Substrate Temp. < l50°C (Water coolcd table)

Aetual 'llniekncss 1180 Ä Mo / 12060 Al A
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'l‘able 4. Typical sputter deposition conditions used for the deposition of 6000 Ä Mo on AI biluyer tilm.

Film specimen: 6000 Ä Mo on A1 llilayerFilmÄ

Initial Pressure: 3 >< l0" Torr

Ar Pressure: 18 mT0rr

Sputter Etch
_ Time 2 min.

Substrate Bias 800 volts

Forward Power 700 watts

Rellceted Power < 2 watts

Deposition
l

Mode A1 bias sputter / Mo sputter deposit

Time 61 min Al / 30 min Mo

Target Bias 1000 volts

Substrate Bias 30 volts for A1 “

Forward Power 800 Watts

Rellceted Power < 2 watts

Anode Spaeing 2 V1 inehes

Depositiou Rate Mo—2.22 Ä/sec ; A1-3.47 Ä/sec

Substrate Temp. < l50“C (Water cooled table)

Actual Thickmßs 5820 Ä Mo / 12200 Ä A1
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Table 5. Typical sputtcr dcposition conditions used for tlie tleposition of 330 Ä Mo on AI liilaycr film
for TEM studies.

Film speeimen: l30 Ä Mo on 200 Ä A1 ~ Bilaycr Film
Ä

Initial Pressure: 3 >< l0" Torr

Ar Pressure: l8 m'l‘0rr

Sputter Etcli

Time 0 min.

Substrate Blas

Forward Power
Relleeted Power

Depositlon
Mode Al sputtcr deposit / Mo sputter deposit
Time l min Al / l min Mo

'Target Blas l000 volts

Substrate Blas 0 volts for A1
Forward Power 800 watts

Rellected Power < 2 watts

Aiiode Spacing 2 '/1 iuclies

Depositlon Rate Mo-2.22 Ä/sec ; Al—3.47 Ä/sec

Substrate Temp. < l50°C (Water cooled table)
Actual Tlilekness l30 Ä Mo / 200 Ä A1
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Table 6. Typical sputter dcposition conditions uscd for the dcposition of 200 Ä Mo/AI multilaycr tilin.

Film specimen: Mo/Al · multilayer Film

Initial Pressure: · 3.8 >< 10" Torr

u Ar Pressure: 18 mTorr Ä

Sputter Etch

Time 3 min.
Substrate Blas 800 volts

Fonvard Power 7()0 watts
Rellected Power < 2 watts '

Deposition ·
Ä

Mode A1 bias sputtcr / Mo bias sputtcr
Time 113 sec Al / 39 sec Mo >< 24 rcvolutions

Target Bias 1000 volts

Substrate Bias 35 volts for A1

Forward Power 1001) watts

Rcilected Power < 10 watts

Anode Spaeing 2 B3 inclies
Deposition Rate) Mo-2.0 Ä/sec ; Al·3.28 Ä/sec

Substrate Temp. < 150°C (Water cooled table)

Aetual 'lliickness 187.5 Ä Mo / 224.0 Ä Al
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achieved either by continuous rotation of the substrate table with both the Mo and Al targets de-
positing at the same time which requires spliting the power between the targets or by moving the
substrates in sequence under one depositing target and then switching the power and the substrates
to under the next target which does not require power splitting. Both methods were tried for the
fabrication of Mo/Al multilayers. Once the deposition rates of the targets are established, the layer
thickness of Mo and Al layers are determined by the time the substrates spend under each target q
or the rotational speed of the substrate table. The modulation wavelength of the films car1 be cal-

l
culated from individual deposition rates and the stay time under the target and from the total
thickness of the film divided by the total number of revolutions of the substrate table. The multi-
layers were deposited both with and without any substrate bias at 20 mTorr gas pressure. The films
obtained by all of these various settings of deposition parameters were examined mainly by X-ray
diffraction and AES for layer or interface quality and film texture. _

4.2 Armealiug Procedure

The Mo/Al bilayer thin films were annealed in 99.99% pure Argon atmos-
phere in a fused one inch I.D. quartz tube fumace. The thin film samples were supported in the
tube on a horizontal alumina platform. The therrnocouple control unit of the furnace allowed
control of the temperature within t 2°C. The furnace was precalibrated with a digital thermometer.
The temperatures employed during the annealing process were 300, 350, 400, 450, 500, and 600 °C.
The fumace was preheated to the required temperature with the argon flowing and the sample in-
troduced into the furnace after the furnace temperature stabilized. The samples were annealed at
the required temperature for predetermined lengths of time in the range of 30 minutes to 48 hours.
After the annealing cycle was completed the fumace was switched off and the samples were quickly
brought to the cooler end of the fumace and allowed to cool to room temperature with argon
flowing to prevent oxidation of the film material. Once the samples cooled down to room tem-
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perature they were removed from the fumace and kept in a desiccater at l5°C, until they were ex-
amined later on. Continous argon flow during annealing was ensured to prevent contamination q
of the film at higher temperatures.

4.3 Characterization ofBilayer Thin Film Samples

4.3.1 Analysis using AES

The as—deposited and annealed bilayer samples were analyzed using a Perkin Elrner scanning Auger
Microprobe model PHI 610. The Auger microprobe was used in combination with a argon ion
beam sputter gun to obtain composition-depth profiles of the bilayer samples. The sputter-etch
rate of the argon sputter gun was calibrated using pure Mo and pure Al thin films of known
thickness. The same conditions of ion beam current, beam voltage and raster size of the beam
which were used during calibration runs were used during the analysis of bilayer films. This .was

· to make sure that the instrument conditions were the same. The probe size of the electron beam
was about 3 to 4 um. The electron beam current used for acquiring the AES spectra and the peak
to peak heights of Mo (186 eV) and Al (68 eV) lines during the sputter profiling was 0.02 uA and
the beam voltage was 3 kV. The Argon ion beam voltage was 4 kV and the current was 5 pt. The
raster size of the ion beam was 0.5mrn >< 0.5mrn. The initial vacuum level inside the specimen
chamber was of the order of 10’° Torr. Bilayer samples analyzed using this technique were cleaned
with acetone and dried to remove any surface contaminants that might interfere with the profiling

process. "
A

The sputter-etch rates of pure Mo and pure Al were determined by sput-
tering through pure thin films of known standard thickness until the signal from the substrate silicon
became stronger than the signal from the film material. These measured values of sputter-etch rates
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for pure thin films were used in the analysis of composition profiles obtained from bilayer thin

films.

· 4.3.2 Analysis using X-ray diffraction

A Siemens diffractometer with copper X-ray tube was used to collect the

X·ray diffraction data from Mo and Al powder samples and the layered thin films (both bilayer and

multi-layer samples). The samples were rotated in the plane of the film about the tp axis to bring

more crystallites into the diffracting position. The diffractometer was used with a 0.2mm receiver

slit, a one~half degree entrance slit, and Soller slits in the incident beam. The diffraction data was

collected with a scintillation counter, a diffracted beam quartz crystal monochromator, a pulse-

height analyzer, a ratemeter and a chart recorder. A standard (NBS) silicon powder was used to

make small corrections to the peak 29 positions. The monochromator was used to remove the

Cu Km component of the radiation whenever detailed slow scans were made to get integrated ir1-

tensities, peak positions, and line shape.

The thin film samples and the powder samples were mounted on the X-ray

specimen holder by the conventional method using mounting clay. Attempts were made toensurethat

the sample surface was parallel to the face of the sample holder every time a sample was

mounted. However, bilayer thin films deposited on thin glass substrates and armealed at temper-

atures higher than 400°C exhibited pronounced bending of the substrate and was difficult to mount

exactly parallel to the sample holder.

Fast survey scans were used on the layered film samples first to identify the

diffraction peaks. These scans were made at a speed of 1° per minute. The 29 positions of all the

observed peaks were recorded and were matched against the positions from the powder diffraction

data book. It was found that most of the possible intermetallic compounds that form below 600°C

were not reported in the powder diffraction data book. However, the crystal structures of most of

these intermetallic compounds were available in the literature and the crystal structure data were
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used to generatei the powder diffraction data for most of the interrnetallic compounds using the
computer code POWDERT written in PLI language. This program was available for use in gen-
erating powder diffraction pattern for crystalline materials whose structure is known. The observed
peaks were compared with the pattems generated for interrnetallic compounds in Mo/Al system
using the powder diffraction program.

i

Detailed slow scans were made and the data were taken directly from the
charts. The slow scans were made at a speed of 1/ 10 of a degree per minute. The integrated inten-
sities were measured with an electronic planimeter after subtracting the background. The ratios of
the integrated intensities were taken to estimate the texture in the thin film samples roughly. The
strains in the pure and layered films were estirnated by comparison with strain-free Mo and Al
powder samples. Diffraction line profiles from Pure Mo, pureA1 and the as-deposited bilayer film
were subjected to line shape analysis to determine the subgrain particle size and root-mean-squared V
microstrain in these films.

4.3.3 Analysis using STEM

The TEM, SEM and EDAX facilities of the Philips-EM420 Scanning

Transmission Electron Microscope were used to study the Mo/Al thin film for reactions, surface
features and elemental analysis respectively. The TEM samples deposited on carbon-coated copper

grids were viewed in the transmission mode to examine their rnicro-structure and to obtain crystal

structure information about the phases through electron diffraction patterns. Bright-field images and

diffraction spot and ring pattems were obtained from the as-deposited and annealed thin film sam-
ples. The microscope was calibrated for camera length and camera constant using a standard Al thin

i

film sample with known d-spacing. The ring pattems obtained from the Al standard at a nominal
camera length setting of 660mm were used to calculate the actual camera length at this setting. The

same setting was used for all the diffraction pattems recorded on film for ease of comparison and
analysis. The microscope however could not be calibrated for magnification settings and image ro-
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tation of bright-field image with respect to the diffraction pattern because of problems of stability

of the standard films used for such calibrations under the electron beam. So., the magnification

values indicated on the TEM micrographs are only approximate. lt was found that the bilayer TEM

sample thin films get heated easily under a fairly intense electron beam that is focussed to smaller

spot sizes and start to either bend or bum up thus drifting out of focus. For this reason, the TEM

was operated at 100 kV at the minimum possible beam current setting just sufficient to illurninate

the sample features when very small spot sizes were employed. Standard procedures for beam

alignment, aperture alignment and stigmator adjustment were carried out to ensure optimum beam

conditions. Standard procedures for obtaining TEM images and diffraction patterns are given in

the operators’ instruction manual for the EM420 STEM system and are not repeated here. The low

beam current used necessitated long exposure times for recording the photornicrographs.

The use of the SEM facility in EM420 STEM restricts the maximum sample

size to 6mm >< 3mm area and less than 2mm height. This height requirement made it difficult to

focus the electron beam on film surfaces deposited on 1/ 16 inch thick Si(l00) substrates. The films

deposited on thin glass substrates however were of ideally suited height for high magnification SEM

studies of the film surface. The thin film samples on glass substrates were cut to appropriate area

requirements with a fine diamond scriber. The sample was mounted in the sample holder with silver

paint which not only serves as an adhesive that holds the sample to the holder but also serves as a

grounding conductor so that the film surface gets grounded to prevent any charging of the surface.

Surface and subsurface images were produced using both the dedicated backscattered electron de-

tector and the secondary electron detector. The surface images were recorded on polaroid films with

attached negative which enables prints to be made later when required. The surfaces were also

viewed in Y·modulation mode to get a three dimensional view of the surface features. The images

were analysed for quality of the surface and surface morphology.

Energy Dispersive X-ray spectra were obtained from both the TEM and the
l U

SEM samples so as to determine the elements present and possibly the ratio of Mo to Al in the thin -

film samples.

EXPERIMENTAL PROCEDURE 67



E

_
No TEM samples were prepared of multilayer samples. Only the surface

roughness was examined in the high resolution SEM mode using EM420 STEM.

4.4 Characterization ofMultilayer Films

4.4.1 Analysis with AES

Composition depth profiles were obtained from Mo/Al multilayer thin film
sample with an estimated layer thickness of 200 A for both Mo and Al layers in much the same
way as for the bilayer thin films except that the sputtering rate of the Ar ion beam was reduced by

increasing the raster area and decreasing the beam current. Sputter-etch rates for pure Mo and pure
Al films were once again estimated under the new conditions and were found to be 35 A/sec and __
60 A/sec respectively. The conditions of sputter-etching were 0.2uA beam current, 4.0 kV beam
voltage and 2.0mm >< 2.0mm raster size. The composition profile was extracted from the APPH
versus sputter-time profile as in the case of bilayers. Only multilayer films that have layers thicker
than 100 A can be analysed by AES and hence only this multilayer film was analysed.

4.4.2 Analysis using X-ray diffraction

As discussed in the multilayer diffraction theory in Chapter 3, ideal multi-
layer thin films exhibit satellite rellections and low angle reflections around the main beam which
reflect the layering and strain wave modulations in the film. The satellite and normal peaks at high

angles were examined in much the same way as for bilayer thin films scanned in detail at high an-
. gles. To examine the probable low angle peaks that may occur close to the main beam, it is pref-
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erable to use a Or X-ray wavelength than Cu for the simple reason that the low angle peaks would
be slightly farther away from the highly intense main beam and could possibly be separated from
the main (000) reflection if the layer thickness is thin enough. Hence, a diffractometer with Cr tube
was used along with a Ni frlter. An accessory attachment to the specimen holder table called ’edge
aperture’ was used to prevent the main beam from reachirrg the detector directly which would prove
disastrous for the detector. With the edge aperture, one can go as close to the main beam as l /10
of a degree. The multi-layer sample was mounted on the specimen holder and the edge of the edge
aperture was moved very close to the surface of the sample so as to avoid main beam spill-over
directly to the detector. Slow scans at 1/10 of a degree per minute were made to detect any low angle
peaks. These peaks would be observable only when the modulation wavelength of the multilayer
is less than about 100 Ä. Slow scans were made to detect any satellite reflections around a normal
rellection at high angles. Texture of the films were exarnined by comparirrg the ratio of integrated
intensities of various peaks from the multilayers to those from powder sample.

4.4.3 Analysis using RBS

_ A Mo/Al multilayer thin film was examined by the RBS technique at Naval
Research Laboratories (NRL). He+ ions derived from a Van de Graff generator at 2.0 MeV energy
were used to bombard the sample multilayer. The Mo and Al layer thickrress values estimated based
on the deposition conditions for this frlm was approximately 200 Ä The sample mounting geometry
was the IBM type in which the sample normal is in the same plane of the detector and irrcident
beam. The detector resolution was 15 keV. Other relevant parameters set during the experiment
is given along with the RBS spectrum of the sample and the composition-depth profile in the results
section.
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5.1 Results for Mo/Al Bilayers °

The results obtained for Mo/A1 bilayer thin films in terms of their film

quality and diffusional reactions at temperatures in the range of 300 to 600°C are presented in the
following sections. The results are grouped into sections based on the analysis technique used for
obtaining the results.

p 5.1.1 Analysis of As-deposited Bilayer Films

The bilayer films sputter deposited under conditions specified in tables 3, 4
and 5 were analyzed using AES, X-ray diffraction, and TEM techniques. The results of AES
sputter depth profiling are presented in Figure 10 on page 72, Figure ll on page 73, and
Figure 12 on page 74. The Auger Peak to Peak Height (APPH) as a function of sputter-etch time
is shown in Figure 10 on page 72. The peaks used for Mo and Al peak height measurement were
the 186eV Mo Auger line and 68eV Al Auger line. The data presented in Figure 11 on page 73
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is the sputter etch rate and sputter etch depth as a function of time. This figure was obtained using
the data presented in Figure 10 on page 72 together with Equation 4 of Chapter 3. Using Equation

. 4, the sputter etch rate was obtained as a function of time. Then the sputtering depth was obtained
by graphically integrating the etch-rate versus time curve. This depth-tirne relation was used in-
plotting Figure 12 on page 74 which presents the concentrations of Mo and Al as a function of
depth. The APPH data of Figure 10 on page 72 were converted to bulk concentrations using
Equations 5 and 6. The typical value used for R, the correction factor that accounts for atomic
volume differences between Mo and Al was calculated to be 0.5579 from Equation 7. The
sputter-etch rates of pure Mo and pure Al were experimentally measured to be 240 Ä/sec and 405
Ä/sec respectively. The density values used for Mo and Al in Equation 7 were the bulk density
values of 10.2 g/cc and 2.7 g/cc respectively. The composition versus depth profile obtained in this
way indicate that the interface thickness of the bilayer film to be about 200 Ä. The exarnination
of this 1200 Ä thick Mo on Al bilayer using X-ray diffraction revealed a very fine sub-grain size of
approximately 125 Ä estimated using Scherrer’s fonnula for sub-grain size of Mo. The observed
peak width at half·maximum for Mo was 0.019 radians. The Aluminum reflection (1 1 1) was sharp
and the sub-grain size estimated was about 900 Ä. These values were only slightly less than the
values of sub-grain sizes obtained with pure Mo and pure Al thin flms. This means that the de-
position of thinner layers does not affect the structure of the films once the deposition conditions
are fixed.

Another bilayer film with the top Mo layer of thickness 6000 Ä was exam-
ined with X-ray diffraction technique and it was found that the grain sizes remained approximately
same as their original values for both Mo and Al. The X-ray diffraction pattem obtained from the
6000Ä Mo on Al as-deposited thin film sample is presented in Figure 13 on page 76. Pure Mo and
Al films that were used as standards were also exarnined using X-ray diffraction using line shape
analysis of the Mo (110) and Al (lll) reflections. Line shape analysis used only the first order
peaks because the other reflections were of very low intensity. This may affect the values estimated

for non-unifonn strain in the film because one peak analysis is found to give results of particle size
and strain that is not unique and to have a lot of fluctuations. In general first order peak line shape

RESULTS AND DISCUSSION
Ä

71



1
11

70

60 120 nm Mo on Al
Unannealed Sample

50
:-lx '¢\~ ,·„•"-""*'•*'**•¤•••••¤••••••••••

D n
Ö 40 I¤ IE : ———— Mo
0$5, -~----·—— Al
1 30 I°— Iä s2010

I

O I
0 1 2 3 4 5 6 7 8 9 10

Sputt•r-etch tim• (min)

Figure 10. Measured APPII as a function of sputtcring time for an as~«lcpositcd bilayer
film: ~ 1200 Ä Mo layer on Al layer.
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analysis gives better estirnation of sub·grain particle size than of strain. The results obtained from
line shape analysis of pure and bilayer films are presented in Table 7 on page 77. Such small gain
sizes could possibly give rise to grain boundary diffusion dominating over bulk lattice diffusion at
temperatures comparatively lower than the melting point of Al.

” Analysis of as-deposited samples deposited on carbon coated copper gid for

use in TEM revealed that the grain size of Mo to be much finer than Al. The bright field image
of the as deposited sample along with the electron diffraction pattem obtained from a typical region

of the sample is presented in Figure 14 on page 79. The bright or white ares in the image represent

larger Al gaius. As can be seen from the diffraction pattems, the diffraction pattem has a spot

pattem superirnposed on a ring pattem. The ring pattem corresponds to diffraction from several

Mo crystals and the spot pattem corresponds to diffraction from a single Al gain oriented the [100]

direction normal to the plane of the film. This is the case when a fme spot size for the electron

beam was used. It is also found that some spots on the Mo ring pattern are stronger and that the-

rings are spotty and not continuous. This indicates that some of the Mo gaius have a specific

crystallogaphic orientation with the Al layer on which they were deposited. The orientation of the

beam with respect to the Al diffracting gain was deterrnined for different Al gaius and it was found

that Al did gow with [100] preferred orientation when deposited on carbon coated grids. In other

words, the Al grains had [100] preferred orientation. The sample was viewed both from the Mo layer

and the Al layer facing the electron beam. A classic case of double diffraction was observed when

the Al layer was facing the electron beam and the beam reached the Mo layer after passing through

the Al layer. This gives rise to a diffraction pattern in which there is a Mo ring pattem around se-

veral of the strong diffraction spots of Mo. The diffraction pattem showing this double diffraction

effect is presented in Figure 15 on page 80. Since the Al layer is thin and is probably not favorably

oriented for strong diffraction, the beam passes through the A1 layer without diffracting. Then it

seems to be diffracted strongly by a large Mo grain and each of the strongly diffracted beams serves

as the input beam to the lower finer Mo gaius and suffers double diffraction. This gives rise to the

pattem shown. This indicates that the layering is good with less island formation effects even when
the layer thickness is of the order of 100 A at least in the case of TEM samples.
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Table 7. Results of X·ray line shape analysis of Mo(ll0) and Al(lll) reflections from Mo, Al and
Mo/Al bilayer thin films. I

Specimen Particle Size Root-mean-squared strain
< L > (Ä) y < gf > V-

As-deposited Mo film
1

142 -0.282 0.0120
As·deposited Al film 481 -0.210

1
0.0105

As-dcposited Mo/A1 film
Mo 125 -0.296 0.0132

A1 403 -0.261 0.0117
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The SEM images of pure Mo, pure Al and the bilayer thin films are pre-

sented in Figure 16 on page 81 and figref refid = figl6.. It is clear that the Mo film has an extremely
smooth surface finish indicated by both the intensity modulated SED image and the Y-modulated
SED image. The Al film has oxide coverage on the surface and as a result, the surface smoothness

' is not as good as the Mo film. However, when depositing bilayer films under high vacuum, it was
expected that the Al layer surface on which the layer of Mo was deposited, would not get oxidized
and would instead be smooth. This would ensure a relatively sharp interface which was observed
using the AES analysis to be about 200 Ä thick. The Mo oxide flm that might form over the Mo
surface upon exposure to atmosphere appears to be thin and featureless. It could be that this
Mo·oxide layer is amorphous.

5.1.2 Analysis of Annealed Bilayer Thin Films

The films were annealed as indicated in section 4.2. As a result of annealing
at 300 °C, there was considerable amount of interdiffusion as observed with the AES analysis. The
results of AES composition—depth profrling of the annealed specimens are given in Figure 18 on
page 84 through Figure 29 on page 95. It is clear from the profile for sample annealed at 300°C
that there is only inter·mixing and no intermetallic compound formation which if present in de-
tectable amounts would show up as a discontinuity in the composition-depth profile. Since the
equilibrium diagram shows extremely low solid solubilities at both ends the significant amount of
interdiffusion without compound formation could be due to non·equilibrium meta·stable solid

solubility and/or Ar ion-beam mixing effects and/or formation of intermetallics with volume frac-
tion below detectable limits. The X-ray diffraction pattem of a 6000 Ä Mo on Al annealed at 300°C

for 3 hours is presented in Figure 30 on page 96. The pattern confums the absence of interrnetallic
compounds.

_ Annealing at 350°C resulted in compound formation which showed up as
a discontinuity in the profile at about 8 atomic % Mo concentration and also inside the Al layer.
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The intermetallic compound corresponding to this discontinuity is Al„Mo . This profile was ob-
tained for a sample annealed for 3 hours. Prolonged annealing upto 64 hours at this temperature
did not give any other compound formation. This was confirmed by X-ray diffraction analysis of
the annealed sample and by TEM electron diffraction patterns. The X-ray diffraction pattern of this
sample is shown in Figure 31 on page 97. Annealing led to grain growth of Al grains and Mo
grains as observed by sharpening of the diffraction peaks for Al and Mo. ‘

y
To monitor compound formations in these films, it was necessary to gen-

A
erate the powder diffraction patterns for all the possible intermetallic compounds that may form
below 600°C. These pattems were generated using the computer code POWDERT so long as the
crystal structure and the lattice parameter information for a possible compound were available.
The diffraction patterns generated were useful in identifying the peaks observed in X-ray diffraction
data and in interpreting the electron diffraction data. Part of the generated pattems are presented
in Table 8 on page 102 which gives the 20, d-spacing and relative intensities of four most prominent
reflections of various possible intermetallic compounds. For a sample annealed at 350°C, few weak
and broad diffraction peaks appeared at positions corresponding to Al„Mo. This is in agreement
with the discontinuity or flat region in the Al side of the corresponding AES composition profile
which is at a concentration of ~ 7.7 atomic% Mo.

Annealing at 4008C showed formation of more amount of A1„Mo. This
was observed with all three techniques. The AES profile also showed the tendency for formation
of a discontinuity near the ocncentration level of 75 atomic % Mo. This would indicate the for-
mation of the compound AlMo3. However, the peaks corresponding to AlMo, did not show up in
the diffraction pattem obtained from the X-ray sample with thicker Mo layer.This could possibly
be due to insufficient amount of compound forrned at this temperature to be able to detect with
X·rays.

The electron diffraction patterns and bright field images of the TEM sam-
ples annealed at temperatures ranging from 300 to 600°C are presented in Figure 36 on page 104
to Figure 4l on page. 109. It can be seen from these diffraction pattems that many of the spots in
the spot pattem seem to coincicle with the rings of the ring pattem. This might be due to the
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Table 8. Dilfraction data for intermetallics in AI-Mo.

Four most prominant reflections and the observed reflections at different amiealing
temperatures [Cu-Ka radiation].

Compound (hkl) d-spacing 20 Rel.Inten. 20 Anneal.
(Ä) (deg.) (%) (deg.) Temp.

(calc.) (calc.) (calc.) (calc.) (expt.) · (°C)

A1„Mo (310) 2.3975 37.482 100.0 37.60 2 350
(321) 2.0262 44.686 93.5 44.78
(110) 5.3609 16.522 74.6 16.67
(222) 2.1886 41.212 47.5 41.35

A15Mo (112) 2.137 42.26 100.0
(101) 3.816 23.29 71.0
(110) 2.445 36.73 28.0
(004) 2.200 40.99 27.0

A14Mo (241) 2.1789 41.404 100.0 T
(042) 2.2226 40.555 95.5
(130) 3.8921 22.829 76.5
(111) 3.9344 22.581 71.4

A1„Mo, (113) 2.2798 39.494 100.0 39.82 2 600
(312) 2.2284 40.445 99.3 40.97
(401) 2.1199 42.612 42.8 42.23
(110) 3.3750 26.385 40.0 26.04

A11\/Io, (210) 2.2137 40.725 100.0 40.89 2 450
(211) 2.0208 44.812 31.3 45.42
(520) 0.9192 113.86 29.0 113.2 ?
(1 10) 3.5002 25.426 22.4 25.93
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tendency for epitaxial gowth of metallic gaius aud the grains of iuterrnetallic compounds. If the
interfaces tend to be coherent at the area of contact of these gaius, lattice distortion and associated
cohereucy straius could be expected to be present. The TEM sample contains layers that are
ultra-thin and it is generally found that for ultra-thin coatings the deposit tends to form coherent
interface with the substrate layer.

Uniquely indexing the rings of a ring pattern becomes difficult for pattems .

4 obtained from samples anuealed at higher temperatures where several phases can possibly coexist
aud may lead to overlapping of very closely spaced rings that are difficult to resolve. This makes the
identification of phases using conveutional electron diffraction teclmiques difficult. Convergent
beam techniques aud operation of the TEM in the uanoprobe mode instead of the microprobe
mode may be helpful in obtaining. unarnbiguous diffraction information from very small single
phase regions in the sample. Electron diffraction pattems obtained at temperatures above 450°C
are too complicated to be analysed completely. Further different regions gave different complicated
pattems which called for a very detailed examiuation with the TEM beyond the scope of the present
work. Only the most commonly observed pattems are presented here.

· Samples armealed at 450°C showed a somewhat different microstructure as
can be seen from the TEM microgaph. The Mo gaius had grown larger aud few. The electron
diffraction pattern and the X-ray diffraction pattem confirm the formation of AlMo, compound

l aud the gowth of Al,,Mo. AES profile also showed a clear discontinuity at approximately 75
atomic % Mo. Samples armealed at temperatures higher than 450°C were not analysed by AES.
Diffraction techniques showed the formation of larger arnounts of Al,2Mo and some Al8Mo, but
no detectable A1Mo, for a sample armealed at 500°C for 3 hours. X-ray diffraction spectra of a
sample anuealed at 600°C for 3 hours showed peaks corresponding to Al8Mo3 aud some more re-
flections that could not be identified. These unidentifiable reflectious did not match with the sirn—
ulated powder diffraction patterns for the several interrnetallics. These peaks could be due to the
compound Al6Mo for which no lattice parameter data or structural data was available or due to the
formation of some new unknown compound. There was a single peak at 20 = 43.4° that could not
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be indexed which started appearing at 350°C and grew in intensity with increasing annealing tem-
perature.

The surfaces of the annealed bilayer samples were examined in the SEM
mode of EM420 STEM. The SEM micrographs of the surfaces are presented in Figure 42 on page

(
lll to Figure 46 on page 115. In most cases the surface was covered with a somewhat discontin-
uous oxide film with the metal lying beneath the oxide. Since the surface of pure Mo film was
completely featureless, it is irnagined that as result of the heat treatment, this oxide layer was
formed. It is also possible that some of the Al in the lower layer diffused up to the surface through
grain boundaries because of its affinity for oxygen. This is evident in the micrograph of the multi-
layer sample surface with a 200 A Mo top layer through which Al from the next layer below seems
to have diffused to the surface to get oxidized.

To determine the diffusion coefficients for self·diffus_ion of Al in Mo and
Mo in Al, the AES composition profiles were analyzed first to determine the chemical interdiffusion
coefficient at concentrations of less than or equal to 6 atomic% on both the Al side and the
Mo side using the Matano solution for the interdiffusion problem in which the two materials form
a semi-infinite diffusion couple with accompanied additional intermetallic phase fomnations.

_ Matano method can be applied to these single phase regions with a continuous composition profile
and a one-dimensional concentration gradient. The interdiffusion coefficients were calculated from
the AES composition-depth profiles using Equation 46 in Chapter 3. Graphical integration was
done using a sensitive electronic planimeter to fix the Matano interface position and to estimate the
integral in Equation 46 for the four different temperatures 300, 350, 400 and 450°C. lt was found
that for compositions lower than 6 atomic% the interdiffusion coefiicient did not depend on con-
centration. Using Darken’s equation (Equation 47), the lattice diffusivities Dm and DA, were esti-
mated from D measured at 3 atomic% Mo and 3 atomic% Al respectively. The values of DMO and
DA, obtained at the four different temperatures (300, 350, 400 and 450°C) were fit to a straight line
to obtain an Arrhenius type relation between the lattice diffusivity and temperature for Mo and
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Al. The plots of DMO versus (1000/T) ar1d DA, versus (1000/T) are presented in Figure 47 on page
ll7and Figure 48 on page ll8respectively. Though the fit for Mo appears to be reasonably good,
data for Al diffusivity appears scattered. This could be due to the finer grain size of Mo compared
with Al layer. The figure for Mo lattice diffusivity also contains the Arrhenius type relations ob-
tained for Mo diffusion in Al by two different independent investigations reported in the literature.
One of the studies [31] involved bulk diffusion studies with 0.2 to 0.3 weight% Mo in Al alloy
sandwiched between pure Al. This study was carried out at temperatures close to the melting point
of Al (625 to 655°C) and the samples were analysed by ESMA technique. The other investigation
was on the tracer diffusivity of Mo in polycrystalline Al in the temperature range of 400 to 600°C
[62]. The values of DO, the pre-exponential factor and Q, the activation energy for diffusion from
the present and the other two investigations are tabulated in Table 9 on page 119.

The activation energy obtained in the present investigation is comparable
but slightly lower than the one obtained for tracer diffusion but is much lower than the value re-
ported for bulk impurity diffusion in alloys. This may be explained by the fact that bulk diffusion
studied by Chi [31] at temperatures close to the melting point of Al combined with the ESMA
technique measures the diffusion of Mo in Al in conditions under which thedominating mechanism
of diffusion is pure- volume diffusion which has a much higher activation energy than diffusion in-
volving short·circuit paths such as grain boundary, dislocation pipes etc. The large concentrations
of such short-circuit paths exist in thin films especially in the type of fine-grained thin films used
in the present investigation. Also the lower temperature range used in the present study leads one
to expect diffusion through short-circuit paths to be the predominant mechanism.

_ The low Q value obtained in the present investigation is closer to the one

l obtained for tracer diffusion in polycrystalline Al in a similar temperature range because the con-
ditions under which the diffusion process was studied are somewhat similar with probably short-
circuit diffusion dominating over volume diffusion. The still lower value of Q can be related to the

D

relative abundance of short-circuit paths in the microcrystalline bilayer thin films compared to a
normal polycrystalline specimen. „
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Table 9. Do and Q values for diffusion of Mo into Al.

Source DU Q
cmz/sec kcal./mole

Tracer
Diffusivity l.04 >< l0“’ l3.l
|Ref.62|
Bulk
Diffusion l8I§° 60;}:4
|Ref.3l|.
Present
Study 5.56 >< l0‘ "‘ 7.958
|T|rin liIm|

A comparison of the actual values of diffusion coeflicients obtained all three

investigations shows that the results of the present study are one order of magnitude higher than
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bulk alloy measurements of Chi [31] and two orders of magnitude lower than the tracer diffusivity
values. These differences are the result of the very low DO value obtained in the present investi-
gation. This low value may be the result of the analysis technique used in the present study; i.e.,
the use of AES sputter profiling method. The accuracies of the diffusion coeliicient and other rate _

‘ constants measured in the present investigation depend on the validity of the assumptions made for
deriving the Equations 4-6 of Chapter 3 and also on possible experimental errors. In Equation 6,
the alloy or compound sputter-etch rate was related to the experirnentally measured rates for pure
metals neglecting any alloying effects. It could be that the compounds sputter at a very different rate
compared to metals because of structural and chemical environment differences. If this is so, the
error ir1troduced in the sputtering rate would reilect finally in the value obtained for the pre-
exponential factor Do but should have no effect on the calculated value of activation energy Q.
Since quite a few intermetallics were observed upon annealing, it is possible that the estimated
depth-time relation for the sputtering process is not followed faithfully, So, the diiferences in Do
values could result from measurement errors, but could also arise from the different specimen·
prepartion conditions.

5.2 Results for Mo/Al Multilayers

First, the Mo/Al multilayers were deposited with no substrate bias being
applied. The expected layer thicknesses of each Mo and Al layer were to be 200 Ä and 60 Ä re-
spectively for two diffemt sets of samples. the first sample was to be exarnined by RBS and AES
methods because of the larger layer thickness which brings the possible satellite X-ray peaks too
close to the main reflection for investigation with X·rays. The second sample is not suitable for ei-
ther RBS or AES composition profiling because of the limited depth resolutions of these techniquesl
but is ideally suited for x-ray diffraction investigation through analysis of super-lattice satellite re-
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flections and low-angle reflections around the main beam (000) reflection. Results of RBS analysis
of the 200 Ä layer thickness multilayer film is presented in Figure 49 on page 122 and Table 10
on page 123. The results show that the film has poor layering characteristics with no sharp inter-
faces. Though no bias was used, it is possible that the Al layers deposited in islands with a lot of V
discontinuities and pores as has been observed in the case of deposition of pure Al films. Even if
the Mo layers deposit uniformly on the lower Al layer the poor structure of the bottom-most A1
layer and the subsequent ones would add up and result in very poor interface quality. Also, since
a conventional diode source was used for deposition, substrate and growing film are not decoupled
from the plasma but are subjectcd to bombardment of energetic particles which would further de- _
teriorate the interface quality.

Figure 50 on page 124 and figref refid= fig48. show simulated x-ray
diffraction peak positions with relative intensities without any broadening arising from ideal multi-
layers of layer thickness 200 Ä and 60 Ä examined with Cr-Ka radiation. X-ray diffraction inves-
tigation of the 60 Ä layer thickness multilayer sample showed no satellite peaks at all around any
of the higher order peaks. Couple of weak reflections were obscryed in the low-angle region which

{

indicated presence of composition modulations in the film but the peaks were very asymmetric and
the 20 positions did not correspond to the expected positions for the 60 Ä multilayer structure. lt
is necessary to have a coherent modulation whose repeat wavelength does not vary more than 10%
from the mean value, to be able to observe satellite peaks and multilayer diffraction effects from a
multilayer. The low angle peaks however are sensitive only to the chemical or structure factor
modulation on a broader scale may still appear even if the interface quality is very poor. This was
the case with the multilayer films deposited during the present investigation of layered films.

Attempts to deposit multilayer films with the substrate bias being applied
to improve the quality of Al layers did not result in better interface quality. This was due to the

ion·beam mixing effect at the surface of the growing layers caused by the bombardment of energetic
Ar ions due to the negative bias at the substrate. The mutilayer film deposited in this way was an-

alysed for composition profile by AES technique. The profile in Figure 52 on page 127shows that
except for the top-most Mo layer on which no layer is subsequently deposited , all the lower layers
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are more or less completely mixed. This indicates that bottom layer gets mixed with the adjacent
top layer due to the ion bombardment. it is clear from this investigation that the interface quality
can only be improved by decoupling the growing film from the plasma with the use of a magnetron
cathode assembly fitted behind the target.

RESULTS AND DISCUSSION l26



1

I

~
·

J

_
' ' ••.

‘ o— :1 23

. 4 §
6

~ u
4 z' 3.

'

•OQ4.

· · ·· „ 5 g
6 6 ” gel

1 g'
» •• H g

° •• PÜ E
~ °« 6 2= E;

' 3 •- Q]
_ · · . •• j E ‘
, ~

• _ °l·

„ _ · I °'

.
*

_ ‘ E-
.

‘ . .•• S-:
. - ' gg:

7 . ,4: gg

3 2 <=—·· vv 6 ää
· [

,. . . . [ ·<*
· · J .

. - ~
- • . Q

. · 5
. . ,29. „ ”

* 2
P _ {

_ (X) °ZI °V

RESULTS AND DÄSCUSSION [27



6.0 CONCLUSIONS AND

RECOMMENDATIONS FOR FUTURE YVORK

The preparation of Molybdenum / Aluminum layered thin films with a
conventional diode rf- sputter deposition system was critically examined for the possibility of fab-

’ ricating bilayer and multilayer thin films of the Mo/A1 binary system. The interdiffusion and
intermetallic compound formation in Molybdenum on Aluminum bilayer thin films were investi-
gated in the temperature range 300·600°C. Auger Electron Spectroscopy, X-ray Diffraction and
Scanning Transmission Electron Microscopy techniques were used for analysis of the thin film
samples for composition and structural details. The TEM samples seem to be a layer of A1 with
large grains on which a few large and a large number of fine Mo grains both grown with preferred
orientations. From the analysis of electron and X-ray diffraction data obtained for annealed sam-
ples, formation of the intermetallic compound Al„Mo was confrrmed at temperatures above 300°C.
Formation of the compound AlMo, was detected beyond 400°C. Formation of Al8Mo, and one

other unknown compound was detected above 500°C. The chemical interdiffusioncoefiicientwas
measured at different temperatures as a function of composition. Lattice diffusivities of Mo in

Al and Al in Mo were obtained as a function of temperature. The lattice diffusivities were fitted
to an Arrhenius type equation to estimate the activation energy for diffusion. The values of acti-
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vation energy and pre-exporrential factor obtained for Mo diffusion in Al were compared with the
values reported in the literature. As a result of the fine grain structure of the films, diffusion is ex-
pected to occur through short-circuit paths with lower activation energy. It was concluded that
multilayers of good interface quality could not be prepared with the present conventional diode
sputtering system and that one needs to upgrade the sputtering system by having magnetron target
assemblies fitted to the targets. l

. Future work can concentrate on the effect of ion-beam mixingof the Mo/Al
bilayer samples at various ion fluences and to determine the mechanism of mixing. Formation of
passive amorphous protective coatings by ion-beam mixing of layered thin films is a current topic
of interest in research and application. An understanding of the mechanisms ofmixing and radiation
enhanced diffusion in such layered materials is vital for proper process control of the coating

E
fom1ation.Work has been started to model the ion-beam mixing in Mo/Al bilayer films using the-
oretical calculations. Some preliminary results are presented in appendix B of this thesis. The
Mo/Al bilayer films are currently being experimentally investigated for ion-beam mixing character-
istics. It would prove useful to compare the results of ion-beam mixing with the results of the
present investigation to bring out the differences between ion-beam mixing and thermal diffusion
mechanisms.

If the sputtering system is converted to a magnetron system, good quality
multilayers of Mo/Al can be deposited. These films have important and novel properties and are
easily examined with X-ray diffraction techniques. Recently multilayer thin films are being used for
preparing surface alloyed coating because of a higher mixing efficiency than bilayer films. It would
be instructive and useful to the effects of ion-beam mixing of multilayers and compare the results
with the mixing of bilayers.
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Appendrx A. CHARACTERISTICS OF

As discussed in section 2.1.3 of Chapter 2, the three important conditions
for sputter deposition of layered thin films of u1tra·thin (10-100Ä) layer thickrress are [15]

1. Sputter·source-deposition surface decoupling
2. Energy distribution of sputtered atoms
3. Geometry of source substrate configuration.

Though it is possible to optimize the last two factors in the conventional diode sputtering source
systems, the first factor of plasma-substrate decoupling is extremely difficult and nearly impossible
to achieve with conventional diode sources.

Magnetron sputter sources, in addition to having approximately an order

of magnitude higher deposition rate than possible with conventional diode sources, are also capable
of experimentally isolating or decoupling the plasma from the deposition surface almost completely.
Irrfact, it is possible with these magrretron sources to completely elimirrate the bombardment of the
substrate and growing film by almost all energetic particles except for the atoms of the sputtered
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material being deposited, atoms of back scattered inert sputtering gas and UV photons. The effect
of bombardment of the deposition surface by neutral atoms and photons is generally considered
insignificant when compared with the effect of charged particle bombardment in degrading interface

n character in layered thin films. The higher deposition rates possible with magnetron sputtering
sources (typically 10-30 Ä/sec) are a direct result of increased ionization and sputtering efficiency
of these sources. .

The conventional diode sputtering sources of the multi-source rf sputtering
system that were used for fabrication of layered thin films in the present work can be converted into
a planar magnetron source by the essential addition of an array of permanent magnets behind each
target. The array of magnets are arranged in such a way that there is at least one region in front of
the target surface where the locus of the magnetic field that lies parallel to the surface is a closed
path. This is illustrated for a circular target source in Figure A. The tunnel shaped magnetic field
forms the boundary of a region adjacent to the target surface in which the discharge plasma is
constrained. The plasma is constrained because of the secondary electron trapping which occurs
due to the closed toroidal trajectory of the secondary electrons, caused by the magnetic field per-
pendicular to the electric field. It is important to note that in order to achieve a useful field beyond ”

the target face, the target must be magnetically saturated. This factor becomes important for sput-
tering ferromagnetic target materials, in which case special cobalt-rare earth magnets may be used.
Normally, ferrite magnets are used for the magnetic array.

Planar magnetron sources are of the high constant current and low voltage
type in contrast to the conventional diode sources that are of high constant voltage and low current
type. The rf power supplies used for the diode rf sputtering system are also usually suitable for

planar magnetron sputtering. Commercial rf sputtering supplies can normally tolerate the occa-
sional arcs and transient high voltage pulses of rf planar magnetron sputtering. The variable com- lI
ponents (capacitors or inductors) of the rf impedance matching network need to be adjusted and
tuned to compensate for the lower plasma impedance of the planar magnetron sources.
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Substrate·biasing, if needed, is also easily done just as in the diode source system; rf planar
magnetron deposition rate control is achieved in the same manner as in conventional rf sputter
deposition.

Planar magnetron sources are usually operated in Argon sputtering gas at a

pressure of 1-10 mTorr, which is an order less than the gas pressures used in conventional rf diode
sputtering systems. This low pressure operation may help improve the quality of the deposited film
by reducing the impurity levels and by increasing the surface mobility of depositing atoms thus
preventing island fonnations. Also sputtering gas pressure has less influence on deposition rate for
the planar magnetron sputtering than for the diode sputtering. Magnetron sputtering has at least
three times the cathode erosion rate efficiency of conventional diode sputtering. An effect peculiar
to magnetron sputtering is the non-uniform erosion of the cathode surface. In planar magnetrons,
a few thermalized electrons do escape the electron traps and arrive at the substrate. Neutral atom
bombardment of the deposition surface by backscattered neutralized ions and depositing species
may lead to higher surface mobility for the deposited atoms. For a given deposition rate, the
substrate temperature for planar magnetron sputtering is in general significantly lower than for rf

° diode sputtering. Shorter target-substrate separation distances are possible which increases depo-
sition rate. Faster deposition decreases the deposition time and hence the operating cost of the
sputtering system, such as the cost of the liquid nitrogen required for the cold trap of the vacuum
system.

Due to the non·uniform erosion of the target in planar magnetron sputter-

ing, non·uniform coating may take place. This is easily offset by modification of magnet geometry,
or by empirically shaped aperture shields (shapers) and by substrate table rotation, moving the
substrate past the sources. The targets can be mechanically adjusted from time to time so that
non·uniform erosion does not cause very uneven target surface.
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n
The advantages of planar magnetron sources are faster deposition, increased

efliciency of operation, possibility of making layered thin films with compositionally abrupt inter-
faces and ease of conversion from conventional rf diode to rf planar magnetron sputtering sources.
These advantages make the recommendation for installation of the magnetron target assemblies in

i the conventional rf sputter deposition system used for the present work a sound one. It is partic-
ularly noted that this conversion is essential if good quality metallic multilayer thin films are to
be prepared by sputter deposition.
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Appendix B. THEORETICAL CALCULATIONS
ON ION-BEAM MIXING OF Mo/A1 BILAYERS

The effect of ion-beam mixing of Mo/Al bilayer thin films that were exam-
ined for thermal diffusion behavior in the present study was qualitatively assessed using computer
simulations. The simulations were carried out for bilayer films with a thick Al bottom layer and a
thin Mo top layer. Three different layer thickness values were used for the Mo layer. These thick-
nesses are 400, 1200 and 4000 Ä. First the appropriate energy of the ion-beam that has to be used
so as to get the peak of the damage profile as close to the interface as possible. The simulations
were done for ion·beam mixing with a high energy Argon ion-beam. The Monte Carlo computer
code TRIM was used for obtaining the damage energy distributions for all three bilayer films at
different energies. It was found that for the 400 Ä Mo on Al film the ion beam energy required was
100 keV for the maximum damage to occur at the Mo/Al interface. For the 1200 Ä film the energy
was 300 keV and for the 4000 Ä film it was l MeV. These energy values were used for ion·beam
mixing simulation of the respective films treated at different fluence levels.

The process of ion·beam mixing was assumed to be ’diffusion-1ike’ and the
resulting diffusion equations were solved by the Cranck-Nicholson finite difference technique. The
computer code STEPIMP written implementing this technique [64] was used for obtaining tl1e
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composition versus depth profiles that are presented in the following figures. The computer code
considers ion-beam processes such as ion collection, sputtering, lattice dilatation, radiation en-

hanced diffusion and collision·cascade mixing. Processes such as preferential sputtering and
radiation~induced segregation were not included in the calculations. The effective interdiffusion co-
efiicients for collisional cascade mixing were calculated from the expression given by Myers [65]
which gives at least an estimate of the correct order of magnitude of the diffusivity. This expression
is

D X = (1/6) XZP (45)

where

K = Root·mean square separation for vacancy-interstitial pair

and the function P is the number of displacements per target atom per unit time given by

P(x) = (0.8/2NEd) (dE/dx)<p (46)

where

<p = Ion flux

N = Atomic density of the solid

Ed = Effective threshold displacement energy 2 30 eV

(dE/dx) = Ion energy deposited per unit depth with E in eV and dx in mn

The profiles presented simple diffusion profiles with no discontinuities because the code can not

assess the formation of intermetallic compounds.
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Figure 54. Damage energy profile of sample of a 400 Ä Mo layer on AI (sample #l), ion-lscam mixed
with a l00 keV Ar beam.
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Appendix C. RBS ANALYSIS OF ION-BEAM
MIXING OF Sn THIN FILM ON Fe

SUBSTRATE

Experimental RBS spectrum obtained from a chemical vapor deposited
approxirnately 1100 Ä thick Sn thin frlm on Fe [53] were analysed using the software package
RUMP [54, 55] are. presented in this appendix. The composition profiles obtained from the various
spectra taken of specimen subjected to varying degrees of Ar ion fluences are presented following
the experimental RBS spectra. A description of the experimental conditions of RBS analysis and
the ion-beam treatment conditions are shown below each spectrum.

The results show that there is considerable loss of Sn from the surface dur·

ing high temperature ion-beam treatment at high fluences caused by sputtering of the Sn layer. Low

temperature ion beam rnixing does not indicate as much loss of Sn from the surface as at high
temperatures. When the beam energy is increased from 300 to 400 keV, the damage peak lies inside
the Fe substrate and the rnixing effect is not pronounced. The long tail of Sn obtained for samples
subjected to high fluences at 300 keV may be an artefact introduced by curved uneven surface fea-
tures. A preliminary examination of the surface under low-magnification SEM revealed
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microtopographical features on the surface with only partial coverage of the substrates for samples
subjected to high fluences. The fluctuations in the composition profiles may also be caused by the
topographical features of the sample surface. Scaling of the stopping powers of both Sn and Fe was

necessary to get the good fit to experimental data. The poor fit of experimental data to the sirnu-
lations at lower energies might be caused by inelastic scattering effects, instrumental conditions such
as the electronics of the detector and instrumental broadening due to slit scattering background level

increase and other effects. The composition profile specified in terms of layer concentrations are
shown below the spectra. With the software package RUMP, it is relatively simple to extract
composition profile information from RBS spectra and the technique is also very suitable for

analysis of the Mo/Al bilayers and multilayers with layer thickness larger than 100 Ä
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Figure 67. Experimental and simulatcd RBS spcctra of an as·dcpositcd ~ l200 Ä Sn lilm on Fesubstrate.
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Figure 68. Fxpgrimzcntal and simulatcd RBS spcctra aller irradiation at 20°K and llucncc of 4 X l0‘°
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Figure 69. Experimental and simulated RBS apectra aller irrudiation at 20°K und llucnce of 6 X |0‘°
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Figure 70. Experimzental and simulatcd RBS spcctra aftcr irradiation at 20°K and IIucncc of 8 >< I0‘°ions/cm .
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Figure 71. Experimental and simulatcd RBS spectra after irradiation at 180°C and flucncc of 4 >< 10‘°
ions/cmz.
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Figure 72. Experimental and simulated RBS spectra aller irradiation at l80°(I and lluence of 8 ><
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Figure 73. Experimental and simulated RBS spectra aller irradiation w·ith 400keV Ar and lluence of6 >< l0‘°
ions/em'.
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Figure 74. Experimental and simulated RBS spectra aller irradiation with 400keV Ar and lluence of
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Figure 75. Experimental and simulated RBS spectra of an as-depositcd ~ 450 Ä Sn film on Fe.
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Figure 76. Experimental and simulated RBS spectra aller irradiation with 200keV Ar and tluence of4 ><

10‘°
ions/cmz.
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Figure 77. Experimental and simulated RBS spectra after irradiation with 200keV Ar and Iluence of6 >< 10'° sons/em'.
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