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A B S T R A C T 

Electromigration is a common cause of failure of the aluminium thin film 

metallizations used in many microelectronic devices and circuits. The objective 

of the present work was to draw correlations between processing parameters, micro-

structure and susceptibility to electromigration failure of vacuum-evaporated aluminium 

films on amorphous Si O^. 

The chemical composition of the Al - Si C>2 interface was examined using 

x-ray photoelectron spectroscopy, Auger electron spectroscopy and transmission 

electron microscopy and diffraction. The effects of substrate surface preparation and 

temperature on Al - Si O^ interfacial reaction were investigated. Reduction of the 

S i 0 2 by the aluminium, resulting in the production of polycrystalline silicon and Tj -

alumina, was found to occur under the conditions prevalent in many industrial 

metallization processes. The implications of Al-Si O 2 reaction for device reliability 

are discussed. 

A range of techniques, including transmission and scanning electron microscopy 

and grazing incidence x-ray diffraction, were used to characterize the grain size, 

preferred orientation and surface topography of aluminium films deposited onto Si C>2 

under various conditions. 1 yum thick aluminium films were found to have a ^111) 

fibre texture and the mean grain size ranged from less than 0.5yjm for deposition at 

300 K, to ** 5 yum, for deposition at 675 K. Some thinner films were also examined, 

and trends in grain size and orientation with thickness were established. "Growth 

hillocks", "annealing hillocks" and other surface features were observed in certain 

films. 

Photolithography was used to prepare 10 j.im wide tracks from 1 yjm thick 

aluminium films, and these were tested for electromigration failure under accelerated 

conditions. The median time to failure was found to increase with grain size in the 

range 2yum to 5 fJm, and an "activation energy" for electromigration failure of 
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0 . 6 + .05 eV was measured in the 433 K to 473 K temperature range. Films having a 

1 fjm mean grain size, prepared at lower temperature, gave an "activation energy" of 

0 .38 eV, suggesting a different failure mode. Examination of failed films using optical 

and scanning electron microscopy revealed the presence of the voids, hillocks and 

whiskers known to be associated with electromigration in polycrystalline thin films. 

The results are interpreted in terms of the various models for electromigration 

damage proposed in the literature, and the possible importance of the Al - Si O inter-

face is also discussed. 
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C H A P T E R 1 

INTRODUCTION 

Electromigration (the motion of atoms in a conductor due to the flow of an 

electric current) was discovered in 1861 by Gerardin. In most practical situations, 

the effects of electromigration are not apparent, because of the relatively low values 

of current density and temperature. Consequently, for 100 years the phenomenon 

remained a subject of mainly academic interest. 

With the advances in semiconductor device technology in the 1960's, however, 

electromigration became a problem of technological importance. The thin film contact 

metallizations of the new silicon planar devices were required to carry current densities 
8 - 2 

in excess of 10 A m . Under these conditions electromigration posed a serious threat 

to reliability by causing open circuit failure of the metallization tracks. Further 

reductions in the scale of device geometries over the following years aggravated the 

problem, and a considerable amount of research was undertaken with the aim of reducing 

electromigration damage in real metallizations. 

Some progress has been made in this area with the use of alloy films and 

passivation layers, but due to the large number of variables in the deposition process, 

and their effect on the film properties, apparently similar experiments by different 

workers have often yielded conflicting results. It was therefore decided to make a 

careful study of electromigration failure in thin films of pure aluminium (the basic 

material of most metallization systems), in order to evaluate the effects of deposition 

conditions and film microstructure. As well as grain size and orientation effects, which 

have been investigated by some other workers, the role of the A| - Si O^ interface in 

electromigration and other failure modes was studied. 

The thesis may be divided into three main sections. Chapters 2 to 5 comprise 

a study of the A| - Si O^ interface. Previous work is reviewed in Chapter 2 and the 
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present experiments, in which the A| - Si O^ interface was analysed by x-ray 

photoelectron spectroscopy and transmission electron microscopy, are described in 

Chapters 3 and 4. The significance of the results in the context of device reliability 

is discussed in Chapter 5. 

The second section of work, namely the effect of deposition conditions and 

annealing treatments on the microstructure of aluminium thin films, is covered in 

Chapters 6 and 7. Chapter 6 is a review of experimental and theoretical work in the 

field of thin film deposition, and Chapter 7 contains a description of the present 

electron microscopy experiments in this area. 

Electromigration is treated in Chapters 8 and 9 , which form the third main 

section of the thesis. Chapter 8 contains a brief historical introduction and a 

discussion of the theory of electromigration, followed by a review of recent develop-

ments in the field of electromigration failure in microelectronic devices. The present 

experiments, comprising an investigation of electromigration failure in thin aluminium 

films using accelerated life testing, are discussed in Chapter 9 . 

Finally, the main results of the three sections are summarized in Chapter 10. 
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C H A P T E R 2 

REVIEW OF EXPERIMENTAL WORK O N THE A| - Si C>2 INTERFACE 

2.1 Introduction 

With the advent of silicon planar devices using thermally grown Si 0 2 

insulation and aluminium contact metallization, the Al - Si 0 2 interface has become 

a subject of considerable importance in the semiconductor device industry. The 

performance and reliability of devices may be affected by the properties of the 

Al - Si 0 2 interface in several ways. 

Firstly, chemical reaction between the aluminium and the native oxide on 

the silicon is necessary in order to establish good ohmic contact. This is .the basis 

of the "sintering" step in device processing. 

Secondly, Al - Si 0 2 reaction is responsible for the adhesion of the metallization 

to the S?0 2 insulator. The relatively good adhesion of aluminium to Si 0 2 is one reason 

why it is used as a metallization, rather than gold, for example. However, Al - S i 0 2 

adhesion can be poor under certain conditions (e .g . when aluminium is vacuum-

evaporated onto S i 0 2 at temperatures less than ~ 4 5 0 K; d'Heurle et al 1968). Poor 

adhesion causes detachment of the metallization from the device, particularly at the 

bond pads during ultrasonic wedge bonding of aluminium wires. The problem can be 

alleviated to some extent by the use of thermocompression gold ball bonding, which 

causes less disruption of the metallization. These bonds, however, suffer from other 

failure mechanisms associated with the interdiffusion of gold and aluminium (English 

and Melliar-Smith 1978). Bonding techniques such as aluminium thermocompression 

ball bonding may prove more reliable (Taylor 1980), but ultimately the bond strength 

must be limited by the metallization to substrate adhesion. 

Severe non-adhesion reduces the thermal contact between the metallization 
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and the device, resulting in excessive temperature rise of the conductor due to Joule 

heating. This in turn accelerates void formation by electromigration and impairs 

reliability (Rosenberg and Berenbaum 1968). 

Thirdly, the A| - Si O^ interface is a possible path for electromigration, this 

being particularly important in narrow ( /Jnn) metallizations having a "bamboo" 

grain structure. The flux of aluminium atoms migrating via the interface will depend 

on the chemical and crystallographic structure which determine the activation energy 

for interface diffusion. Devices passivated with a film of Si O^ also have an Al - Si O^ 

interface at the upper surface of the metallization. The structure of this interface may 

be different from that of the lower interface, since in general the conditions under which 

the interfaces are formed are different. For example, the lower interface is usually 

formed by the evaporation or sputter-deposition of aluminium onto thermally grown Si O ^ 

The upper interface may be formed by sputter-depositing Si O^ onto aluminium, which 

may have a native oxide on its surface. 

Fourthly, the performance of metal-oxide-silicon (MOS) devices is critically 

dependent on the electronic properties of the metal - Si 0 2 interface. Changes in the 

barrier height at the A| - S i 0 2 interface (Hickmott 1980) and the breakdown potential 

of MOS capacitors (Chou and Eldridge 1970) on annealing have been attributed to 

chemical changes that have taken place at the interface. 

As a result of its technological importance, the Al - Si 0 2 interface has 

received a considerable amount of attention over the past 15 years. However, 

experiments to determine the chemical and crystalline nature of the interface by 

electron spectroscopies and diffraction techniques are few in number. Section 2 .2 is 

a review of the indirect experimental evidence for chemical reaction at the A| - Si 0 2 

interface, while direct observations of reaction products are discussed in section 2 . 3 . 
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2 .2 Indirect Evidence for Reaction at the Al - Si O^ Interface 

Some of the earliest evidence for chemical reaction at the A | - S i 0 2 interface 

came from the experiments of Lehman (1964), in which the effects of annealing on the 

channel conduction of n-channel enhancement-mode MOSFETs were investigated. 

Various gate metallizations were used, these being evaporated onto the 800 nm thick 

thermally grown gate oxide at room temperature. The channel current with the gate 

floating was measured for each device. The gate voltage required to give a channel 

current of 10 jjA, with a source-drain voltage of 25 V , was also determined. The 

devices were then annealed in nitrogen for successive 15 minute periods at increasing 

temperatures and the channel conduction was measured after each anneal. All of the 

devices had a low initial channel conductance, which was found to increase after 

annealing between 673 K and 873 K. The effect was greatest for devices with aluminium 

and magnesium gate metallizations and least for those with copper and gold. Lehman 

noted a correlation of the magnitude of the effect of annealing with the free energy of 

oxide formation of the metal, and suggested an interfacial reaction of the type 

M + S i 0 0 > M O + Si CL 

2 x 2-x 

MOSFET structures without any gate metallization were subjected to similar 

annealing treatments in atmospheres of oxygen, nitrogen and forming gas (10% H^r 

90% N 2 ) . Significant increase in the channel conductance was observed only when 

forming gas was used, thus supporting the hypothesis that reduction of the Si O^ was 

the cause. 

These results are in agreement with the model proposed by Thomas and Young 

(1964) in which the removal of oxygen ions from the surface of S i 0 2 (for example, by 

reaction with aluminium) creates oxygen ion vacancies in the S i 0 2 » These vacancies, 

bearing a positive charge, migrate to the S i - S i 0 2 interface, where they cause an 

n-type inversion layer in the p-type silicon under the gate electrode, thus enhancing 



16 

the channel conduction. The presence of phosphorous pentoxide in the S i 0 2 layer 

acts as an oxygen source, inhibiting the formation of oxygen vacancies and reducing 

positive space charge effects (Kerr et a I 1964). 

Osburnand Weitzman (1972) measured the leakage current - voltage 

characteristics of MOS capacitors. They found that post-metallization annealing at 

773 K in dry nitrogen for 5 minutes lowered the current resulting from a fixed applied 

voltage by 2 to 3 orders of magnitude, for electron injection from both the aluminium 

and the silicon interfaces. The temperature and field dependence of both conduction 

modes i n the range 300 K to 500 K indicated that conduction was due to Fowler—Nordheim 

tunnelling of the Al - Si O^ Qnd Si - Si O^ interface barriers. The effect of annealing was 

an apparent increase of 1.5 eV in the barrier height. Two models were proposed to 

explain this phenomenon. The first involves the removal, on annealing, of trap levels 

1.5 eV below the conduction band edge in S iC^ . 'n the second model, annealing 

removes bulk charge trapped in the Si 0 2 , thus changing the shape of the tunnelling 

barrier. No detailed mechanisms were proposed for either model, but chemical changes 

at the Al - Si O^ interface may be involved. 

Hartstein et al (1978) measured the barrier height for electron injection between 

10 nm A| films and thermally grown S iC^ . They used a photon-assisted tunnelling 

technique, with photon energies in the range 0 .1 eV to 0 . 4 eV. Annealing at 1273 K 

in nitrogen prior to aluminium deposition had little effect on the barrier height, as did 

annealing at 673 K for 20 minutes in forming gas. However, the same treatment in 

forming gas after metallization increased the barrier height from 3 .05 eV to 3 .25 eV. 

This result is supported by the work of Hickmott (1980). He made capacitance-

voltage ( C - V ) measurements on A l - Si 0 2 ~ Si capacitors to determine the effective 

barrier height at the Al - Si 0 2 interface. The specimens consisted of 0 . 7 mm square 

aluminium capacitors, produced by photolithography, on thermally grown Si 0 « of 
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various thicknesses in the range 65 nm to 350 nm. All specimens were annealed for 

20 minutes at 673 K in forming gas to reduce the surface state density and surface 

charge before aluminium was deposited from a tantalum boat or B_N_ crucible. Some 
j o 

specimens were given various post-metallization anneals in nitrogen or forming gas. 

C - V measurements were taken to find the flat-band voltage for each oxide 

thickness. At the flat-band condition, there is no charge induced in the silicon and 

the flat-band voltage V ^ is given by 

Co 
where ^ ^ is the effective barrier height ,^p is the Fermi potential of the semi-

conductor measured from the mid-gap, Q ^ is the surface-charge density at the S i - S i C ^ 

interface and C q is the capacitance per unit area due to the Si 0 2 , 

i . e . C Q = So* £ o (2.2) 

tax 

whereP is the relative permittivity of the oxide and t is its thickness. 
O X r / Q x 

Hence, if V ^ is plotted against t , a straight line is obtained, the slope of 

which gives Q ^ and the intercept 

Specimens annealed at 673 K for 20 minutes in forming gas after metallization 

were found to suffer ar> increase in ( p ^ of between 0.12 eV and 0.30 eV, dependi ng 

on whether the substrate was n-type or p-type { i l l ] or { l00j silicon. Specimens 

given a similar anneal in nitrogen showed an increase in of between 0 .10 eV and 

0.15 eV (see figure 2 .1 ) . The linearity of V ^ versus t indicates that there is no bulk 

charge in the S iC^ . The surface charge at the Si - Si O^ interface is positive and is not 

affected by annealing, as all the curves are parallel. Therefore, any aluminium entering 

the Si 0 2 os a result of annealing must have done so in an uncharged form. 

In order to show that the observed changes were due to changes at the 



OXI o£ rv/cx//£ss ( nm) 
Flat-band voltage vs oxide thickness for Si -SiC^-AI capacitors annealed 
under different conditions. {lOO] silicon. (From Hickmott 1980) 

FIGURE 2.1 

Effect of annealing for 5 min without bias on initial TSIC curves for A | -S iO -Si 
17 2 

samples. 3 .3 10 N o / m . 400 nm SiC>2.(From Hickmott 1980). 

FIGURE 2 .2 ' 
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A l - S i O ^ interface, Hickmott used the technique of thermally stimulated ionic 

conductivity (TSIC) measurement on Al - Si C ^ - Si capacitors. 500 nm films of 

S i 0 2 were grown by steam-oxidation on p-type {lOOj silicon at 1373 K. Sodium 

chloride was deposited on the oxide surface by evaporation from a tantalum boat and 

the aluminium metallization was immediately deposited on top of the NaCI film. 

TSIC measurements were performed by heating the specimen in dry nitrogen at a 

controlled rate from 300 K to 700 K with a fixed applied bias of approximately 10 volts 

across the capacitor. As the temperature increased, N a + ions were released from traps 

at one interface and moved to the other interface under the influence of the electric 

field. Therefore, with the aluminium electrode positive, the ion current contained 

information on sodium traps at the Al - S i 0 2 interface. (The motion of Cl ions was 

taken to be negligible in the temperature range investigated). The TSIC curves 

obtained by Hickmott are shown in figure 2 . 2 . The effect of annealing without bias 

prior to taking TSIC measurements was a shift and broadening of the ion current versus 

temperature peak, indicating the presence of traps which released sodium at lower 

temperatures. Annealing for 5 minutes at only 373 K produced changes in the peak. 

TSIC measurement is therefore a very sensitive technique, although the heating involved 

in taking the measurements must produce artefacts. Also, the presence of NaC I at the 

Al - Si 0 2 interface must affect any reaction occurring. 

To summarize, reaction at the A| - Si 0 2 interface is thought to be responsible 

for the formation of an inversion layer in p-type silicon at its interface with Si 0 2 in a 

MOS structure. Lehman (1964) has suggested that this is due to migration of positive 

charge through the Si 0 2 layer. This conflicts with Hickmott's C - V measurements 

which show that no charge enters the S i 0 2 as a result of annealing MOS capacitors. 

Increases in the effective barrier height for electron injection from Al to Si 0 2 in 

annealed MOS structures have been reported by Osburn and Weitzman (1972), Hartstein 
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et al (1978) and Hickmott (1980). In addition, TSIC measurements have shown that 

changes in the trap levels at the Al - Si C>2 interface occur at temperatures as low as 

373 K. However, the precise nature of these changes cannot be ascertained by 

experiments of this kind. 

2 .3 Direct Observations of Chemical Reaction at the Al - Si O^ Interface 

Reaction products at the Al - Si O^ interface have been identified by a number 

of workers using a variety of techniques. X-ray photoelectron spectroscopy (XPS) and 

Auger electron spectroscopy (AES) are capable of detecting small quantities of atoms 

and are ideally suited to interface studies. In addition, these techniques give information 

on the chemical bonding state of atoms and can distinguish between aluminium in Al 0 « 
Z O 

and metallic A l , for example. Electron diffraction (transmission and reflection) and x-ray 

diffraction have been used to elucidate the crystalline structure of the interface. 

The reaction between silica and molten aluminium has been known for some time, 

one of the earliest reports being due to Brondyke (1953), who observed the penetration of 

molten aluminium into alumina-silica refractory materials. Silicon released by the reaction 

was picked up by the molten aluminium, but no alumina-1 ike reaction products were 

detected because of .the high initial alumina content of the refractory (up to 99%). The 

reaction was slow below 980 K but the rate increased rapidly above 1030 K. Brondyke 

proposed that the reaction occurring was : -

4 Al + 3 Si 0 2 2 A l 2 0 3 + 3 Si 

This reaction is to be expected on thermodynamic grounds. The formation of 

S i 0 2 and A ^ O ^ a r e e x ° l ' l i e r m ' c / releasing 804 kJ mol ^ and 1575 kJ mol ^ 

respectively. The difference between the free energies of formation produces the 

driving force for the reduction of Si 0 2 by aluminium, which is expected to release 

737 kJ for every 4 moles of aluminium oxidized. This is equivalent to 1.9 eV per 
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aluminium atom. 

Brondyke's work was followed up by Standage and Gam (1967) who studied 

the reaction between pure vitreous silica rods and molten aluminium. Using x-ray 

diffraction and electron microprobe analysis, they identified t h e p h a s e s 

of alumina as well as elemental silicon in the reacted specimens. These authors 

reported ah induction time of several minutes before reaction commenced. However, 

Prabriputaloong and Piggott (1973a) demonstrated that this effect was due to the 

adventitious oxide on the surface of the aluminium when the experiment was performed 

in air at atmospheric pressure. As the silica rod was immersed in the molten aluminium, 

the oxide film was drawn down around the rod and formed a barrier to penetration by 

the aluminium. When the reaction was carried out under vacuum no induction time 

was observed. 

Cratchley and Baker (1967) noted that the tensile strength of silica fibre 

reinforced aluminium was greatly reduced after annealing for 160 hours at temperatures 

in the range 673 K to 833 K. Microexamination of specimens annealed at 773 K showed 

that interdiffusion between the silica fibres and aluminium matrix had occurred. At 

838 K a slightly exothermic reaction was seen to occur and was attributed to the 

formation of a liquid aluminium-silicon eutectic. (The aluminium-silicon eutectic 

temperature is 850 K). At 913 K a rapid exothermic reaction occurred which caused 

complete degradation of the material. 

The reaction of vacuum-evaporated aluminium films on Si 0 2 was studied by 

Silverman (1968). The specimens consisted of 200 nm thick aluminium films on fused 

silica, dry oxygen-grown Si 0 2 on silicon and steam-grown Si 0 2 on silicon. These 

were annealed at temperatures between 673 K and 898 K in atmospheres of argon, air, 

hydrogen, nitrogen and oxygen and in a vacuum of 10 ^m bar. The electrical 

resistance of the films was measured by a four point probe technique and was used as 
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an indicator of the extent of reaction. No reaction was detected in samples annealed 

for 1 hour at temperatures less than 848 K in any ambient. At 873 K the extent of 

reaction increased significantly with the moisture content of the atmosphere, as 

determined by dew point measurements of the various gases. Reaction in vacuum was 

found to be extremely slow, even at 898 K. There was little difference in the reaction 

rates for the 3 different substrate materials, although reaction was slightly faster for 

steam-grown S iC^ . This was attributed to its higher water content. Visual observations 

of the reacted specimens revealed darkening of the aluminium surface and x-ray 

diffraction showed the presence of silicon in cases where large increases in resistance 

had been recorded. No crystalline alumina was detected. Silverman proposed that 

water, either in the ambient or in the silica, promoted the reduction of Si O^ by 

aluminium. However, it seems likely that the main effect of moisture in the ambient 

was to oxidize the surface of the aluminium film, giving an amorphous oxide not easily 

detected by x-ray diffraction. The presence of silicon in some annealed specimens 

confirms that Al - Si O^ reaction must nevertheless have occurred, and it is not clear 

why crystalline alumina from this reaction was not also detected. 

While conducting experiments on the effects of processing variations on the 

dielectric breakdown of S i 0 2 layers in MOS structures, Chou and Eldridge (1970) 

observed that prolonged annealing of aluminium metallized specimens caused a complete 

short circuit of the Si 0 2 « For specimens with 100 nm thick oxides, shorting occurred 

after one hour at 773 K in nitrogen. Oriented defects were seen at the periphery of 

the aluminium metallization, their shapes being triangular or rectangular, depending 

on whether the silicon had a [ i l l ] or (lOOj orientation. The residual aluminium films 

were removed in dilute hydrochloric acid and collodion replicas were made of the S i 0 2 

surface. The replicas showed that roughening of the surface had occurred and that the 

oriented defects were pits 1 jum to 2 yjm deep and 1 yum to 10yjm across. A black film 
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seen to line the pits was removed with the replicas and identified a s j f - A ^ O ^ by 

transmission electron diffraction. Electron microprobe analysis of unetched specimens 

revealed the pits to be filled with aluminium, while the surrounding areas were depleted 

of aluminium. In some cases plateaux about 500 nm high were observed adjacent to the 

pits. The authors suggested that rapid mass transfer occurred during annealing, with 

silicon atoms diffusing away from the { i l l ] facets of the pits to form raised areas under 

the aluminium, while aluminium filled the y - A^O^- l ined pits. Some specimens were 

implanted with 75 keV oxygen ions before metallization, and were found to suffer 

shorting and pit formation after annealing for 1 hour at only 573 K. It is thought that the 

presence of ion-implantation damage in the Si O^ accelerated the diffusion of aluminium 

into the substrate and subsequent reaction. 

Prabriputaloong and Piggott (1974) investigated the reaction of 100 nm thick 

vacuum-evaporated aluminium films with vitreous silica and quartz single crystal sub-

strates. Aluminium was deposited either at the reaction temperature, which ranged 

from 673 K to 823 K, or at room temperature. The substrates were heated to 1073 K 

for 10 minutes under vacuum prior to metallization, to desorb water from the surface. 

The specimens were reacted in air or under vacuum (10 ^mbar), then examined by 

reflection high energy electron diffraction (RHEED), optical microscopy and transmission 

electron microscopy replica techniques. RHEED patterns from reacted specimens com-

prised continuous rings, which were interpreted as arising from polycrystalline silicon 

and a mixture of 0-and -alumina. X-ray diffraction from the crushed reaction 

products confirmed this result. The annealing time required before the reaction products 

first appeared depended on the temperature, and varied from 10 minutes at 800 K to 

6 hours at 673 K (see figure 2 .3 ) . Very little difference in reaction rate was noted 

between films deposited onto hot and cold substrates and between specimens reacted 

under vacuum and in air. However, reaction was more rapid on vitreous silica substrates 
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than on quartz single crystals. 

The effect of water-soaking substrates before aluminium deposition was also 

investigated and was found to reduce the reaction rate and cause disruption of the films. 

This result is opposed to that of Silverman (1968) which showed increased reaction rates 

when water was present. The results of Prabriputaloong and Piggott also conflict with 

those of Silverman in that the latter failed to observe any reaction below 823 K and 

did not detect crystalline alumina in any specimen. It may be concluded that x-ray 

diffraction is not always sensitive enough to detect the small amounts of reaction 

products present. 

Prabriputaloong and Piggott performed a control experiment in which they 

deposited aluminium onto rocksalt and heated it in air to produce a surface layer of 

aluminium oxide. The A| - AI^O^ films were floated off the substrates in water and 

examined by transmission electron diffraction. No polycrystalline A ^ O ^ was detected, 

but the aluminium diffraction features were seen to become more diffuse after air-

oxidation. This was attributed to the presence of amorphous AI^O^. It was therefore 

concluded that the polycrystalline alumina detected in the aluminium on silica specimens 

was indeed formed by Al - Si 0 2 reaction. 

Further experiments were performed in which aluminium films on SiC>2 were 

annealed under vacuum at temperatures above the melting point of aluminium (Prabri-

putaloong and Piggott 1974 and 1973b). The only solid reaction product was silicon. 

The authors suggested that volatile A ^ O was also formed, although it was not detected 

by the mass spectrometer. Activation energies for reaction were found to differ for 

quartz and fused silica substrates and for reaction above and below the melting point 

of aluminium (933 K). (See figure 2 .4 ) . It is interesting to note that the change in 

reaction kinetics occurred at 933 K and not at the Al - Si eutectic temperature (850 K), 

as suggested by Cratchley and Baker. 
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Auger sputter profiling was used by Strausser et a I (1978) and Strausser and 

Majumder (1978) to examine the interfaces formed when aluminium was deposited onto 

S i 0 2 by dc sputtering and electron-beam evaporation. The substrates consisted of 

100 nm of dry oxygen-grown Si O^ on n-type {111 ] silicon wafers. The surface was 

cleaned by etching in aqueous hydrofluoric acid, rinsing in deionized water and drying 

in nitrogen before aluminium deposition. Sputter-deposition was carried out in a Sloan 
_3 

d .c . sputtering system at an argon pressure of 7 x 10 m bar, which gave a deposition 

rate of 50 nm per minute. After 50 nm of aluminium had been deposited onto two thirds 

of the surface, the specimen was exposed to air so that a thin ( ~ 2 nm) oxide layer 

would form on the aluminium surface. A second 50 nm aluminium film was then 

deposited over half of the first film to give the structure shown in figure 2 .5 . This 

specimen configuration, with a thin layer of A ^ O g at a known distance beneath the 

surface, allowed the sputter-etching rate to be determined experimentally. 

Profiling was performed using a 1 keV argon ion beam of current density 
_2 

3 0 - 75 pA cm . The beam was rastered over the specimen to ensure uniformity of 

etching. The Auger analyser was a CMA with 0 .25% energy resolution. The primary 

electron beam (4.5 keV, 1 pA) was rastered over a 200 pm square to reduce the possi-

bility of electron beam induced desorption of oxygen from the specimen surface. The 

Auger transitions monitored during profiling are listed in table 2 .1 , along with the mean 

free paths of the Auger electrons. (The mean free path determines the ultimate depth 

resolution attainable). The resulting profile (figure 2.6) shows the presence of A ^ O ^ 

and free silicon, distributed over a 30 nm thick interface layer. 

The authors explained the large observed interface width by assuming that mixing 

and reaction of aluminium and S i 0 2 occurred within a "liquid like" layer, formed by the 

relatively energetic aluminium atoms arriving from the sputter-deposition source. The 

aluminium atoms had kinetic energies in the range 10 eV to 20 eV. As the sputtering 
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threshold of Si 0 2 by aluminium atoms is thought to be 30 eV to 35 eV, there would 

have been considerable molecular motion at the surface but not enough for sputtering 

of S i 0 2 to occur. On the basis of this model, the degree of intermixing, and hence 

the interface width, is expected to be smaller in the case of e-beam evaporated 

aluminium, as the kinetic energy of the incident atoms is only around 0 .5 eV. The 

temperature of the top few atomic layers should therefore be lower and the rate of 

interdiffusion and reaction reduced. For example, the mean diffusion velocity of 

silicon in aluminium is 1300 nm s ^ at 773 K but only 16 nm s ^ at 473 K and the 

solubility of silicon in aluminium falls from 0 .75% to 0 .006% over the same temperature 

range (Van Gurp 1973). 

However, the interface profiles for e-beam deposited aluminium films as deter-

mined by Strausser and Majumder are almost identical to those for sputter-deposited 

films. The authors suggested that the degree of intermixing may be controlled by the 

energy released by the reaction itself, rather than the kinetic energy of the incident 

aluminium atoms. This seems unlikely, however, since the energy released by the 

reduction reaction is only 1.9 eV per aluminium atom, which is small compared to the 

20 eV kinetic energy of sputter-deposited aluminium atoms. 

It is felt , therefore, that the authors' interpretation of the data is unsatisfactory 

and that the large interface widths observed were artefacts of the profiling process. 

Several types of sputter-induced damage have been observed during profiling experiments. 

For example, Grunthaner et al (1979) compared depth profiles of the S i - S i 0 2 interface 

obtained by wet etching and ion etching techniques. Their results, obtained using high 

resolution XPS, showed that a 500 eV argon ion beam produced chemical changes at the 

interface, which the authors attributed to "knock-on" effects followed by reaction 

between the displaced atoms and the previously existing oxide phase at the interface. 

Cook et al (1980) observed roughening of the surface of amorphous Si O - during sputter-
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profiling. A correlation between initial roughness and interface broadening was 

discovered by Hofmann et al (1977), who performed Auger sputter profiling on Ni -Cr 

multilayer sandwich structures using a 1 keV argon ion beam. Severe degradation of 

the interfaces was observed in some specimens, to the extent that 11.5 nm layers of 

nickel and chromium could hardly be resolved. The authors suggested re-deposition 

and re-sputtering as the cause of the broadening. 

The initial stages of reaction at the Al - Si 0 2 interface were studied by 

Bachrach and Bauer (1979) and Bauer et al (1980), using XPS under ultra high vacuum 

conditions. A {111] cleavage face of silicon was prepared in-situ at a pressure of 

3 x 1 0 ^ m bar (Bauer et al 1978) and oxidized by dosing with pulses of molecular 

oxygen. The oxide formed by this process has been characterized using XPS (Bauer et 

al 1979) and shown to consist of stoichiometric Si 0 2 , except at the interface region 

which extends over only one bond length. Aluminium was deposited from a water-cooled 

boron nitride molecular beam source onto the specimen at room temperature. The vacuum 

during deposition was better than 5 x 1 0 ^ m bar. High resolution XPS was performed 

using 140 eV synchrotron radiation and a double-pass cylindrical mirror analyser. 

Figure 2 . 7 shows a comparison of the time-evolution of the Al 2p core level 

spectra taken from two aluminium overlayers of different thicknesses on Si 0 2 « 40 minutes 

after deposition of the 0 .15 nm over layer, the aluminium had formed an intermediate 

chemical state, characterized by a chemical shift of 1.8 eV of the A| 2p binding energy. 

(The authors suggested that this state was similar to that obtained after 50L to 100L 

oxygen exposure of an aluminium film prepared in uhv conditions; Flodstrom et al 1976). 

After six or seven hours at room temperature, a chemical shift of 2 . 7 eV was observed, 

indicating the formation of A ^ O ^ . The elemental silicon 2p peak was also detected, 

showing that reduction of the S i 0 2 had occurred. 

The XPS spectra from a 6 nm thick aluminium film did not change significantly 
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with time. It was therefore concluded that the chemical shifts observed in the spectrum 

of the 0.15 nm film were entirely due to interfacial reaction between aluminium and 

sio2. 

The authors proposed the following model for the reaction. The intermediate 

oxidation state of the aluminium is thought to correspond to a geometry of oxygen 

within or above an aluminium { l 1 l j layer, the oxygen atoms occupying the sites 

between 3 close packed aluminium atoms. The initial stage of formation of the Al - S i O , 

interface is thus visualised as groups of three aluminium atoms clustered around oxygen 

atoms of S i 0 2 - Oxygen is then removed from the Si 0 2 , forming the thermodynamically 

more stable A ^ O ^ and liberating silicon. The interface then consists of a layer of 

elemental silicon residing between oxidized regions of silicon and aluminium. 

To summarize, reaction at the A l - Si 0 2 interface has been shown to produce 

A ^ O g and free silicon under certain conditions. The reaction proceeds at room 

temperature in clean uhv conditions (Bauer et al 1980). Under less ideal conditions, 

higher temperatures appear to be necessary for reaction to occur, but the results of 

different experimenters vary widely. Disparity also exists between the phases of 

alumina found at the interface, J" -alumina was identified by Chou and Eldridge (1970), 

while Prabriputaloong and Piggott (1974) observed the & and phases. Silverman 

(1968) observed silicon but could not detect any crystalline alumina. 
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C H A P T E R 3 

A STUDY OF THE A l - S i C X , INTERFACE 

USING X-RAY PHOTOELECTRON SPECTROSCOPY 

3 .1 Introduction 

The aim of the experiments described in this chapter was to determine the 

chemical nature of the A| - Si O^ interface using x-ray photoelectron spectroscopy 

(XPS). Thin ( ^ 1 monolayer) films of aluminium were deposited by in-situ evaporation 

onto thermally oxidized silicon in ultra high vacuum (uhv) conditions. The effects of 

temperature and surface contamination on the A| - Si O^ reaction rate were investigated. 

XPS (also known as electron spectroscopy for chemical analysis - or ESCA) is 

ideally suited to such an application, by virtue of its sensitivity to the chemical bonding 

or oxidation state of atoms, and its ability to "see through" a thin adsorbed layer and 

probe both the substrate and adsorbate. "Chemical shifts" of the 2p and 2s electron 

binding energies of silicon and aluminium were measured, enabling the chemical 

composition of the interface to be determined. Originally it was intended that Auger 

electron spectroscopy (AES) should also be employed, but because of electrostatic 

charging problems this technique was of limited use. 

Al - Si O - reaction was detected at room temperature, the products being Al O 
z o 

and elemental silicon. At higher temperatures complete oxidation of the aluminium over-

layer was observed. The reaction was much slower for "as prepared" Si O w h i c h had 

some surface contamination, than for ion bombarded S i C ^ . 

It is hoped that this study forms a useful extension to the work of Bauer et al 

(1980), the present results being directly relevant to Al - Si O^ reactions in semiconductor 

devices. 
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3 . 2 XPS and AES as Techniques for Surface and Interface Analysis 

There are many reviews of XPS and AES in the literature (e .g . Cardona and 

Ley 1978 and Chang 1971). The following descriptions are therefore brief and 

concentrate on particular aspects of the techniques pertaining to the system under 

investigation and the apparatus used. 

3 . 2 . 1 Basic Principles of XPS 

When a photon of energy hV is incident on the surface of a solid containing 

atoms of type A, photoionization can occur : 

A + hV > A + * + e" 

The photoelectron may be ejected from the valence band (as in ultraviolet 

photoelectron spectroscopy - UPS) or from a core level, if the photon has sufficient 

energy. The ejection of core level electrons by x-ray photons is the basis of XPS. 

The photoelectrons emerge with one or more discrete values of kinetic energy, which 

are dependent upon the levels from which the electrons were ejected. Hence, energy 

analysis of the photoelectrons enables the atom of origin to be identified. 

The energy level diagram for XPS is given in figure 3 . 1 . The energy of the 

incident photon, hV> , is imparted to a core level electron of binding energy E^. This 

is the energy which is required to raise the electron to the Fermi level, and an 

additional amount of e n e r g y ^ (the work function) is needed to promote the electron 

to the vacuum level. To conserve momentum, a small fraction of the electron energy 

is taken up by the recoil of the atom. (The recoil energy, E ,̂ is negligible for atoms 

heavier than lithium when Mg KoC incident radiation is being used). The remaining 

portion of the incident photon energy appears as the kinetic energy, E^, of the emitted 

electron. 

The spherical sector analyser (see section 3.4) transmits only electrons of energy 

P (the "pass energy" of the analyser). Electrons from the specimen, however, are 
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retarded by an energy R before they enter the spherical sector, and the work function, 

( o f the analyser must also be taken into account. From figure 3 . 1 it can be seen 

that 

E b = h \ > - R P (pa. E r
 ( 3 j ) 

If absolute binding energies are to be determined, a l l of the quantities on the 

right of equation 3 . 1 must be accurately known. In addit ion, any electrostatic 

charging of the specimen, due to electron emission, must be compensated for. For 

the purposes of the present study, however, we are concerned mainly wi th relat ive 

binding energies. (The XPS peaks of interest are readily identi f iable, even though 

they may be shifted in energy by a few eV due to charging). 

In addition to the true XPS peaks, photoelectron spectra may contain several 

other types of features. Photon-induced Auger transitions produce peaks which are 

independent of the photon energy (see section 3 . 2 . 4 ) and are therefore readi ly 

ident i f iable. Energy loss peaks due to bulk and surface plasmon excitat ion appear at 

wel l defined energies on the low kinetic energy side of the photoelectron peak with 

which they are associated. "Shake-up" satell ite peaks may also occur if the incident 

photon causes excitat ion of a second electron, instead of imparting its ful l quantum 

of energy to the photoelectron. Shake-up satellites are usually of low intensity 

relat ive to the main XPS peak and appear at lower kinetic energies. X - r a y satell i te 

peaks are also seen in spectra recorded using non-monochromatic x-rays. These 

features are caused by photoemission of electrons by photons of various discrete 

energies present in the line spectrum of the incident radiation. The magnitude and 

energy of these satellites therefore depends on the target material of the x - r a y source. 

3 . 2 . 2 Chemical Shifts in XPS 

"Chemical shift" is the term applied to the change in binding energy of a core 
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electron resulting from a change in the chemical environment of the atom. A core 

electron experiences an attractive force due to the positive charge on the atomic 

nucleus. The nuclear charge, however, is screened to some extent by the valence 

electrons of the atom. The resulting force gives the binding energy, E^, of the core 

electron. Removal of one or more of the valence electrons (as occurs, for example, 

in a metal during ionic bonding) reduces the screening charge and hence increases 

the core electron binding energy. 

The effect is similar for the oxidation of a metal l ic solid, but here the process 

involved is not the complete removal of valence electrons from an individual atom, but 

the transfer of conduction electrons from the vic ini ty of the metal ion core to the oxide 

anion. It has been observed (Johnson 1975) that the chemical shifts observed on the 

formation of ionic oxides are roughly proportional to the number of electrons transferred. 

O n average, a chemical shift of 1 eV occurs for each electron donated by the metal ion. 

The binding energies of the XPS peaks made use of in the present study are listed 

in table 3 . 1 , along with the chemical shifts (where appropriate). 

3 . 2 . 3 Surface Sensitivity and Quant i ta t ive XPS 

The incident x-rays penetrate far into the specimen, so the sampling depth is 

determined solely by the inelastic mean free paths of the ejected electrons and the 

angles at which they emerge from the surface. In the present experiments, the specimen 

was arranged such that electrons travell ing normal to the surface were detected by the 

analyser. This condition is taken to apply in the following calculations. The inelastic 

mean free path of an electron is dependent upon its kinetic energy and the material 

through which it is t ravel l ing. The mean free paths of electrons used in the present 

work, when ejected by M g K^C radiation, were determined from data compiled by 

Seah and Dench (1979) . The values, listed in table 3 . 1 , are in the range 1 .5 nm to 

2 . 0 nm. Therefore, the depth of material sampled in XPS is of the order of several 
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Element Chemical 
State 

Level Binding 
Energy 

(eV) 

Mean Free 
Path 
(nm) 

Relative 
Analyser 

Trans-
-mission 
Function 

Sub-shell 
Photo-

- ion iza t ion 
X-sect ion 

Silicon Free Si 
2PVz 
2PJ4 
2s 

99 
100 
149 

2 . 0 
2 . 0 
2 . 0 

0 . 8 
0 . 8 
0 . 8 

} 0 . 2 3 2 

0 . 1 9 9 

Sil icon SiO_ 
2 

2p 
2s 

103 .5 
1 5 4 . 6 

2 . 0 
2 . 0 

0 . 8 
0 . 8 

0 . 2 3 2 
0 . 1 9 9 

Aluminium Al metal 
2PV» 
2pi/ z 
2s 

73 
74 

118 

2 . 0 
2 . 0 
2 . 0 

0 . 8 
0 . 8 
0 . 8 

] 0 . 1 5 6 

0 . 1 7 1 

Aluminium A , 2 ° 3 2p 7 5 . 8 2 . 0 0 . 8 0 . 1 5 6 

Oxygen Free Is 532 1 . 5 1 .0 0 . 5 5 

Carbon Free Is 284 1 . 7 0 . 8 5 0 . 2 2 2 

XPS data used in the present study. 

TABLE 3 . 1 

Element Auger 
Transition 

Kinetic 
Energy 

(eV) 

Mean Free 
Path 
(nm) 

Silicon KLL 
LVV 

1605 
92 

2 . 5 
0 . 4 

Aluminium KLL 
L W 

1388 
67 

2 . 3 
0 . 4 

Oxygen KLL 516 1 . 0 

Carbon KLL 268 0 . 8 

Argon L M M 215 0 . 8 

AES data used in the present study. 

TABLE 3 . 2 
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nanometres. 

The area under an XPS peak of a given binding energy is proportional to the 

number of electrons of that binding energy detected by the analyser. Therefore, XPS 

peak areas can be used as a measure of the electron signal from any type of atom, 

provided the transmission function of the analyser is taken into consideration. For the 

spherical sector analyser, the transmission function varies inversely as the square root 

of the electron kinetic energy (Hughes and Phillips 1982). 

Consider a monolayer of atoms of type A on the surface of a thick substrate of 

unit area containing atoms of type B. The surface is uniformly irradiated by a beam of 

monochromatic x-rays of f lux 
A A The number of electrons of binding energy E^ (and kinetic energy E ^ ) ejected 

from the monolayer per unit time is given by 

= $ a - i E ? ) n* ( 3 . 2 ) 

where n ^ is the number of A atoms in the monolayer and CT(E^) is the photoionization 
A 

cross section of the energy level of binding energy E ^ . 

A A The electron signal, I , detected by the analyser is some fraction f T ( E ^ ) of 

J w h e r e f is the fraction of the electrons leaving the specimen which enter the analyser 
o 

A A and T ( E ^ ) is the transmission function for electrons of kinetic energy E 

Hence, £ = f T ( E Z ) $ < r ( E t V (3.3) 

g 

Now consider the signal I Q f rom the first layer of B atoms in the substrate. The 

incident x - radiat ion flux can be taken to be the same at a l l points in the specimen as 

the x-rays are only weakly absorbed. The number of electrons ejected from this layer 

per unit time is 

T* = $ <r(E?) n6 (3.4) 
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B B B where is the photoionization cross section for the energy level E^ and n is 

the number of B atoms in a monolayer of unit area. The signal detected by the analyser 

is therefore given by 

i : = f T ( E : i f < r ( e : ) n ' • 

A A B 
(E^) is the inelastic mean free path in material A of electrons of kinetic 

B B A energy E^, T ( E ^ ) is the analyser transmission function for these electrons and Z 

is the thickness of the over layer (which, in this instance, is the thickness of one mono-

layer of A atoms). 
g 

The total signal, I , from the substrate is therefore given by 

I I = [ f T(tl)$<r(El)N
B

e,
F
[-z*/X(Esk)1 e *

F
h / X ^ ) ] I 

(3.6) 

B B 
where A g ^ ) mean free path of electrons of kinetic energy E^ in material B 

g 

and N is the number of B atoms per unit volume. (The integral can be taken to infinity 

since the substrate thickness and x - r a y penetration depth are very large compared wi th 

the electron mean free paths). 

Therefore 
r : = f T ( E : ) $ < r ( E : ) N ° x ( E : ) e x P [ - z / x ( E : ) ] 

(3.7) 

For the case where the adsorbate is in the form of a layer of uniform thickness 
A 

Z (which is now equal to several monolayer thicknesses), the signal intensity from the 

adsorbate is given by 

r;= J"F T(E:)F<R(B;)H' L-Z/Y( E;)J JZ. 
0 (3.8) 

(3.9) 
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A 

where N is the number of A atoms per unit volume. 

The signal from the substrate is still given by equation 3 . 7 . 

For an adsorbate consisting of islands of monolayer thickness covering a fraction 

X of the substrate surface, the expressions for the electron signals become 

I * = X f T ( £ : ) $ < r ( E : ) n » o . i o j 

and 

r = f T(EH§ Xe,P(-z«A°(e:))} 
( 3 . 11 ) 

Hence, the fractional coverage is given by 

X = T(Et) triElWmi) 

(3.12) 

The transmission function and subshell photoionization cross sections (from Evans 

et al 1978) for photoelectrons observed in the present study are given in table 3 . 1 . 

3 . 2 . 4 Basic Principles of AES 

In section 3 . 2 . 1 the ionization of an atom by an incident photon was considered. 

Ionization may also be caused by electron bombardment : 
_ 4. _ _ 

A + e^ > A * + e^ + e 2 

The resulting excited ion may relax either by x - r a y fluorescence : 

A + * A + + hv 

or by Auger electron emission : 

A + * > A ^ + e " 

The two competing processes occur wi th different probabilit ies, depending on 

the element and the energy levels involved. The x - r a y fluorescence yield decreases 
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for elements of low atomic number, Z . The Auger process tends to become less e f f ic ient 

for higher Z elements, but the Auger y ie ld can be kept fa i r ly constant wi th Z if low 

energy transitions are chosen. 

The energy level diagram for a KL^ ^ ^ Auger transition in si l icon is shown in 

figure 3 . 2 ( taken from Chang 1974). The energy, E, of the Auger e lectron can be 

estimated, assuming the energy level diagram to be approximately va l id during the 

transit ion. 

The primary electron creates a hole in the K shell core l eve l . This hole is f i l l ed 

by an L. e lectron w i th the release of an amount of energy (E - E ) . This energy is I Ix L| 

imparted to the Auger e lectron, which is e jected from the L . _ l eve l . The Auger 
z, o 

electron must expend an energy (E. + ( b ) to escape from the atom, where (b is the 
• 

work funct ion. Now E^ ^ is not equal to because of the extra positive charge on 

the atom. Instead, E ^ ^ w i l l be approximately equal to E ^ ^ of the next heavier atom, 

which has an extra positive charge on the nucleus, 
!

-
e

-
 e

u , s ® -
e

L
m

( z + 1 ) ( 3

-
, 3 ) 

Hence, the Auger electron energy is given by : 

E ( Z ) C ; E K ( Z ) - E L ) ( Z ) - E U J ( Z + l ) ( 3 . 1 4 ) 

O r , for any Auger transition W X Y : 

E w x y ( Z ) ~ E W ( Z ) - E X ( Z ) - E y ( Z + 1) - (p ( 3 . 1 5 ) 

An even better approximation (due to Chung and Jenkins 1970) is : 

E W X Y ( Z ) ~ E W ( Z ) - * [ E X ( Z ) + E Y ( Z ) + E X ( Z + 1) + E y ( Z + 1)J -(j) 

( 3 . 1 6 ) 

The Auger electron energy is thus independent of the energy of the primary 

electron (or incident photon) and is characteristic of the element of or ig in. The energies 

of the Auger electrons detected in the present work, and their mean free paths, are listed 
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in table 3 . 2 . The primary electron beam of energy 3 keV has a mean free path of 

around 3 nm, but the short ( ^ 0 . 5 nm) escape depths of the Auger electrons make AES 

a highly surface sensitive technique. 

The energy of an Auger electron is sensitive to the chemical environment of the 

atom, particularly when the transition involves the valence band. Therefore, AES can 

yield information on chemical bonding. In the present study, however, AES was used 

merely as a "fingerprint" technique to identify contaminants e tc . present on surfaces. 

The signal, 1(E) detected by the spherical sector analyser is dependent upon the 

number of electrons, N (E ) , of kinetic energy E ejected from the specimen per unit t ime, 

and the "energy window", A E , of the analyser. (See section 3 . 4 ) . 

i . e . 1 ( B ) C < A E N ( E ) ( 3 . 1 7 ) 

The Auger peaks are small but re lat ively sharp features superposed on the slowly 

varying background of secondary electron intensity. Hence, the Auger peaks are more 

easily detected if n ' ( E ) [= d N ( E ) / d E ] is plotted rather than N(E). In pract ice, this 

is achieved electronical ly by applying a small modulating voltage k sin to t to the 

analyser. The first harmonic of the output current is detected, using a lock- in ampl i f ier , 

to give a signal proportional to N (E) plus some error terms dependent upon the exact 

modulation-detection scheme employed. 

3 . 3 Apparatus 

The experiments were performed in a V - G Scientif ic ESCALAB 5 Spectrometer, 

shown schematically in figure 3 . 3 . The instrument comprised two vacuum chambers, one 

used for specimen preparation, and the other for analysis by XPS and AES. Specimens 

were transferred between the two chambers on a carriage operated by a rotary motion 

feedthrough. The chambers could be isolated from one another by a gate valve and 

each chamber was individually pumped. 
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Each pumping system consisted of a 4 - inch diffusion pump, charged with 

"Santovac 5" polyphenyl ether pumping f lu id , backed by a 2-stage rotary pump 

through a zeol i te f i l te r . A liquid nitrogen cold trap was used to improve the pumping 

ef f ic iency for water vapour and prevent backstreaming of oi l vapour. Additional 

pumping was provided by titanium getters which were act ivated for 2 minutes every 

4 hours. The system could be baked at 450 K to outgas the internal surfaces and thus 

improve the vacuum. The pressure was measured by an ionization gauge in each chamber. 

The vacuum after bakeout was better than 3 x 1 0 ^ m b a r . 

The preparation chamber was f i t ted wi th an A G 2 sputter ion gun for specimen 

surface preparation. Research grade argon was fed into the gun via an M D 5 leak valve 

and the high tension (up to 10 kV) was supplied by an A G S 2 unstabilized power supply. 

A P8 specimen heater probe al lowed temperatures of up to ^ 850 K to be obtained, as 

measured by a chromel-alumel thermocouple incorporated in the probe. The P8 probe 

also al lowed rotation of the specimen, for example during argon ion bombardment. A 

liquid n i t rogen-cooled evaporator, a shutter and a quartz crystal f i lm thickness monitor 

were also installed in the preparation chamber. (For details of the f i lm thickness monitor 

see section 4 . 2 . 2 and Appendix B). A V - G Q X 200 quadrupole mass spectrometer was 

avai lable for residual gas analysis in the preparation chamber. 

The analysis chamber was constructed from mu-metal in order to provide magnetic 

shielding. It contained an LEG61 electron gun for AES and a dual anode (magnesium 

and aluminium) x - r a y source for XPS. The x - r a y source was isolated from the main 

chamber by a thin aluminium foi l window and was pumped by a small ion pump. This 

arrangement prevented outgassing of the x - ray source from adversely affecting the 

pressure in the analysis chamber. The specimen was mounted on a high precision 

manipulator during analysis by XPS and AES. Specimens were transferred between the 
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manipulator and the carriage by means of a "wobble stick" f i t ted wi th a fork which 

engaged wi th the specimen mounting stud. The 150° spherical sector analyser was 

mounted above the analysis chamber in a mu-metal housing. 

The electronics, manufactured by Vacuum Generators, comprised power supplies 

for the spectrometer, electron gun and x - r a y sources, and detection circuitry for 

measuring the analyser output signal in XPS and AES modes. Spectra were plotted 

on a Bryans 26000 X - Y recorder and a digital voltmeter gave direct readout of kinetic 

energy (AES mode) or binding energy (XPS mode). 

3 . 4 Operat ing Principles of the Spectrometer 

The spherical sector analyser is central to the operation of the ESCALAB, being 

used for both XPS and AES. The analyser, shown schematically in figure 3 . 4 , functions 

as a band-pass f i l ter for electrons whose energies lie in a narrow band, A E, around the 

pass energy of the spherical sector. The pass energy is determined by the physical 

dimensions of the analyser and by the potential difference applied between the inner 

and outer hemispheres. Both the energy resolution and the sensitivity of the analyser 

are dependent upon the pass energy, sensitivity increasing and resolution decreasing 

as the pass energy is increased. The resolution is also controlled by the size of the 

entrance and ex i t slits of the analyser. 

Electrons from the specimen pass through an electrostatic lens where they are 

retarded before they enter the spherical sector. An XPS spectrum is obtained by 

sweeping the retard voltage on the lens, the pass energy being kept constant. In this 

way the energy resolution remains constant over the scan. For the present experiments 

a pass energy of 20 eV and 4 mm entrance and exi t slits were used. The energy 

resolution claimed by the manufacturers for these operating conditions is 1 . 2 e V . 

The largest contribution to this is from the 0 . 8 eV line width of M g K ^ , « radiat ion. 



The ESCALAB analyser and control electronics 

FIGURE 3 . 4 

Method of specimen mounting 

FIGURE 3 . 5 
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The number of electrons entering the analyser at low kinetic energies rises 

steeply because of the large number of slow secondary electrons emitted by the 

specimen. In the "constant analyser energy" (CAE) mode of operation described 

above, this leads to a very large signal being produced at low energies. For XPS 

this is generally unimportant, since most of the interesting XPS peaks lie close to the 

incident photon energy at around 1250 e V . 

In AES, however, many of the features of interest occur at low kinetic energies. 

The problem of secondary electron background is overcome by operating the analyser in 

the "constant retard ratio" (CRR) mode, in which the ratio of kinetic energy to pass 

energy is kept constant. This has the desired effect of reducing the sensitivity at low 

energies. However, the energy resolution is no longer constant over a spectrum, being 

best at low kinetic energies. 

Having passed through the spherical sector, electrons of the selected energy 

are incident on a channel electron multiplier (channeltron) which amplifies the electron 

current. In XPS, the current leaving the exi t slit of the analyser is typical ly 10 ^amps 

to 10 ^ a m p s . The channeltron is operated at a gain of around 10^, and pulse counting 

techniques are used to measure the signal. In AES, where the currents are larger, the 

channeltron is operated at reduced gain and synchronous detection is employed. 

3 . 5 Experimental Method 

The SiC>2 substrate material consisted of a 1 yum layer of steam-grown oxide on 

a polished, n - type , 11] -or iented silicon wafer . (See Appendix A for details of 

oxide growth). The wafer was scribed and broken into 1 cm squares, using a diamond 

scriber. Three such substrates were mounted on nickel specimen studs using tantalum 

clips (see figure 3 . 5 ) . Two clean n- type { l l l j silicon substrates were prepared in a 

similar w a y . 
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The tungsten helical coil of the liquid n i t rogen-cooled evaporator was outgassed 

by flashing at white heat in vacuo and was loaded with 9 9 . 9 9 5 % purity aluminium wire . 

The evaporator was f i t ted to the preparation chamber, the substrates were inserted, and 

the system was evacuated. When the pressure in the analysis and preparation chambers 

- 8 

had fa l len to 5 x 10 mbar, the evaporator and the t itanium sublimation pumps were out -

gassed. The system was then baked at 450 K for 24 hours. After al lowing time to cool 

and f i l l ing the liquid nitrogen traps, the pressure was less than 10 ^ m b a r in each 

chamber. The titanium sublimation pumps were outgassed again and then act ivated, 

reducing the pressure to 3 x 10 ^ ^mbar. The aluminium evaporator and specimen heater 

probe were outgassed to less than 10 ^ m b a r before experiments were started. 

Ion bombardment was performed using a partial pressure of 5 x 10 ^mbar of 

argon in the preparation chamber. (The pressure in the ion gun was greater than this 

as the gas was admitted through the gun). The chamber was pumped by the diffusion 

pump during ion bombardment to maintain cleanliness. The ion current, measured at 

the specimen, was 20 jjA for an ion energy of 3 k e V . Higher energies were not used 

as the ions tended to become trapped in the substrate surface. Substrates were rotated 

on the P8 probe during ion bombardment to achieve maximum uniformity of sputtering. 

Ion bombardment for 200 seconds removed a l l traces of carbon contamination from Si 0 2 

and carbon and oxygen from sil icon, as detected by XPS and AES. 

Two of the three Si 0 2 substrates were argon ion bombarded immediately before 

aluminium deposition. The third was used in the "as prepared" condition. Both silicon 

substrates were ion bombarded before use. 

To deposit aluminium, the substrate was positioned under the evaporator on the 

specimen transfer carriage. (The other substrates were removed to the analysis chamber 

and the isolation valve closed to prevent contamination). The cooling jacket of the 

evaporator was f i l led wi th liquid nitrogen and the evaporator current was increased 
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until the desired deposition rate was indicated by the quartz crystal monitor. The 

shutter was then opened until a f i lm of the desired thickness had been deposited. 

Deposition rates ranged from 0 . 0 5 nm s ^ to 0 . 2 nm s ^ and mean f i lm thicknesses 

from 0 . 2 nm to 0 . 4 nm. The spread in values arose from errors in the monitor due to 

heating of the quartz crystal by the evaporator. Substrates were not purposely heated 

during deposition, but the evaporator caused a small temperature rise. The pressure in 

the preparation chamber remained below 7 x 10 ^ m b a r during evaporation and 

recovered to 3 x 10 ^ ^mbar wi thin several minutes. O n l y then was the isolation 

valve opened, so that the analysis chamber pressure never rose above 3 x 1 0 ^ ^mbar. 

The aluminium on Si 0 2 or aluminium on silicon specimen was transferred to the 

analysis chamber and examined by XPS (and in some cases AES). XPS was performed 

using M g radiation ( 1 2 5 3 . 6 eV) and Al Kcx radiation ( 1 4 8 6 . 6 e V ) . The M g K 

line is sharper, giving better energy resolution, and was used to produce the majority 

of the spectra. Al K°< radiation was used to check the presence of "artefacts" ( e . g . 

K°<3 x - r a y satellites and x - r a y - induced Auger peaks) in the spectra, as these shift 

relat ive to the true photoelectron peaks when radiation of a different wavelength is used. 

The x - r a y source was operated at an anode voltage of 15 kV and an emission current of 

20 mA. The analyser was operated in CAE mode when taking XPS spectra. The specimen 

was positioned so as to maximize the Si 2p peak and minimize signals from the tantalum 

and nickel components of the specimen mount. Good signal-to-noise ratio ( ^ 5 0 : 1) 

was obtained by taking 10 minutes to scan each spectrum so that a long time constant 

( typical ly 3 seconds) could be employed in the detection circuitry. 

XPS spectra were repeated after successive intervals of several hours, the 

specimen being maintained at room temperature. Changes in the shapes and relative 

positions of peaks were noted. When no further changes occurred, the specimen was 

transferred to the P8 probe for annealing treatment. After being allowed to cool to 
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room temperature, the specimen was replaced on the manipulator and the XPS spectrum 

again recorded. The procedure was repeated using various annealing times and tempera-

tures and changes in the spectra were noted. Care was taken to locate the specimen in 

the same position each time the XPS spectrum was recorded, so that the same area of 

the specimen was analysed. The high precision manipulator was essential for this 

purpose. 

3 . 6 Results 

The results for argon ion bombarded Si O ^ , "as prepared" S i 0 2 and clean 

silicon substrates w i l l be discussed individually in sections 3 . 6 . 1 to 3 . 6 . 3 . 

For a l l S i 0 2 substrates, it was impossible to obtain an Auger spectrum after 

aluminium had been deposited, although Auger spectra were readily obtained from 

aluminium on silicon specimens. The effect is attributed to electrostatic charging of 

small islands of aluminium on an insulating layer of Si O ^ , as a result of secondary 

electron emission by the primary electron beam. When clean n- type silicon (resistivity 

3 cm) was the substrate, charging did not occur. Auger spectra were also obtainable 

from S i 0 2 substrates before aluminium was deposited, presumably because the secondary 

electron yield of S i 0 2 is small compared to that of aluminium. No charging problems 

were encountered in obtaining XPS spectra. 

3 . 6 . 1 Aluminium on Argon Ion Bombarded Si Q 2 

The XPS spectrum from an argon ion bombarded Si 0 2 substrate is shown in 

figure 3 . 6 . The Ta 4f peak at 25 eV binding energy and Ta 4 d g / 2 a n c l 

and 230 eV originate from the tantalum clips used to mount the specimen. Using relat ive 

peak areas (see section 3 . 2 . 3 ) it was calculated that the area of tantalum "seen" by the 

analyser was approximately 1 /70 of the area of Si 0 2 » It was later found possible to 

reduce the tantalum signals even further, by careful positioning of the specimen. 
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N icke l XPS peaks were total ly absent from the spectrum, again because of specimen 

positioning. 

The silicon 2s and 2p peaks are shown in greater detai l in figure 3 . 7 . These 

peaks are situated at 1 5 4 . 6 eV and 103.1 eV respectively and therefore exhibit the 

3 . 8 eV chemical shift corresponding to Si C ^ (Siegbahn 1972). Elemental silicon 

peaks at 150 .8 eV and 9 9 . 2 eV are total ly absent from the spectrum. The peaks at 

approximately 146 eV and 95 eV are x - ray satellites due to M g KO< radiation 
o 

(1262 eV) in the spectrum from the x - ray source. The broad features around 125 eV 

and 175 eV are plasmon loss peaks associated with the Si 2p and 2s peaks respectively. 

The XPS spectrum after the deposition of 0 . 5 nm of aluminium is shown by 

curve A of figure 3 . 8 . In addition to the Al 2p and Al 2s peaks at 73 eV and 118 eV 

respectively, a small elemental silicon 2p peak is visible at around 9 9 . 2 eV and the 

Si 2s peak at 154 .6 eV has developed a shoulder on the low binding energy side, also 

indicating the presence of free sil icon. Comparison wi th curve A of figure 3 . 1 5 , taken 

from an ion bombarded thick aluminium f i lm, shows the Al 2p and 2s peaks to be 

slightly broader than those of pure aluminium. The broadening is attributed to the 

presence of an oxide of aluminium, the' chemically shifted peaks of which are not 

resolvable from the pure aluminium peaks. 

Curves B to D (figure 3 . 8 ) show how the spectrum changed with time, the 

specimen being maintained at room temperature in a vacuum of 3 x 10 ^ ^mbar. An 

increase in the broadening of the Al 2p peak is seen in curve B (taken after 19 hours). 

After 42 hours (curve C) the Al 2p peak has developed a high energy shoulder. This 

feature f ina l ly splits off to form a subsidiary peak at around 7 5 . 5 eV after 91 hours 

(curve D) . This peak is thought to be due to A ^ O ^ as it has a chemical shift of 

approximately 2 . 5 e V . 

The effects of subsequent heating of the specimen are shown in curves E to I. 
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XPS spectra recorded at various times after the deposition of 0 .5nm of Al onto 

ion-bombarded S i C ^ at room temperature. 

A , 3 0 min; B, 19 h; C , 4 2 h; D , 9 1 h at room temperature. 

E ,30 min at 525 K; F, 16 h at 525K; G , 3 0 min at 575K; H , 3 0 min at 650K; 

1,30 min at 750K. 
FIGURE 3 .8 i 
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After heating at 525 K for 30 minutes, the A ^ O ^ peak has grown to the same height 

as the pure aluminium peak (curve E) and after 16 hours at this temperature the Al O 
z o 

feature is dominant. Curves G to I, recorded after heating for 30 minutes at 575 K, 

650 K and 750 K respectively, show the disappearance of the elemental aluminium 2p 

peak and the growth of the chemically shifted A ^ O ^ peak. 

It should be noted that aluminium must also have been deposited onto the 

tantalum clips and exposed areas of the nickel stud. This aluminium would not undergo 

interfacial reaction, but remain as metal l ic aluminium, thus increasing the unshifted 

A| 2p signal. However, as the areas of tantalum and nickel seen by the analyser were 

small ( & 1 /70) compared to the area of Si O ^ , the error in the recorded aluminium 

signals is negl igible. 

The Al 2s peak was also seen to undergo changes of shape during the course of 

reaction. The effects were not so pronounced as for the Al 2p peak, however, because 

the superposition of the Si 2p plasmon loss peak on the Al 2s peak distorted the shape of 

the latter. The small elemental silicon 2p peak was seen to increase only slightly as the 

reaction proceeded. 

The results from a second experiment, in which 0 . 2 nm of aluminium was deposited 

onto ion bombarded S i 0 2 , are shown in figure 3 . 9 . Since the mean thickness of the 

deposit was smaller, the aluminium peak shapes were more sensitive to small amounts of 

aluminium oxide formed at the interface. Hence, a significant broadening of the Al 2p 

peak was evident even in the ini t ial stages of reaction (curve A) . The changes in the 

shape of the peaks observed during reaction at room temperature (curves A to E) and on 

heating (curves F to G ) occurred over a similar time scale to those seen for the 0 . 5 nm 

aluminium deposit. The final chemical shift of the Al 2p peak was again 2 . 5 e V . 

3 . 6 . 2 Aluminium on "As Prepared" Si O ^ 

The S i O « substrate in the "as prepared" condition gave the XPS spectrum shown 
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XPS spectra recorded at various times after the deposition or 0 . 

onto ion-bombarded S iO^ at room temperature. 

A , 15 min; B,4 h; C , 1 9 h ; D , 4 4 h; E ,68 h at room temperature. 

F , 3 0 min at 650 K; G , 3 0 min at 850 K. 
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XPS spectra recorded at various times after the deposition of O.o nm of A| 

onto "as prepared" SiO^ at room temperature. 

A , 15 min; B,5 h; C , 2 1 h; D , 4 4 h; at room temperature. 

E ,30 min at 650 K; F , 3 0 min at 750 K. 

F IGURE 3 . U 
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in figure 3 . 1 0 . The carbon Is peak was estimated to correspond to approximately 2 0 % 

of a monolayer coverage, by the application of equation 3 . 1 2 . This amount of carbon 

contamination is thought to be typical for substrates exposed to the atmosphere. No 

other surface contaminants were detected by XPS or AES. 

The XPS spectrum after the deposition of 0 . 3 nm of aluminium is shown in 

figure 3 . 1 1 . In curve A (taken 15 minutes after deposition), the Al 2p peak is only 

slightly broadened. Also, the elemental sil icon 2p peak is much smaller than that of 

curve A of figure 3 . 9 , which was taken from a similar thickness of aluminium on ion 

bombarded S i C ^ . 

Curves B to D (figure 3 . 1 1 ) show the spectra after leaving the specimen at 

room temperature for 5 hours, 21 hours and 44 hours respectively. The shape of the 

Al 2p peak and the size of the free silicon 2p peak in curve D indicate the formation 

of less A ^ O g and silicon than do curve C of figure 3 . 8 and curve D of figure 3 . 9 

(taken after similar reaction times for aluminium on ion bombarded S i 0 2 ) . 

Heating the specimen at 650 K for 30 minutes produced some change in the Al 

2p peak and heating at 750 K for 30 minutes gave rise to a broad peak wi th a chemical 

shift of 2 . 5 eV (curves E and F, figure 3 . 1 1 ) . Compare this, however, wi th the 

almost complete conversion of aluminium to A ^ O ^ seen after a similar treatment of 

the aluminium on ion bombarded S i 0 2 (curve I, figure 3 . 8 ) . 

3 . 6 . 3 Aluminium on Ion Bombarded Sil icon 

The XPS spectrum of the [ i l l ] silicon substrate after argon ion bombardment 

is shown in figure 3 . 1 2 . The Si 2s and Si 2p peaks at 150 .8 and 9 9 . 2 eV are seen to 

have both single and double bulk plasmon peaks associated with them, at 17 eV and 

34 eV from the main peaks. M g K o < ^ satell i te peaks are also evident. 

Curve A of figure 3 . 1 3 is the spectrum after 0 . 4 nm of aluminium had been 

deposited. The Al 2s and Al 2p peaks are sharp, showing that negligible oxidation 
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XPS spectra recorded at various times after the deposition of 0 . 4 nm of A| 

onto ion-bombarded sil icon. 

A , 15 m i n ; B,38 h; C , 6 2 h; D , 1 6 3 h at room temperature. 

E,30 min at 750 K. 

FIGURE 3 . 1 3 
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of the aluminium has occurred. Curves B and C , recorded after leaving for 62 hours 

and 163 hours respectively in a vacuum of 3 x 10 ^ m b a r , show l i t t le change. Even 

heating at 750 K for 30 minutes (curve D) had only a small ef fect on the peak shapes. 

It is concluded that oxidation of the aluminium surface by oxygen-containing 

gases in the ambient was negligible under the experimental conditions used. Therefore, 

the AI2C>3 detected in the aluminium on Si 0 2 experiments (sections 3 . 6 . 1 and 3 . 6 . 2 ) 

must have been formed by reaction at the Al - Si C>2 interface. 

3 . 7 Discussion 

The present results from aluminium on ion bombarded, steam-grown Si 0 2 differ 

slightly from those obtained by Bauer et al (1980) using Si 0 2 grown in-situ (see 

section 2 . 3 ) . Whereas the latter saw the oxidation of the aluminium deposit proceed 

to virtual completion in about 7 hours at room temperature, in the present experiments 

heating was necessary to bring about complete reaction. This difference in reaction 

rate is thought to be a consequence of the different ways in which the Si C>2 substrates 

were prepared. The Si C>2 used by Bauer et al was grown in uhv conditions and so was 

extremely clean and free from water . The steam-grown S i 0 2 used in the present work 

must have contained some water ( in the form of O H or H ^ O * ) which became 

incorporated in the oxide during growth (Wolters 1979). Water contamination could 

not be detected by XPS, even if present in reasonably large quantities. The hydrogen 

would not be seen because of its extremely small photoionization cross section (Scofield 

1976) and oxygen present in water could not be distinguished from oxygen in Si 0 2 < 

Nevertheless, the present results show that considerable reaction between steam-

grown Si 0 2 and vapour-deposited aluminium does occur at room temperature, wi th the 

formation of A ^ O ^ and elemental sil icon. Furthermore, elemental silicon appears to 

be liberated during or shortly after aluminium deposition, while the conversion of the 
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aluminium deposit to A I ^ O ^ proceeds slowly. The formation of A I ^ O ^ appears to 

saturate after approximately 90 hours, at which point less than half of a 0 . 5 nm 

aluminium deposit has been oxidized to A ^ O ^ . The elemental silicon 2p peak was 

seen to increase only slightly during this period and the subsequent high-temperature 

treatment. This result may be expl icable in terms of the reaction model proposed by 

Bauer et al (1980) in which an intermediate oxidation state of aluminium is first formed. 

It is possible that the init ial oxidation state gave rise to a chemical shift of the A| 2p 

peak which was too small to be clearly detected by the ESCALAB spectrometer, which 

had an energy resolution of approximately 1 . 2 e V . Such an intermediate oxidation 

state could have caused the slight broadening of the Al 2p peak observed in the ini t ial 

stages of reaction. C lear ly , the use of a high resolution spectrometer and an x - ray 

monochromator is essential if the reaction is to be observed in greater deta i l . 

The results for aluminium on "as prepared" Si O ^ demonstrate the importance of 

surface preparation in controlling the reaction rate. The ion bombarded surfaces were 

clean (and probably damaged to some extent) , and were therefore highly react ive. The 

"as prepared" substrates were contaminated with carbon and probably also absorbed and 

adsorbed water from the atmosphere. (Water adsorption is discussed in section 4 . 3 . 5 ) . 

Some reaction occurred with these substrates at room temperature, as evidenced by the 

change of shape of the Al 2p peak, indicating oxide formation. However, the small 

size of the elemental silicon 2p peak shows that extensive reduction of the S i O ^ did 

not occur. It is therefore suggested that the aluminium overlayer reacted mainly with 

water on the surface of the S i C ^ , to torm aluminium oxide. 

The results reported by Strausser et al (1978) , which show A ^ O g a n c ' s ' ' ' c o n 

to be distributed over a 30 nm thick interface layer, cannot be reconciled wi th the 

present findings. It therefore seems l ikely that the large interface width measured 

by Strausser et al is an artefact of the depth profiling process, as discussed in section 

2 . 3 . 
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The implications of the present results to Al - Si O ^ reactions in semiconductor 

devices are discussed in section 5 . 2 . 

3 . 8 Subsidiary Experiment : XPS and AES Sputter-Profil ing of Thick Aluminium Films 

3 . 8 . 1 Introduction 

The aim of the experiment was to characterize the impurities present in th ick, 

vacuum evaporated aluminium films as a function of distance below the surface. The 

films were prepared under conditions similar to those in an industrial evaporation plant , 

and the resulting impurities are thought to be typical of those found in aluminium 

device metall izations. 

3 . 8 . 2 Experimental Method 

Two 1 p m thick aluminium films were deposited onto 1 cm square, steam-oxidized 

silicon substrates at rates of 1 nm s ^ and 10 nm s ^. In each case the substrates were at 

room temperature during deposition and the base pressure in the chamber was 2 x 10 ^mbar. 

(The evaporation plant is described in detai l in sections 4 . 2 and 6 . 2 ) . The specimens 

were stored at room temperature and atmospheric pressure for 4 weeks then loaded into 

the ESCALAB in the usual way and the system evacuated. However, bakeout was not 

performed because heating the specimens to 450 K may have caused changes in their 

structure or chemical composition. 

XPS and AES spectra were taken from each specimen, then argon ion bombard-

ment was carried out and the spectra taken again. The procedure was repeated until 

no further changes in the spectra were seen. 

3 . 8 . 3 Results and Discussion 

The XPS spectra taken before ion bombardment were very similar for both 

specimens. Figure 3 . 1 4 shows the spectrum from the f i lm deposited at 10 nm s \ which 

reveals the presence of aluminium, oxygen and carbon, as wel l as tantalum from the 
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specimen mount. Curve A of figure 3 . 1 5 shows the A| 2s and Al 2p features in greater 

deta i l . Each of these features is split into two distinct peaks with a separation of 

2 . 5 e V , showing that aluminium is present both as metal l ic A| and as A ^ O ^ . Bulk 

plasmon peaks are also visible in the spectrum. 

Curve B shows the same region of the spectrum after the specimen was ion 

bombarded for 10 minutes using a 100 jjA beam of 7 keV argon ions. The Al 2s and 

A| 2p features are now seen to be narrow single peaks of binding energies 118 eV and 

73 eV respectively, corresponding to aluminium metal . The plasmon spectra are now 

very prominent. The peaks separated from the A| 2s and Al 2p peaks by approximately 

15 e V , 30 eV and 45 eV are due to single, double and triple excitat ion of the aluminium 

bulk plasmon of energy 15 .3 eV (Ritchie 1957). Surface plasmon peaks are also visible, 

at approximately 11 eV from the 2s and 2p peaks. The carbon and oxygen peaks had 

almost vanished after ion bombardment, indicating that the aluminium oxide and carbon 

were surface contaminants. 

Measurement of the relat ive peak areas in curve A of figure 3 . 1 5 enabled the 

amounts of surface A I ^ O ^ and carbon to be estimated. It was assumed that the A I ^ O ^ 

existed as a layer of uniform thickness on the surface of the aluminium, and that the 

carbon resided in a monolayer of fractional coverage on top of the A I ^ O ^ . The equations 

of section 3 . 2 . 3 were then applied to find the fractional coverage of the carbon layer 

and the thickness of the aluminium oxide f i lm. Hence, the A ^ O ^ was estimated to be 

2 nm thick and the carbon monolayer had a coverage of approximately 5 0 % . 

The aluminium f i lm deposited at 1 nm s ^ was examined by XPS and AES after 

successive short periods of argon ion bombardment. The resulting Al 2s and Al 2p XPS 

peaks and the corresponding oxygen Is peaks are shown in figures 3 . 1 6 and 3 . 1 7 . The 

corresponding Auger spectra (figure 3 . 1 8 ) show the decrease in magnitude of the oxygen 

KLL and carbon KLL signals with progressive ion bombardment. The argon L M M signal 
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Oxygen Is spectra corresponding to the A| 2p and 2s spectra in 

figure 3 . 1 6 . 

FIGURE 3 . 1 7 



Oxygen and carbon KLL Auger electron spectra corresponding to the XPS spectra 

in figures 3 . 1 6 and 3 . 1 7 . 

FIGURE 3.14 
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is seen to grow as a result of argon ions becoming trapped in the aluminium surface. 

It must be emphasized that these series of spectra do not enable a true depth 

profile to be constructed. The ion beam was not rastered, so the sputtering rate was 

not uniform over the surface. Instead, a crater was formed, owing to the non-uniform 

current density of the ion beam. Therefore spectra recorded at any instant consisted 

of the sum of signals originating from al l points on the surface of the crater, and hence 

from different depths below the original surface of the f i lm. 

The f inal Al 2s and A| 2p line shapes, after prolonged ion bombardment, were 

very similar for both specimens. (The differences in magnitude between the peaks in 

curve B of figure 3 . 1 5 and curve F of figure 3 . 1 6 are due to differences in the areas 

of the two specimens). The f inal peak shapes were taken to be representative of pure 

metall ic aluminium and were used as reference for the spectra obtained in the A l - Si O,. 

interface experiments (sections 3 . 6 . 1 to 3 . 6 . 3 ) . 

The difference in deposition rate between the two films did not appreciably 

affect their bulk purity. The surface oxide and carbon contamination are attributed 

to atmospheric exposure during specimen transfer from the evaporation plant to the 

ESCALAB. As the specimens were stored in the laboratory for 4 weeks at atmospheric 

pressure before they were examined in the ESCALAB, the 2 nm thickness of the A ^ O ^ 

f i lm is thought to be the limiting thickness for the native oxide at room temperature. 
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C H A P T E R 4 

A STUDY O F THE A | - S i Q 2 INTERFACE U S I N G T R A N S M I S S I O N ELECTRON 

M I C R O S C O P Y 

4 . 1 Introduction 

The experiments discussed in this chapter were conducted in order to identify 

the crystalline phases of A ^ O ^ and silicon produced by A | - S i 0 2 interfacial reaction 

and to establish the conditions necessary for reaction to occur. Alumina may exist in 

any of 14 crystal phases (Wefers and Bell 1972), The phase present at the Al - Si 0 2 

interface may have consequences regarding the re l iabi l i ty of aluminium thin f i lm 

metall izations, especially from the point of view of interface electromigration. 

The experiments fal l into two main categories. The first series of experiments 

(sections 4 . 2 . 1 to 4 . 2 . 7 ) entai led the deposition of aluminium films onto steam-grown 

S i 0 2 in a conventional evaporation plant. Chemical thinning was then carried out to 

enable the specimens to be examined in the transmission electron microscope (TEM) . 

In the second series of experiments (sections 4 . 3 . 1 to 4 . 3 . 5 ) aluminium was 

deposited onto steam-grown S i 0 2 in the specimen chamber of the TEM and various 

annealing treatments were performed in situ. In addit ion, several similar experiments 

were performed using evaporated films of silicon monoxide as the substrates. 

Reaction between aluminium and "as prepared" Si 0 2 was found to occur at 

temperatures of 575 K and above. The reaction products were identified as poly-

crystalline silicon and - A ^ O ^ . Water contamination of the Si 0 2 surface was 

found to be effect ive in preventing A l - S i 0 2 reaction at temperatures much below 

the melting point of aluminium. Wi th Si O substrates, reaction occurred under 

similar conditions, but the V - rather than t h e f t - phase of alumina was formed. 
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4 . 2 The Evaporator Experiments 

4 . 2 . 1 The Substrate Mater ia l 

So that the results of this study might be directly relevant to the problems 

associated wi th aluminium metal l izat ion on silicon devices, steam-grown S i O ^ was 

used as the substrate material . However, in order to use transmission electron microscopy 

and diffraction to examine the films, specimens had to be sufficiently thin (not more than 

^ 1 0 0 nm thick to obtain a good diffraction pattern using 80 keV electrons). Therefore, 

50 nm S i 0 2 layers were used, instead of the 1 pm layers normally employed as the 

insulator in silicon planar technology. After aluminium had been deposited, the silicon 

was removed from the back of the specimen to leave the aluminium supported on a 50 nm 

f i lm of Si 0 2 (see section 4 . 2 . 3 ) . 

4 . 2 . 2 The Evaporation Plant 

The evaporation chamber was a 12- inch glass bell jar . This was evacuated by 

a 4 - inch diffusion pump charged wi th "Santovac 5" pumping f lu id . A liquid nitrogen 

cold trap was used to reduce backstreaming of oil vapour and improve the pumping 

eff ic iency for water vapour. A rotary pump, f i t ted wi th a zeol i te trap, was used to 

back the diffusion pump and to rough-pump the chamber. The ultimate chamber pressure 

was 2 x 10 ^mbar , as measured by a Penning gauge. A Centronics A I G 5 0 quadrupole 

mass spectrometer was used for residual gas analysis. A typical mass spectrum is shown 

in figure 4 . 1 . 

The layout of the chamber is shown in figure 4 . 2 . Evaporation was carried out 

from a 5 mm diameter hel ical co i l , comprising 10 turns of triple-stranded 0 . 5 mm 

diameter tungsten wi re . The use of multi-stranded wire reduces the rate at which al loying 

occurs between the tungsten and molten aluminium, and hence prolongs evaporator life 

(Holland 1956). The evaporator was positioned 150mm above the substrate, and when 

loaded with four 30 mm lengths of 1 mm diameter aluminium wire , permitted films of up 
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to 400 nm thickness to be deposited. (When thicker films were required, as in 

Chapter 7 , three helical coil evaporators were connected in paral le l ) . The 

evaporator was heated by alternating current supplied by a Var iac via a low 

voltage transformer. A copper shield was positioned above the evaporator coil 

to reduce heating of the be l l - j a r and confine the stream of evaporant to the vic ini ty 

of the substrate. 

The substrate heater was based on a design of Unvala and Censlive (1973) . 

It consisted of 8 e lectr ica l ly heated strips of tungsten foi l (80 mm long, 9 mm wide 

and 0 . 1 mm thick) connected in series inside a water-cooled copper box. (See figure 

4 . 3 ) . This type of heater was adopted since it is capable of uniformly heating a 2 - i n c h 

silicon wafer to 1000 K without undue heating of the be l l - j a r and its contents. O u t -

gassing is thus reduced. The substrate was located over an aperture in a stainless steel 

plate 5 mm above the tungsten heaters. Substrates of various sizes were accommodated 

by plates wi th different aperture sizes. As the radiating area of the heater (80 mm by 

80 mm) was much larger than the substrate area, temperature gradients across the sub-

strate surface were minimized. 

Substrate temperature was measured by a chrome I - a Iume I thermocouple 

positioned at the edge of the substrate and in contact wi th the stainless steel plate. 

This thermocouple was calibrated against thermocouples on the substrate surface in a 

separate cal ibration experiment. The accuracy of these thermocouples was checked 

against the melting point of lead. (See Appendix C ) . 

A quartz crystal monitor was used to measure the deposition rate and f i lm 

thickness. The quartz crystal and substrate were placed close together and equidistant 

from the vapour source to ensure equal deposition on the substrate and monitor. The 

6 M H z crystal controlled the frequency of a simple transistor oscillator (see figure 4 . 4 ) . 

The frequency was measured by a digital frequency counter wi th a precision of 1 Hz . 
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The counter sampled the frequency once per second, so by noting the frequency change 

between successive readings, the "instantaneous" deposition rate could be monitored. 

(The l inearity of the response of the monitor and its calibration using multiple beam 

interferometry are discussed in Appendix B). A stainless steel shutter, operated by a 

rotary motion feedthrough, was used to control the deposition. 

4 . 2 . 3 The Jet-Thinning Apparatus 

The technique for removing excess silicon from the back of the specimens has 

been described by Bicknell (1973) and the details of the apparatus (shown in figure 4 . 5 ) 

w i l l not be given here. 

The most consistent results were obtained using {100} oriented silicon and an 

etchant comprising 1 volume of hydrofluoric acid (40%) to 2 volumes of nitric acid 

(concentrated). This was applied to the specimen (which was rotated at 60 rpm) at a 

rate of ^ 2 0 0 drops per minute from a 0 . 5 mm jet positioned 3 mm above the specimen 

surface. The thinning took approximately 5 minutes and was terminated by the application 

of deionized water when the specimen was seen to transmit light (in the case of thin 

aluminium films) or when aluminium could be seen through the Si /S i 0 2 layers. The 

appearance of a thinned specimen is shown schematically in figure 4 . 6 b . Specimens 

were quite robust and could be handled with tweezers without damage. 

4 . 2 . 4 The Transmission Electron Microscope 

Transmission electron microscopy and diffraction were carried out in a JEM 100 U 

electron microscope. The column was evacuated by a 4 - inch diffusion pump charged wi th 

Santovac 5 pumping fluid and backed by a rotary pump. A Centronics A I G 50 mass 

spectrometer was used to measure total and partial pressures in the specimen chamber. A 

vacuum of 2 x 10 ^ mbar was achieved after 48 hours of pumping. The use of a specimen 

transfer a ir lock, rough pumped by an auxi l iary rotary pump, enabled the vacuum to be 

maintained for long periods. 
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For aluminium on Si 0 2 specimens of total thickness less than 100 nm, an 

80 keV electron beam was used. A 100 keV beam was used for thicker specimens. 

Micrographs and diffraction patterns were recorded on 65 mm by 90 mm "Agfa -Gevaer t 

Scientia" cut f i lm. The camera chamber of the microscope could be isolated from the 

column and independently evacuated during f i lm replacement. Film was outgassed in 

a vacuum desiccator for 12 hours prior to loading into the microscope. In this way the 

time required for f i lm replacement was minimized. 

A goniometer specimen stage enabled the specimen to be t i l ted by 10°and the 

t i l t axis could be rotated through 360° . Tilt ing of the specimen was used to detect 

fibre textures which cause arcing of the rings of the diffraction pattern. 

4 . 2 . 5 Experimental Method 

The evaporator coil was outgassed for several minutes at white heat in a vacuum 

- 5 
of 1 x 10 mbar . The charge of 9 9 . 9 9 5 % purity aluminium wire was loaded into the 

_5 

coil and outgassed to a pressure of 1 x 10 mbar by slowly increasing the evaporator 

current. The substrate (a 1 cm square of oxidized silicon) was placed on the substrate 

heater, and the chamber was evacuated to 2 x 10 ^mbar. 

The water-cooled substrate heater was outgassed until the chamber pressure was 

less than 5 x 10 ' m b a r wi th the substrate at the required temperature. Wi th the shutter 

in the closed position, the evaporator was thoroughly outgassed and some aluminium was 

evaporated. This had the effect of reducing the partial pressures of oxygen and water 

vapour by gettering. 

The shutter was part ia l ly opened to expose the quartz crystal to the evaporant 

and the desired deposition rate (1 nm s was obtained by adjustment of the evaporator 

current. The shutter was then fu l ly opened for sufficient time for a f i lm of the required 

thickness (50 nm) to be deposited. Minor corrections to the current were made to main-

tain a constant deposition rate as the amount of aluminium in the evaporator diminished. 
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The deposition rate could be controlled to within 2 0 % of the desired value. During 

the evaporation, the chamber pressure increased to 2 x 10 ^mbar, despite the thorough 

outgassing procedure. The mass spectrometer showed the major component to be 

hydrogen. 

After turning off the heater, the specimen took approximately one hour to cool 

to room temperature from 600 K. The specimen was then divided into 5 mm squares by 

scribing and breaking and these were bonded to a glass slide using wax, the metal l ized 

surfaces of the specimens being in contact with the glass. The slide was firmly bonded 

to the baseplate of an ultrasonic dr i l l , using double-sided adhesive tape, and a 3 mm 

diameter disc was cut from each specimen. Ultrasonic cutting was performed using 

grade 400 carborundum paste wi th a tool consisting of a 3 mm inside diameter brass 

tube. The specimens were removed by gently warming the wax and cleaned in boil ing 

trichloroethylene. The aluminium f i lm suffered no visible damage due to the cutting 

procedure. 

In order to protect the aluminium during jet - thinning, the specimen discs were 

mounted on 1 cm glass squares using A p i e z o n - M grease. The grease was applied to the 

glass and melted by warming on a laboratory hot -p late . The specimen was placed, 

aluminium surface downwards, on the glass slide, and on cooling the Apiezon grease 

formed a seal which was impervious to attack by the etchant (see figure 4 . 6 a ) . 

After thinning, the specimen was removed from the glass by warming in 

trichloroethylene, washed in 2 baths of acetone and f inal ly rinsed in deionized water 

before examination in the electron microscope. 

Diffraction patterns were measured using a travel l ing microscope. The effect ive 

camera length of the electron microscope, L, multiplied by the electron wavelength, A , 

was determined by measurement of the diffraction pattern of aluminium (see section 7 . 2 . 2 ) , 
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the latt ice parameter of which is known to a high degree of accuracy (Wyckoff 

6 2 

1963). The value of A L (approximately 3 . 5 x 10 nm ) was found to vary considerably 

between independent measurements using the same aluminium specimen but taken on 

different occasions. (This effect may have been a result of hysteresis in the magnetic 

lenses or fluctuations in the accelerating voltage or lens currents). Therefore, A L 

was determined individually for each diffraction pattern analysed, by measurement of 

the aluminium diffraction rings in that pattern. Additional diffraction features ( e . g . 

due to silicon or A ^ O ^ ) were then interpreted using this value of A L. Interplanar 

spacings were thus determined to an accuracy of 0 . 0 0 5 nm. 

4 . 2 . 6 Results 

4 . 2 . 6 . 1 The Substrates 

The electron diffraction patterns from a thinned specimen of 50 nm of Si O ^ on 

{100} silicon are shown in figure 4 . 7 . The amorphous nature of the Si O ^ is revealed 

by the diffuse haloes of the diffraction pattern (figure 4 . 7 a ) which was taken from the 

centre of the thinned area. The diffraction pattern from the edge of the thinned region 

(figure 4 . 7 b ) shows the presence of single crystal {100} oriented sil icon. Low-angle 

shadowed replicas revealed the Si O ^ surface to be smooth down to the resolution of 

the replication technique ( ^ 5 nm). 

4 . 2 . 6 . 2 Aluminium Deposited onto Si O ^ at Room Temperature 

50 nm thick aluminium films deposited at a rate of 1 nm s ^ onto amorphous 

S i 0 2 Q t room temperature were seen to be continuous and polycrystalline wi th a mean 

grain size of around 50 nm (see figure 4 . 8 a ) . O n t i l t ing the specimen away from normal 

incidence of the electron beam, the rings of the diffraction pattern broke up into 

extended arcs (see figure 4 . 8 b ) . The aluminium f i lm thus had a weak ( l i f t fibre 

texture, wi th the fibre axis normal to the f i lm plane (see section 7 . 2 . 2 ) . A p a r t from the 
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diffuse haloes from the underlying S i 0 2 , no other diffraction features were visible. 

4 . 2 . 6 . 3 Aluminium Deposited onto Si O ^ at Elevated Temperatures 

Films deposited onto substrates at 575 K consisted of a connected network of 

aluminium, as shown by the transmission electron micrograph (figure 4 . 9 a ) . The 

diffraction pattern (figure 4 . 9 b ) shows the f i lm to be polycrystalline with no preferred 

orientation. The diffraction patterns from some specimens prepared under these conditions 

contained faint rings corresponding to interplanar spacings of 0 . 3 2 nm and 0 . 1 9 nm. 

These were interpreted as the { i l l ] and {2203 reflections from polycrystalline sil icon, 

which have interplanar spacings of 0 . 3 1 4 nm and 0 . 1 9 2 nm respectively, as calculated 

from the latt ice parameter given by Wyckoff (1963) . These are two of the strongest 

reflections from polycrystalline silicon and al l others were too weak to be observed. 

The failure to detect even the {111} and [220] rings in some of the specimens was 

attributed to small differences in the amount of Si 0 2 removed during thinning. A more 

intense diffuse background from a slightly thicker S i 0 2 f i lm rendered these faint 

diffraction features invisible. 

Aluminium deposited onto S i 0 2 at 650 K consisted of islands of ~ 5 0 0 nm 

extent and 100 nm height, with smaller islands of ^ 5 0 nm extent interspersed between 

them (figure 4 . 1 0 a ) . The diffraction pattern (figure 4 .10b ) contained, in addition to 

the polycrystalline aluminium features, a series of rings which were found to correspond 

to the interplanar spacings of polycrystalline silicon and either7J - or y - a l u m i n a . (See 

table 4 . 1 ) . Because only the most intense reflections from the alumina were observed, 

it was not possible to determine whether the phase present was Tj or y t a s the structures 

and diffraction patterns of these two phases are very similar. (The structures of the 

aluminas are discussed in Appendix D) . 

No evidence of silicon or Al O was found in aluminium films deposited onto 
jL o 

Si O 0 at temperatures below 575 K. 
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4 . 2 . 6 . 4 The Effects of Annealing Films Deposited at Room Temperature 

Aluminium films deposited onto Si O ^ at room temperature, then immediately 

annealed at 675 K for 1 hour in vacuo were found to contain silicon and ^ - or y -

alumina. The annealed films differed from the films deposited at 650 K, however, in 

that the former were continuous and had a ( 1 1 1 ) fibre texture. 

N o silicon or A ^ O ^ was detected in specimens annealed at temperatures 

below 650 K. 

4 . 2 . 6 . 5 The Effect of Heating the S i O ^ Prior to Aluminium Deposition 

Si C>2 substrates were heated at 650 K in a vacuum of 5 x 10 ^mbar for 1 hour 

and al lowed to cool to room temperature. Aluminium was then deposited in the usual 

way , without the vacuum being broken. 

The specimens prepared in this way were undistinguishable from those made by 

depositing aluminium onto S i 0 2 which had not been heated. 

4 . 2 . 6 . 6 Aluminium Films on Amorphous Carbon 

Amorphous carbon films of approximately 50 nm thickness were deposited onto 

freshly cleaved rocksalt by evaporation from a carbon arc in vacuo (Holland 1956). 

The carbon films were floated off in deionized water , washed and collected on 

molybdenum TEM grids. 50 nm aluminium films were deposited onto the amorphous 

carbon at 650 K, under conditions identical to those used for the deposition of aluminium 

onto Si 0 2 . 

The aluminium deposit was found to consist of islands and had no detectable fibre 

texture. There was no evidence of aluminium oxide in the diffraction pattern. 

4 . 2 . 7 Discussion 

Aluminium films deposited onto amorphous, steam-grown S i 0 2 at temperatures 

of 575 K and above were found to contain polycrystalline silicon and y - or 

These materials were also present in aluminium films deposited onto S i O « at room 
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temperature, then annealed at 650 K In vacuo. Polycrystalline silicon was not seen 

when the substrate was heated to 650 K and allowed to cool to 300 K before aluminium 

was deposited. Therefore, the polycrystalline silicon cannot have been formed by 

recrystallisation of the residual single crystal sil icon on the back of the substrate, as a 

result of heating. 

Polycrystalline alumina was not detected in aluminium films deposited onto 

amorphous carbon substrates at 650 K. It is therefore concluded that oxygen or water 

vapour, either in the evaporation plant or in the laboratory atmosphere, were not 

responsible for the formation of the polycrystalline alumina detected in the aluminium 

on SiC>2 specimens. The presence of both silicon and alumina in these specimens is 

therefore attributed to chemical reaction at the A l - S i C ^ interface. 

As mentioned previously, the diffraction patterns contained insufficient 

information to enable the alumina to be positively identif ied as t h e y - or ^ -phase. 

However, the diffraction evidence cannot be interpreted in terms of any other phase 

of alumina. The observations of £ - and ©< -a lumina by Prabriputaloong and Piggott 

(1974) are apparently contradictory to the present findings. It is possible, however, 

that the different substrate material and deposition conditions used by these workers 

resulted in the formation of the different alumina phases. Nevertheless, they deposited 

aluminium onto both vitreous silica and quartz single crystals over a wide range of 

temperatures, and did not report any variations in the reaction products. The present 

results are in agreement wi th those of Chou and Eldridge (1970) , which showed the 

presence of y - A ^ O ^ in pits formed by the reaction between aluminium and Si 0 2 in 

M O S structures. C lear ly , further experiments are necessary to investigate the role of 

the substrate and deposition conditions in controlling the crystalline nature of the 

reaction products. Some further results are presented in section 4 . 3 . 4 . 

The first appearance of reaction products at annealing temperatures of 650 K, 
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in the present experiments, is in good agreement wi th the XPS results from "as prepared" 

S i 0 2 « (See section 3 . 6 . 2 ) . The discrepancy between the threshold deposition tempera-

ture (575 K) and the threshold annealing temperature (650 K) for the detection of reaction 

products is thought to be due to radiative heating of the substrate by the evaporator 

during aluminium deposition. The temperature on the substrate surface has been 

observed to rise by more than 50 K during deposition. 

It must be emphasized that the transmission electron diffraction technique could 

not reveal amorphous reaction products or crystalline products forming layers less than 

approximately 2 nm th ick. (This is because of the presence of the strong aluminium 

diffraction pattern and the diffuse background from the amorphous Si 0 2 , which would 

ef fect ively mask any faint diffraction features from very thin layers of material ) . It is 

therefore possible that some interfacial reaction occurred at temperatures slightly below 

those stated. Judging by the relat ive intensities of the diffraction patterns, it is 

estimated that for aluminium films deposited at 650 K, the interfacial reaction zone 

was between 5 nm and 10 nm thick. 

4 . 3 The in-situ TEM Experiments 

4 . 3 . 1 Modifications to the Electron Microscope 

The basic JEM 100 U transmission electron microscope is described in section 

4 . 2 . 4 . In order to perform in-situ aluminium evaporation and specimen heating, 

certain modifications were made to the specimen chamber as described below. The 

modified specimen chamber is shown in figure 4 . 1 1 . 

Firstly, the specimen goniometer was replaced by a heater stage. This accepted 

the JEOL specimen furnaces which could attain a temperature of approximately 1300 K 

for a dissipation of 10 w . Accurate temperature control was provided by a Solartron 

constant voltage power supply. The rapid specimen exchange fac i l i ty was retained. 
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The electron microscope specimen chamber,fitted with liquid nitrogen cryo-pump, 
aluminium evaporator and specimen furnace. 

FIGURE 4.14 
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Specimen temperature was measured by a chromel-alumeI thermocouple 

incorporated in the furnace (see figure 4 . 1 2 ) . The external thermocouple circuit 

comprised an ice junction in series wi th an EXEL 200 D V M , enabling the temperature 

to be measured with a precision of 0 . 2 K . The absolute accuracy, however, was ~ 1 K. 

The calibration procedure is described in Appendix C . The construction of the thermo-

couple system is described ful ly by Spiller (1979) and further details w i l l not be given 

here. 

Secondly, the specimen chamber was f itted wi th a liquid nitrogen cryopump, 

which reduced the pressure to 5 x 10 ^mbar by the condensation of water vapour (see 

figure 4 . 1 3 ) . 

Thirdly, a tungsten fi lament evaporator was added to the specimen chamber. 

The f i lament, in the form of a vert ical helical co i l , was enclosed inside a tantalum 

foi l shield wi th a 5 mm aperture direct ly beneath the co i l . The evaporant was thus 

confined to a narrow beam in the v ic in i ty of the specimen. The evaporator could be 

withdrawn from the microscope into an airlock isolated by a gate va lve . This enabled 

the evaporator to be replaced without significantly disturbing the vacuum in the micro-

scope column. (The tungsten coil was renewed after each evaporation because of al loying 

wi th the molten aluminium charge). 

Because the substrate was located at the bottom of the narrow base of the specimen 

furnace, correct positioning of the evaporator was essential to ensure that the substrate was 

exposed to the evaporant. This was accomplished by removing the tantalum shield and 

adjusting the position of the evaporator coil until a purple fluorescence indicated that it 

was in the path of the electron beam and therefore direct ly above the specimen. The 

position of the evaporator was noted so that it could be located in the same place after 

removal for loading with aluminium and replacing the tantalum shield. 

The evaporator power supply consisted of a low voltage transformer connected to 
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a V a r i a c . A current of 13 amps was found to give a deposition rate of approximately 

, - 1 

1 nm s 

4 . 3 . 2 Substrate Preparation 

Two types of substrate were used. These were steam-grown S i 0 2 on (100} 

silicon and evaporated Si O . The material for the Si 0 2 substrates was similar to that 

used for the evaporator experiments (see section 4 . 2 . 1 ) . In the present case, however, 

it was cut into 3 mm discs and jet thinned before the aluminium was deposited. A 100 nm 

thick S i 0 2 layer was found to be more robust than a 50 nm layer, which often fragmented 

after thinning, without the presence of an aluminium f i lm to strengthen i t . 

Particular care was taken in cleaning the S i 0 2 surface after thinning. The sub-

strates were washed in warm trichloroethylene and 2 baths of warm acetone before being 

vapour-cleaned in isopropyl alcohol and f ina l ly rinsed in deionized water . Transmission 

electron microscopy was used to check the effectiveness of the cleaning procedure, and 

no residual contamination was detected. Individual substrates, however, were not 

examined prior to aluminium deposition because of the risk of carbon contamination 

from oi l vapour cracked by the electron beam. 

Si O substrates were prepared by evaporation onto freshly cleaved rocksalt or 

mica in the vacuum evaporation plant shown in figure 4 . 1 4 . The chamber was evacuated 

by a 2 - inch oil diffusion pump fitted wi th a liquid nitrogen cold trap and a vacuum of 

5 x 1 0 ^mbar was attained. 50 nm films of Si O were deposited at a rate of 1 nm s \ 

as measured by a quartz crystal monitor. The S i O f i lm was scribed into 2 mm squares, 

floated off the rocksalt or mica in deionized water , and collected on molybdenum TEM 

grids. Each specimen was washed by agitating in deionized water for several minutes. 

The chemical composition of vapour-deposited "silicon monoxide" films is known 

to vary wi th deposition rate and residual gas pressure (Holland 1956). The conditions 

used in the present study were chosen to give Si O with a density roughly equal to that 
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EVAPORATOR 
electrodes 

(a) 

(b) 

(a) The S iO evaporation system. 

(b) The tantalum boat. 

FIGURE 4 . 1 4 
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of the compact bulk substance. A fal l In pressure in the vacuum chamber was noted 

during the evaporation of Si O as a result of its gettering action for oxygen and water 

vapour. Therefore, a considerable amount of Si O was evaporated before the shutter 

was opened, so that the material deposited onto the substrate contained a minimum of 

these impurities from the ambient. Electron diffraction showed the S i O to be amorphous. 

4 . 3 . 3 Experimental Method 

After preliminary outgassing of the evaporator coil and positioning in the electron 

beam (see section 4 . 3 . 1 ) , the aluminium charge was loaded and the tantalum shield 

f i t ted. The evaporator was thoroughly outgassed in-si tu, then the substrate was inserted 

into the specimen stage and heated to the desired temperature. Aluminium was deposited, 

the thickness and deposition rate being estimated from the evaporator current and 

deposition t ime. The thickness of a f i lm could be judged from its appearance (grain size 

or island size) , the deposition temperature being known. Standardisation of the 

evaporation conditions al lowed films of consistent appearance to be produced. A 

deposition rate of 1 nm s ^ and a mean f i lm thickness of 50 nm were aimed for. The 

- 5 

chamber pressure rose to 2 x 10 mbar during deposition, despite the thorough outgassing 

procedures employed. The main component was found to be hydrogen. 

80 keV electrons were used to examine the specimens. Areas of the specimen 

near the edges of the thinned region were used, to minimize heating of the specimen 

by the electron beam. (Single crystal silicon is a good conductor of heat, but amorphous 

SI 0 2 is a good thermal insulator). In the case of Si O substrates, areas near to grid bars 

were used. 

In some experiments, specimens were annealed at various temperatures after 

aluminium had been deposited. Otherwise, specimens were allowed to cool to room 

temperature after aluminium deposition. 
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4 . 3 . 4 Results 

4 . 3 . 4 . 1 Aluminium on Steam-Grown S i O ^ 

Aluminium deposited onto thinned Si O ^ at 675 K showed no evidence of chemical 

reaction. The f i lm consisted of islands of similar appearance to those formed when 

aluminium was deposited onto "as prepared" Si O ^ 650 K (see section 4 . 2 . 6 . 3 ) . The 

diffraction pattern revealed that the aluminium was polycrystalline wi th no preferred 

orientation. (See figure 4 . 1 5 a and b). 

Annealing the specimens at temperatures up to 900 K for 30 minutes in a vacuum 

of 5 x 10 ^mbar had l i t t le effect on the f i lm morphology or the diffraction pattern, the 

only ef fect being a slight increase in the diffuse background intensity. O n heating to 

the melting point of aluminium, however, rapid changes occurred over a period of 

several minutes. When the aluminium melted, its diffraction pattern disappeared. The 

diffraction patterns of the reaction products then began to appear and after several 

minutes were clearly visible (figure 4 . 1 5 c ) . The micrograph (figure 4 . 1 5 d ) shows that 

aluminium was still present in the form of liquid droplets. Analysis of the diffraction 

pattern showed the reaction products to be polycrystalline silicon and ^ - a l u m i n a (see 

table 4 . 2 ) . The observed inter-planar spacings and relat ive intensities are in good 

agreement wi th those determined by x - r a y diffraction (Wefers and Bell 1972). 

Substrates which were heated at 1075 K for 1 hour in a vacuum of 5 x 10 ^mbar 

before aluminium was deposited were found to be much more react ive. (This treatment 

produced no visible changes in the appearance of the Si C>2 or its diffraction pattern). 

Aluminium films deposited onto these substrates at temperatures in excess of 725 K 

contained traces of silicon and - or y - a l u m i n a . 

For deposition temperatures below 725 K, there was no evidence of crystalline 

reaction products in the diffraction pattern. The electron micrograph and transmission 

electron diffraction pattern of a f i lm deposited onto Si O 0 at 700 K are shown in figure 



(a) (b) 

(c) (d) 

Transmission electron d iffraction patterns and micrographs of AI deposited in-situ 

onto SiO 
2 

at 675 K: (a) and (b) as deposited; 

(c) and (d) after heating to the melting point of aluminium. 

FIGURE 4.15 
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4 . 1 6 a and b. After heating at 800 K for 15 minutes in vacuo, changes in the f i lm 

morphology and the diffraction pattern were observed. The electron micrograph 

(figure 4 . 1 6 c ) shows changes in contrast of the smaller ( ~ 1 0 0 nm) aluminium islands 

and the diffraction pattern (figure 4 . 1 6 d ) contains rings due to polycrystalline sil icon. 

Continued annealing for 90 minutes at this temperature resulted in strong silicon and 

-a lumina diffraction patterns and pronounced changes in the appearance of the 

specimen (figure 4 . 1 6 e and f , table 4 . 3 ) . After annealing for 180 minutes no further 

changes occurred. The aluminium diffraction pattern at this stage was very weak, 

showing that almost al l of the aluminium had been oxidized. Dark f ie ld electron 

microscopy revealed the presence of many particles of silicon and -a lumina (figure 

4 . 1 6 g ) . 

4 . 3 . 4 . 2 Aluminium on Evaporated Si O 

The results for aluminium deposited onto evaporated Si O were similar to those 

for aluminium on Si 0 2 described above. Deposition at 675 K did not lead to reaction 

but polycrystalline silicon and alumina were produced by annealing at the melting point 

of aluminium. In this case, however, y - a l u m i n a was found (see table 4 . 4 ) . 

S i O substrates heated at 1075 K for 1 hour in vacuo were more react ive. Poly-

crystalline silicon and y -a lumina were detected in aluminium films deposited onto 

these substrates at temperatures of 725 K and above. 

4 . 3 . 5 Discussion 

S i 0 2 substrates which had been chemically thinned were less reactive than 

similar substrates in the "as prepared" condition. The difference is thought to be due 

to contamination of the surface during thinning. The threshold temperature for the 

detection of reaction products on thinned substrates was reduced from 933 K to 725 K 

by heating at 1075 K in vacuo before aluminium deposition. As no changes in the 

structure of the Si 0 « ( e . g . crystall ization) were detected, the effect is attributed to 
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(e) (f) 

1 tJm 

(g) 

Reaction sequence of AI deposited in-situ at 700 K onto Si0
2 

which had been 

pre-heated in vacuo at 1075 K: (a) and (b) as deposited; 

(c) and (d) after heating at 800 K for 15 minutes; 

(e) and (f) after heating at 800 K for 90 minutes; 

(g) dark field (220) image of a silicon particle. 

FIGURE 4.16 
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the desorption of surface contaminants. The most probable contaminants resulting from 

the thinning process are carbon-based materials (from the Apiezon grease used to mount 

the specimen) and water (from the washing procedure). It is unl ikely that heating at 

1075 K in vacuo would remove carbon contamination, but it would be effect ive in 

desorbing water . 

The S i O substrates were relat ively c lean, having been prepared by vacuum 

evaporation. However, these too became more reactive after heating in vacuo. S i O 

films deposited onto mica and rocksalt gave identical results, indicating that contami-

nation from the substrate was negl igible. The most probable source of contamination 

was the deionized water used to separate the S i O films from their substrates. Hence, 

the enhanced react ivi ty of both Si O ^ and S i O substrates heated in vacuo is thought 

to be due to the desorption of water from their surfaces. 

Bateson (1952) , using contact angle measurements, showed that freshly prepared 

glass surfaces became covered with a layer of adsorbed water on exposure to the atmos-

phere. This layer could not be removed by chemical c leaning, but was removed by 

heating in vacuo. Recent electron loss studies by Underhil l and Gal lon (1981) revealed 

peaks in the bulk band gap of S i 0 2 , which were thought to be associated with dangling 

silicon and oxygen bonds on, or just below, the surface. The structure of these peaks 

was found to be sensitive to hydrogen and water vapour exposure and to heating in 

vacuo. Hydrogen, in some form, is bel ieved to saturate the dangling bonds but is 

removed by vacuum baking. The authors suggest further experiments to compare the 

electron loss spectra from wet and dry silicas in order to elucidate the exact role of 

hydrogen, but their recent results lend strong support to the hypothesis that adsorbed 

water greatly reduces the react ivi ty of the S i O « surface. 
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C H A P T E R 5 

THE Al - SI O ^ INTERFACE I N S I L I C O N DEVICES 

5.1 The Al - Si O ^ Interface - Summary of Results 

When approximately one monolayer of aluminium was deposited onto ion 

bombarded Si 0 2 in uhv conditions, reaction occurred at room temperature over a 

period of several hours, resulting in the formation of silicon and Al 0 « . After 
Z o 

heating to 575 K, almost complete oxidation of the aluminium took place within 

several minutes. When aluminium was deposited onto "as prepared" S i 0 2 under 

identical conditions, reaction proceeded more slowly. A ^ O ^ was detected, but 

very l i t t le elemental silicon was apparent. The aluminium is believed to have 

reacted with adsorbed water on the S i 0 2 surface. 

When aluminium was deposited onto "as prepared" Si 0 2 in a conventional 

evaporation plant, polycrystalline silicon and A ^ O ^ were detected by transmission 

electron di f f ract ion, for deposition temperatures above 575 K. When the substrate 

temperature was 6 5 0 K , the interfacial reaction zone was estimated to be 10 nm th ick. 

Annealing at temperatures of 650 K and above brought about interfacial reaction in 

specimens prepared by aluminium deposition at lower temperatures. 

In-situ TEM experiments indicated that water contamination was effect ive in 

preventing Al - Si 0 2 reaction, except at temperatures near the melting point of 

aluminium. 

5 . 2 The Al - Si Q 2 Interface in Devices 

Some of the ways in which the properties of the Al - Si 0 2 interface can affect 

the performance and re l iabi l i ty of silicon devices were discussed briefly in section 2 . 1 . 

The effects of Al - S i 0 2 interfacial reaction in devices w i l l now be considered in the 
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light of the present results. 

Simplified diagrams of a silicon planar bipolar transistor and a MOSFET, 

showing the arrangement of the metal l izat ion and insulator layers, are given in 

figure 5 . 1 . 

5 . 2 . 1 The "Sintering" Process 

For proper device operation, good ohmic contact between the metal l izat ion 

and the silicon at the contact windows is essential. When aluminium metal l izat ion 

is used, ohmic contact is established by a "sintering" or "al loying" process, in which 

the wafer is heated to around 750 K for several minutes after metal l izat ion. It is 

generally believed ( e . g . Learn 1976) that the effect of "sintering" is to bring about 

reaction between the aluminium and the native oxide on the silicon surface, hence 

promoting electr ical contact between the metal and the semiconductor. 

The thickness of native S i 0 2 at room temperature is approximately 2 nm 

(Azzam and Bashara 1977). O n the basis of the present results from annealing studies 

of aluminium on "as prepared" Si 0 2 , heating for several minutes at 750 K should be 

more than adequate for complete reduction of the native Si 0 2 . Furthermore, for 

aluminium metallizations deposited onto wafers at temperatures of approximately 

600 K (which is the normal deposition temperature in many metal l izat ion processes) 

reduction of the native S i 0 2 would be expected to occur during deposition. If , 

however, the interface so formed consists of an almost continuous layer of alumina, 

e lectr ical contact between the aluminium and silicon would still be poor. The 

sintering process may therefore be necessary to bring about diffusion of aluminium or 

silicon (or both) across the interfacial alumina layer. Gra in boundaries in the silicon 

and alumina may provide fast diffusion paths, and the small grain size ( ^ 5 0 nm) of 

the alumina means that the density of such defects is high. 

The present results also indicate that contamination of the surface of the wafer 
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Simplified sections through (a) a bipolar transistor and (b) a. MOSFET,showing 

the arrangement of the metal l izat ion and S i C ^ layers. 

FIGURE 5 . 1 
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by water may prevent Al - Si O ^ reaction at the temperatures normally employed in 

metal l izat ion and "sintering" processes. Such contamination could result from etching 

or photoresist-stripping procedures, for example. Thorough cleaning of the wafer surface 

before metal l izat ion is therefore expected to improve Al - Si ohmic contact. Extensive 

heating treatments of wafers in the final stages of processing are not possible, but other 

cleaning procedures may prove useful. For example, sputter etching of the wafer 

surface prior to deposition of the aluminium should be effect ive in removing adsorbed 

water and other contaminants and could be used to remove the native S i 0 2 from the 

contact windows. Chemical etching using HF is also used for this purpose. 

5 . 2 . 2 A lumin ium-Si l icon Dioxide Adhesion 

Adhesion between a thin f i lm and a substrate may occur at various types of 

interface (Chapman 1974). Firstly, the adhesion may be " inter fac ia l" , wi th the f i lm 

and substrate meeting at a wel l defined boundary. Secondly, interdiffusion of the 

materials may provide adhesion by the formation of an interfacial layer of varying 

composition. Thirdly, reaction between the f i lm and substrate may occur, resulting 

in a layer of reaction products at the interface. Fourthly, if the substrate surface is 

rough, mechanical interlocking of the f i lm and substrate may occur. 

Adhesion between aluminium and Si C>2 is believed to arise from the reduction 

of the S i 0 2 by the aluminium. It is generally observed that aluminium metallizations 

deposited by vacuum evaporation onto wafers at low temperatures suffer from poor 

adhesion. D'Heurle et al (1968) found that deposition temperatures of approximately 

450 K and above were required to produce aluminium films which adhered wel l to Si O ^ . 

These authors also stated that adhesion was particularly poor when boron or phosphorus 

contamination was present on the surface of the wafer . Lowry and Hogrefe (1980) , using 

AES, detected carbon and sulphur on the back of aluminium films which had peeled from 

the S i O « at the bond pads. The contaminants were thought to be residues from a photo-
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resist stripper containing sulphonated hydrocarbons. The above examples demonstrate 

the importance of wafer processing techniques in obtaining adhesion of aluminium 

metall izations. Some further results, which show non-adhesion of aluminium deposited 

onto S i 0 2 a t room temperature, are presented in section 9.2. 3 . In these specimens 

"blistering" of the metal l izat ion was seen at the bond pads and at various points along 

the track. Aluminium deposited onto S i 0 2 at 475 K and above was found to adhere w e l l . 

It is evident that satisfactory Al - Si 0 2 adhesion can be obtained at deposition 

temperatures below those needed for the formation of detectable amounts of crystalline 

reaction products in aluminium films on "as prepared" Si C>2 substrates. Nevertheless, 

the dependence upon substrate surface preparation and temperature suggest that some 

form of interfacial reaction is involved in the adhesion process. If silicon and alumina 

were produced in very small quantities at temperatures below 575 K, or if the crystall ite 

size was sufficiently small, their presence would not be established by transmission 

electron di f fract ion. It is also possible that reaction between the aluminium and 

adsorbed O H groups on the S i 0 2 surface may provide adhesion, as proposed by 

Bateson (1952) . The use of a highly surface-sensitive technique such as secondary ion 

mass spectroscopy (SIMS) may enable small amounts of interfacial silicon and alumina 

to be detected (although interpretation of the SIMS cracking pattern could create 

diff icult ies) and would also make possible the detection of hydrogen. 

It has been stated (Mattox 1973) that sputter-deposited aluminium films adhere 

more strongly to Si 0 2 than do evaporated films. This effect has been attributed to the 

higher energy of the sputter-deposited atoms, which tend to clean the substrate surface 

and create defects, thus promoting film-substrate reaction. When deposition tempera-

tures of around 600 K are used (for example, to produce a large-grained metal l izat ion 

which is resistant to electromigration damage) adhesion of evaporated aluminium is 

generally satisfactory. However, if a small grain size is required (to give greater 
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uniformity of etching, for example) a low deposition temperature must be used, and 

sputter-deposition may produce metallizations with better adhesion. 

5 . 2 . 3 Mechanical Stress in Aluminium Films on SI O^ Substrates 

The difference between the thermal expansion coefficients of aluminium 

( ~ 2 5 x 10 ^ K and amorphous Si O ^ 0 . 5 x 10 ^ K leads to the generation 

of thermally induced stress in aluminium films on S i 0 2 substrates. The effects of 

annealing on the stress levels has been investigated by Sinha and Sheng (1978) , who 

reported a small compressive stress in the aluminium on heating and a large tensile 

stress on cooling to room temperature. Stress rel ief mechanisms must therefore be 

operative at high temperatures ( ~ 4 5 0 K and above). The "annealing hillocks" 

observed by d'Heurle et al (1968) and others are believed to result from the rel ief of 

compressive stress in the metal l izat ion. Work on hil lock growth in lead and t in films 

on glass substrates (Chaudhari 1974) suggests that diffusion of metal atoms along the 

film-substrate interface is an essential part of the stress rel ief process. (See section 

6 .3 .4 )The structure of the interface may therefore be important in controll ing stress 

rel ief by hil lock growth. An interfacial layer consisting of small-grained polycrystalline 

silicon and aluminium, as observed at temperatures above 575 K, is expected to provide 

a fast diffusion path for aluminium atoms and hence enhance hil lock formation. Changes 

in the form of the interface during annealing could lead to changes in the observed stress 

levels after several annealing cycles, as reported by Sinha and Sheng. (These authors 

noted signs of Al - Si O ^ reaction in specimens which had been annealed at 750 K several 

times). However, other factors, such as grain growth, may also be of importance in this 

respect. 

Migrat ion of silicon into the aluminium f i lm, fol lowing Al - Si O ^ reaction, could 

affect the mechanical properties of the metal l izat ion and cause changes in the stress levels, 

as suggested by d'Heurle et al (1968) . N o experimental evidence for such a process has 
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been reported in the l i terature, but it might be expected to occur as a result of the 

high solubility of silicon in aluminium. (The use of carefully controlled sputter 

profil ing in conjunction with a highly surface sensitive technique such as SIMS could 

possibly be used to detect silicon in the aluminium f i lm) . 

The existence of an interfacial reaction zone of f ini te thickness may provide 

some degree of matching between the widely different thermal expansion properties 

of aluminium and S i C ^ . The expansivity of silicon (3 x 10 ^K is intermediate 

between the values for silicon dioxide and aluminium. Thermal expansion data for 

7J -a lumina is not avai lable , but if this phase behaves in a similar manner to the 

0<-phase (corundum), the expansivity w i l l be around 7 x 10 ^K \ The interfacial 

si l icon-alumina layer is therefore expected to take some of the stress resulting from 

annealing. Thicker interfacial layers would provide a greater degree of matching. 

The generation of stress and the growth of hillocks are extremely undesirable 

in contact metall izations, as cracking of the glass passivation layer may result. The 

effects are even more serious in multi level device structures, where hil lock growth on 

the first layer metal l izat ion can cause shorting through the insulator f i lm (Vossen et al 

1973). Hi l lock formation may occur during contact "sintering" or during device 

operation at high temperatures. The incorporation of small amounts of copper, t in or 

manganese in the aluminium has been found to suppress hil lock growth (Herman et al 

1972 and Sato et al 1971). The effect may be due to the segregation of the impurity 

atoms at grain boundaries preventing grain boundary sliding, or segregation at the f i lm-

substrate interface inhibiting interfacial diffusion of aluminium atoms. 

5 . 2 . 4 Surface and Interface Electromigration 

In metal l izat ion tracks having widths of several microns, electromigration fai lure 

is associated primarily wi th grain boundaries in the metal, which act as fast diffusion 

paths. (See Section 7 . 2 ) . The "free" aluminium surface and the m e t a l - S i interface 
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might also be expected to provide fast diffusion paths or to act as sources or sinks for 

vacancies. However, the role of these interfaces in electromigration damage 

mechanisms has been a matter of much controversy. 

In the grain boundary grooving model for electromigration failure (Rosenberg and 

Ohring 1971), surface diffusion plays an essential part in the damage mechanism. 

Electromigration in silver films, tested under vacuum, was found to cause roughening of 

the metal surface (Berenbaum and Rosenberg 1969), and this phenomenon was attributed 

to surface diffusion. The same workers fai led to detect a similar ef fect in aluminium 

and concluded that the native oxide of aluminium inhibited surface diffusion or reduced 

the ef f ic iency of the metal surface as a vacancy source or sink. 

Confl ict ing reports exist as to the effectiveness of Si O ^ passivation layers in 

suppressing electromigration damage. For example, Black (1969) observed higher 

act ivat ion energies and longer failure times in glass-passivated aluminium metall izations 

whi le Attardo and Rosenberg (1970) fa i led to detect any improvement. As passivation 

layers are applied on top of the existing native aluminium oxide, which is stable against 

chemical reaction with Si 0 2 , a direct effect on diffusion at the aluminium surface 

would not be expected. The effects of passivation are more l ike ly to be due to the 

suppression of hi l lock growth (by the presence of a mechanical constraint) or to grain 

growth during the passivation process. The role of the Al - S i 0 2 interface in e lectro-

migration fai lure is even less wel l understood and is usually neglected in failure models. 

However, surface and interface effects may be dominant in metallizations having 

track widths of the order of 1 yjm. There is evidence that the grain structure in these 

narrow tracks takes on a "bamboo" appearance, wi th a tendency for the grain boundaries 

to lie perpendicular to the length of the track. The electromigration failure mechanisms 

associated with grain boundary diffusion are therefore greatly impaired, and exceptional ly 

long fai lure times have been recorded (Kinsbron 1980 and Va idya et al 1980). If the 
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"free" aluminium surface is indeed inoperative as a fast diffusion path due to the 

presence of the native oxide, the A| - Si C>2 interface may prove to be the preferred 

channel for migrating aluminium atoms. 

The presence of aluminium oxide at this interface may tend to inhibit interfacial 

electromigration, but whereas the native oxide on the "free" surface is amorphous and 

fa ir ly homogeneous, the interfacial alumina is polycrystalline (with a small grain size) , 

and the TJ -phase detected in the present experiments has a defective crystal structure. 

It is therefore postulated that the Al - Si O ^ interface may provide a fast diffusion path 

for migrating aluminium atoms, and also act as a source of vacancies. Inhomogeneities 

in the structure or chemical composition of the interface may then give rise to the 

accumulation or depletion of aluminium and hence act as damage sites. Parameters 

such as deposition temperature, annealing ( e . g . "sintering") treatment and device 

operating temperature, which affect the structure of the interface, would also influence 

the electromigration behaviour. Experiments to determine the effects of electromigration 

in narrow metallizations having a "bamboo" grain configuration should be performed. By 

varying the deposition temperature, deposition rate, substrate surface preparation ( e . g . 

ion bombardment) and annealing treatment, it should be possible to change the interface 

structure in a controlled manner, whi le keeping a constant grain configuration. The 

influence of the interface on electromigration damage could hence be monitored. 

5 . 2 . 5 Penetration of Thin Si O ^ Insulators by Aluminium 

The experiments of Chou and Eldridge (1970) , described in section 2 . 2 , 

demonstrated that Al - Si O ^ reaction led to penetration of a 100 nm Si C>2 layer after 

annealing at 773 K for 1 hour. This process can cause fai lure either by shorting through 

the Si 0 2 insulator or by thinning of the aluminium metal l izat ion. The problem is most 

serious in M O S devices having thin gate oxides and in multi level structures. Penetration 

usually occurs as a result of excessive "sintering". Silicon gates form a sufficient barrier 
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to Al - SI 0 2 reaction but cannot always be used. The present results indicate that 

penetration of the Si 0 2 by aluminium is unlikely to occur during device operation 

under normal conditions. 

5 . 2 . 6 The Electronic Properties of the Al - Si O ^ Interface 

The effects of annealing on the electronic properties of M O S structures were 

discussed in section 2 . 2 . The present results suggest that the deposition conditions and 

substrate surface treatment may also be important in controll ing the electronic properties. 

C - V and TSIC measurements of M O S structures wi th metall izations deposited under 

various conditions should help to further the understanding of the role of the Al - Si 0 2 

interface in M O S devices. 
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C H A P T E R 6 

A REVIEW OF THE STRUCTURE A N D PROPERTIES OF A L U M I N I U M T H I N FILMS 

6 . 1 Introduction 

The suitabil ity of aluminium as a contact metal l izat ion is largely dependent upon 

the microstructure of aluminium thin films, which in turn depends upon the deposition 

conditions. The various deposition processes commonly used include magnetron sputtering 

and evaporation from a variety of sources ( e . g . e lectron-beam, tungsten f i lament, 

inductively heated). In each of these processes, the important parameters are substrate 

type, deposition temperature, deposition rate, f i lm thickness, residual gas pressure and 

purity of the source material . Post-deposition heat treatment may also affect the f i lm 

properties. 

Aluminium thin films on amorphous S i 0 2 have been studied extensively, but 

because of the large number of variables in the deposition process, a thorough 

characterization of f i lm properties in terms of deposition conditions has not been 

achieved. Some general trends, however, have been observed. 

In this chapter the principles of thin f i lm nucleation and growth are brief ly 

discussed and previous experimental work on the structure and properties of aluminium 

thin films is reviewed. The effects of f i lm properties on the performance of aluminium 

contact metallizations are also discussed. 

6 . 2 The Mechanism of Film Formation 

In this section, an outline of the general characteristics of f i lm growth from the 

vapour phase is presented. The various theoretical models for nucleation and growth 

are not discussed in any deta i l , however, and the reader is referred to the original 

papers and the review by Venables and Price (1975) . 
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Three different growth modes have been Identi f ied, depending on the 

condensate-substrate combination. In cases where the adsorbed atoms (adatoms) are 

much more strongly bound to each other than to the substrate, the f i lm tends to form 

islands. This growth mode, cal led the Volmer-Weber mode, is typical of metals 

deposited on insulators. In the opposite case, when the deposit is strongly bound to 

the substrate, the f i lm grows in a layer by layer manner known as the F r a n k - v a n der 

Merwe mode. In the intermediate case, cal led the Stranski-Krastanov mode, island 

growth follows layer growth. 

The process of f i lm formation by the Volmer-Weber growth mode may be 

divided into certain stages as follows : 

1) Condensation and nucleation, during which small clusters (nuclei) of 

adatoms form on the substrate surface. 

2) Growth of the nuclei to form larger islands. 

3) Coalescence of the islands to produce a connected network of deposit, 

and f ina l ly a continuous f i lm. 

4) Annealing effects ( e . g . grain growth) after deposition has ceased. 

These stages are briefly discussed in the fol lowing. 

6 . 2 . 1 Condensation and Nucleat ion 

When an atom from the vapour becomes adsorbed on the substrate surface, it 

remains there for a f inite stay time before it is desorbed. During the stay time the 

adatom may diffuse over the surface and chemical bonding with the substrate may 

occur. Such chemisorbed atoms have a higher act ivat ion energy for desorption and 

rarely re-evaporate. Al ternat ive ly , two or more adatoms may coll ide on the surface 

to form a cluster or nucleus. The desorption energy is thus increased above that of a 

single adatom by an amount equal to the dissociation energy of the cluster. The 

probabil ity of desorption of a cluster is therefore less than that of a single adatom. 
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A cluster grows by capturing adatoms diffusing over the surface and by direct impinge-

ment from the vapour. Clusters may also participate in surface diffusion. 

Various theoretical models of nucleation have been developed. The capi l lar i ty 

model (Hirth et al 1964) treats the nuclei as droplets and applies macroscopic thermo-

dynamic principles to describe their growth. The atomistic theory (Rhodin and Walton 

1963) takes into account the bonding between individual adatoms and the substrate 

and is applicable when a nucleus contains a small number ( ^ 1 0 ) atoms. Both theories 

predict the existence of an act ivat ion barrier to the formation of a stable nucleus. 

As a nucleus grows, it reaches a size where its total free energy (consisting of 

bulk and surface contributions) is a maximum. Such a nucleus is termed a cr i t ical 

nucleus. Any larger nucleus is stable and can undergo unlimited growth, whereas any 

smaller (sub-crit ical) nucleus has a high probability of disintegration. 

The ratio of the number of atoms remaining on a surface to the number of atoms 

incident is cal led the sticking or condensation coeff ic ient . The sticking coeff icient for 

any vapour-substrate system tends to diminish as the substrate temperature is increased, 

due to the greater desorption probability at higher temperature. The presence of 

adsorbed foreign atoms may affect condensation, either increasing or reducing the 

sticking coeff ic ient , depending upon the particular vapour-substrate combination. 

In many cases the sticking coeff icient varies as the substrate becomes covered by the 

deposit. It may either increase or decrease with coverage, depending on whether the 

bonds between individual atoms are stronger or weaker than the bonds between adatoms 

and the substrate. 

The ratio of the fluxes of impinging and desorbing atoms is cal led the super-

saturation. It increases as the deposition rate is increased and decreases as the 

substrate temperature is raised. The supersaturation has a strong influence on the rate 

of formation of cri t ical nuclei . Below some cri t ical value of supersaturation, the 



122 

nucleation rate is vir tual ly zero since isolated adatoms desorb before cr i t ical nuclei 

have time to form. 

At high values of supersaturation the atomistic theory predicts that a very small 

cluster of adatoms (maybe even one atom) w i l l constitute a cr i t ical nucleus. The 

tendency to form islands is thus reduced and a continuous f i lm forms at a re lat ively 

small mean thickness of deposit. At lower values of supersaturation, the cr i t ical 

nucleus is larger and the f i lm retains its island character until a greater thickness has 

been attained. 

Because of the role of surface diffusion in the process of cluster growth, the 

nucleation rate is strongly dependent upon the act ivat ion energy for surface diffusion. 

For very high act ivat ion energies, nucleation may occur solely by direct impingement 

of vapour atoms and the nucleation rate w i l l be much reduced. 

The act ivat ion energy for desorption of adatoms also controls the rate of formation 

and the size of cri t ical nuclei . The higher the act ivat ion energy for desorption, the 

smaller is the cri t ical nucleus and the higher the nucleation rate. Chemical reaction 

between the deposit and the substrate therefore has a pronounced effect on nucleation. 

6 . 2 . 2 Island Growth 

Island growth occurs mainly by surface diffusion of individual adatoms and sub-

cr i t ical nuclei and their subsequent capture by the growing islands. The rate of growth 

of an island is limited by the slower of the two processes involved: i . e . surface diffusion 

or interface transfer. 

In general , islands have different crystallographic orientations and different 

conditions for growth. Three-dimensional islands often have wel l developed crystallo-

graphic shapes. These are not necessarily equilibrium forms, however, since the supply 

of atoms to the growing crystallite is not isotropic. Large islands, with a favourable 

orientation, grow faster than small ones and this process may be responsible for the 
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development of fibre textures in films on amorphous substrates (see section 6 . 2 . 5 ) . 

6 . 2 . 3 Coalescence 

As the size of the islands increases, some come into mutual contact and 

coalescence occurs. The large interfacial energy of a system composed of isolated 

islands is thus reduced. Islands are sometimes seen to behave like liquid droplets 

during coalescence, though they have wel l defined crystallographic shapes before and 

after . It is thought that the energy released during coalescence may be sufficient to 

cause melting of the deposit and that the resulting larger islands recrystall ize from the 

liquid state. When two islands of different size and orientation coalesce, the resulting 

island tends to assume the orientation of the larger of the two. The preferred orientation 

of the f i lm may be modified by this process. 

When the island density reaches a certain crit ical stage, coalescence of the 

large islands occurs, resulting in a connected network of deposit. This process is 

in i t ia l ly very rapid but becomes progressively slower as the network is formed. The 

network in i t ia l ly contains a large number of empty channels in which secondary 

nucleation occurs. Adatoms in these channels either contribute to the growth of new 

islands or become incorporated in the existing network structure. The f i l l ing of channels 

is often a slow process, requiring a re lat ively large amount of deposit. 

The coalescence of large islands is thought to be responsible for the presence of 

dislocations in thin films. When small islands coalesce they can move or rotate to 

el iminate any difference in orientation. This is no longer possible in the case of large 

islands and dislocations w i l l arise in the region of contact. Individual nuclei are 

believed to be relat ively defect free. 

6 . 2 . 4 Final Film Structure and Annealing Effects 

In general, vapour deposited thin films have a polycrystalline structure, the 

grain boundaries arising at the regions of contact between islands of different orientation. 
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A distribution of grain sizes w i l l be present in any one f i lm, but the mean grain size 

is expected to increase wi th increasing substrate temperature, deposition rate and 

inertness and smoothness of the substrate. Contamination by residual gases during 

deposition may also affect the grain size. The general trends in grain size for pure 

metal films are shown in figure 6 . 1 (Chopra 1969). Note that the effect ive substrate 

temperature is a relative value with respect to the melting point of the deposit. The 

reduction in grain size at very high deposition rates is due to the strong mutual inter-

action among the condensing vapour atoms, which become adsorbed wi th l i t t le surface 

diffusion. 

The crystallite size may be increased by annealing at temperatures above the 

deposition temperature. However, the grain size after annealing at a given temperature 

is different from that obtained by deposition at that temperature. This is because the 

grain growth due to annealing occurs by a re lat ively high act ivat ion energy process 

of thermal diffusion, whereas island growth during deposition occurs by the condensation 

of mobile adatoms. The driving force for grain growth by annealing is the minimization 

of interfacial (grain boundary) energy. 

Annealing also leads to the development of thermally-induced stress in the 

f i lm. Yielding of the f i lm to rel ieve the stress may give rise to gross reconstruction 

of the f i lm. This phenomenon is discussed in detai l in section 6 . 3 . 4 . 

6 . 2 . 5 Preferred Orientations in Films on Amorphous Substrates 

The crystallites or grains of a thin f i lm may have randomly distributed crystallo-

graphic orientations (figure 6 .2a ) or some preferred orientation. Figure 6 . 2 b shows the 

orientation of grains in a f i lm possessing a fibre texture or one-degree orientation. In 

this type of orientation only one crystallographic axis of the crystallites points 

preferential ly in a given direction (cal led the fibre axis). If two axes point in 

preferred directions, the f i lm is said to have a two-degree orientation, as shown in 
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Preferred orientations: (a) random; (b) one-degree orientation (fibre texture); 

(c) two-degree orientation; (d) single-crystal orientation. 

FIGURE 6 . 2 
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figure 6 . 2 c . The l imiting case of the two-degree orientation for small deviations 

is the single crystal orientation (figure 6 . 2 d ) . 

Preferred orientations can occur in the init ial or f inal stages of f i lm deposition 

and may originate from nucleation or growth processes. The equilibrium form of a 

crystal is given by Wulff 's law : 

where ^ is the specific free surface energy of the crystal plane denoted by i , and 

h. is the distance of this plane from the centre of the crystal (see figure 6 . 3 ) . Wulff 's 

law may not be strictly valid under the conditions prevalent during vacuum evaporation, 

as mentioned in section 6 . 2 . 2 . Nevertheless, this does not usually lead to the appearance 

of new planes on the surface of small crystallites. The planes predicted by Walff 's law 

still tend to occur on the surface, but wi th different areas to those of the equilibrium 

form. For most'face centred cubic ( f . c . c . ) metals, such as aluminium, the equilibrium 

form varies from the truncated octahedron to the tetradecahedron (see figure 6 . 4 ) . 

Init ial orientations of deposits on amorphous substrates may be due to the 

preferred formation of nuclei wi th certain orientations (nucleation orientations) or the 

preferred growth of some crystallites (growth orientations). For the occurrence of 

nucleation orientations, the following conditions must apply : 

1) The interaction between the substrate and the adatoms must be weak compared 

to the interaction between the adatoms in a nucleus. 

2) The supersaturation must be low enough to prevent any small cluster from 

becoming a cr i t ical nucleus, but not so low that nucleation occurs only at imperfections 

in the substrate surface. 

3) The partial pressures of reactive gases must be low enough so that the formation 

(6.1) 
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Wulff 's law for the equilibrium form of crystals: (a) a l l surfaces are free; (b) crystal 

w i th interface (free e n e r g y ^ ) on a surface (free e n e r g y ^ ) . 

FIGURE 6 . 3 

The equilibrium forms of f . c . c . metals: (a) the truncated octahedron; (b) the 

tetradecahedron. 

FIGURE 6 . 4 
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of reaction products does not affect the form of the nucleus. 

4) The nuclei must be sufficiently large for their surfaces to be described in 

terms of crystallographic planes. The (111^ fibre textures of some f . c . c . metals 

( e . g . gold and silver on glass substrates, Dobson 1968) may be nucleation orientations. 

Final growth orientations in relat ively thick films are the result of growth 

competition between crystallites of different orientations. The number of atoms 

condensing on any crystallite per unit time is determined by the habit of the crystallite 

and its orientation wi th respect to the incident vapour beam. The angular dependence 

of the condensation coeff icient and the self-shadowing ef fect of three-dimensional 

crystallites are thought to be important in the development of f inal growth orientations. 

For oblique vapour incidence, a two-degree f inal orientation is often observed (Bauer 

1963). For normal vapour incidence Bauer states that most f . c . c . metals have a O l O A 

final orientation. 

6 . 3 The Properties of Aluminium Thin Films 

6 . 3 . 1 The General Growth Characteristics of Aluminium on Amorphous S i O ^ 

One of the first detai led investigations of the growth of aluminium thin films on 

S i 0 2 was conducted by d'Heurle et al (1968) . The substrates were p- type silicon wafers 

oxidized to a thickness of 600 nm by heating in wet oxygen. The evaporation system 

consisted of a glass chamber evacuated by a liquid nitrogen-trapped oil diffusion pump 

and titanium getters to a base pressure of around 10 ^ mbar. 9 9 . 9 9 9 % purity aluminium 

was evaporated by r . f . heating from crucibles of boron nitride or a B N - T i B2 composite, 

or by electron beam heating from a water-cooled copper hearth. The deposition rate 

was 1 nm s ^ in most cases. Films were examined by the transmission electron microscope 

replica technique and by x - ray diffraction. 

Films of mean thickness in the range 5 nm to 10 nm deposited from B N - T i B. 
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crucibles onto substrates at 473 K consisted of individual islands. As the thickness 

of the deposit increased, the structure changed to an irregular network and f ina l ly 

to a continuous f i lm at a thickness of 40 nm. These films had a smooth surface and 

shadowed replicas showed the surface grain size to be approximately 200 nm. Films 

of 160 nm thickness and above had rougher surfaces. The grain size was approximately 

equal to the thickness for 500 nm films and continued to increase with thickness, but 

wi th a tendency to remain less than the f i lm thickness. For films between 500 nm and 

1 . 5 pm thick, the grain size was not significantly affected by substrate temperature in 

the range 473 K to 673 K or by residual gas pressure in the range 10 ^mbar to 7 x 10 ^ 

mbar. These films had a "milky" appearance resulting from their rough surfaces. 

Lowering the substrate temperature to 373 K caused a 3 - fo ld reduction in grain size 

and an increase in ref lect iv i ty of the f i lm surface. A l l films were found to have a 

random grain orientation when examined by x - ray dif fract ion. 

The above observations are in qual i tat ive agreement wi th the expected growth 

behaviour discussed in section 6 . 2 . The formation of a continuous f i lm at a re lat ively 

low value of mean thickness (40 nm) is probably a consequence of the A| - Si O ^ inter-

facial reaction which increases the binding energy of aluminium atoms and lowers the 

nucleation barrier. The tendency to form large islands is thus decreased. The Al - Si C ^ 

reaction may also be responsible for the absence of any nucleation orientation. The 

lack of any preferred orientation in aluminium films of thickness between 5 nm and 1 . 5 j jm f 

however, is in confl ict wi th other published results discussed later. Also the independence 

of grain size on temperature between 473 K and 673 K is not expected on theoretical 

grounds, nor is it supported by other experimental observations. 

Replicas of thick films deposited at 473 K revealed the presence of "steps" or 

"wrinkles" on the surface of the aluminium. These features were parallel wi thin the 
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confines of a single grain and were thought by the authors to be low index growth 

planes. "Growth hil locks", in the form of mounds ^ 5 0 % higher than the mean 

f i lm thickness and of the same diameter as the grains, were also observed. Some 

hillocks appeared to be 4 - fo ld or 6 - fo ld truncated pyraminds, indicating 0 0 0 ^ 

and O H ^ orientations, respectively. Hillocks were more pronounced in thicker 

fi lms, but their appearance was independent of deposition rate (in the range 0 . 2 nm s ^ 

to 10 nm s temperature (from 373 K to 623 K) and residual gas pressure (from 

- 7 - 5 

4 x 10 mbar to 4 x 10 mbar). Films deposited from BN crucibles or from the 

e-beam source were more ref lect ive and did not possess surface steps or hillocks. In 

addit ion, these films had a weak 0 1 f t fibre texture, wi th the fibre axis normal to 

the f i lm plane. The subject of surface topography is discussed in detail in section 6 . 3 . 4 . 

The aluminium in the B N - T i crucible was found to contain 300 ppm boron 

after 10 evaporation cycles, but no titanium contamination was detected. The level 

of boron contamination in the films was also around 300 ppm and the titanium content 

was estimated at less than 100 ppm. It is possible that such contaminants af fect the 

structure of the films, although their concentration is quite small. 

The grain size of aluminium films as a function of deposition temperature was 

determined by Saito and Hirota (1974) . Aluminium was deposited at a rate of 3 nm s ^ 

from a tungsten fi lament source onto thermally oxidized si l icon, under a vacuum of 

2 x 1 0 mbar. The mean grain size of 1 yjm thick films ranged from less than 1 yjm at 

373 K to 6yum at 773 K (see figure 6 . 5 ) . Films of 0 . 8 y j grain size, deposited at 353 K, 

were found to have a random grain orientation. Films deposited at 573 K and above, 

however, had a ( l i f t fibre texture. 

Dobson (1968) using grazing incidence x - r a y dif fract ion, detected a (] 1 ft 

fibre texture in 200 nm aluminium films deposited on pyrex glass at 300 K. A 0 ( X f t 

f ibre orientation in 1 yum thick aluminium films deposited onto borosilicate glass at 
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423 K was observed by Dhere et a l (1975) . This result, however, is not supported by 

other experiments. 

6 . 3 . 2 The Effects of Residual Gases on the Properties of Aluminium Films on 

Amorphous Si O ^ 

A comprehensive study of the effects of the evaporation ambient on the 

contamination levels in aluminium thin films was carried out by Springer and 

Ca t le t t (1978) . 1 pm aluminium films were e lectron-beam evaporated onto glass 

slides at room temperature in a stainless steel chamber evacuated by a turbomolecular 

- 8 

pump and l iquid nitrogen trap. The base pressure was 3 x 1 0 mbar, but the pressure 

during deposition was purposely increased by admitt ing control led amounts of various 

pure gases or by thrott l ing the high vacuum v a l v e . The residual gas part ial pressures 

were measured by a quadrupole mass spectrometer and the total pressure by an ion 

gauge. The chemical composition of the films was determined by a scanning Auger 

microprobe and depth prof i l ing was performed using a beam of 5 keV argon ions. 

Carbon contamination from the analysis chamber meant that the l imit for carbon 

detect ion was 500 to 1000 ppm. The minimum detectable concentrations of oxygen 

and nitrogen were 100 ppm. 

When the pressure in the evaporation plant was controlled by thrott l ing the 

high vacuum v a l v e , the part ial pressures of H 2 , N 2 (or C O ) , C 0 2 and water vapour 

were seen to track the total pressure. M a n y smaller mass peaks between 50 and 100 amu 

(thought to be due to heavy hydrocarbons) showed a reduced var ia t ion, however. The 

level of carbon contamination in the films was found to fol low these peaks more closely 

than it fo l lowed the total pressure. It was therefore concluded that carbon contamination 

was due mainly to the heavier hydrocarbons. Supporting evidence came from the 

negl igible di f ference between the carbon contamination levels in aluminium films 
- 4 

deposited in the presence of 10 mbar of methane, carbon monoxide and carbon dioxide. 
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The sticking coeff icient of these gases was estimated to be less than 5 x 1 0 

The oxygen content of aluminium films, however, was found to be strongly 

dependent on the oxygen partial pressure, as shown in figure 6 . 6 a . The visual 

appearance of the films was found to vary with oxygen content, changing from 

"milky" for low levels of oxygen to "dark and shiny" for high oxygen content. The 

sticking coeff icient of oxygen on aluminium was measured by Kreuger and Pollock 

(1972a) and found to be approximately 1 up to a coverage of 100%, at which point it 

falls rapidly to around 0 . 0 3 . This value is in agreement wi th the results of Springer 

and Cat le t t . 

Oxygen content was also found to be strongly dependent upon the water vapour 

partial pressure (see figure 6 .6b ) and the films suffered similar changes in appearance 

when water vapour was present during deposition. The mass spectrometer showed the 

ambient to be mainly hydrogen during aluminium evaporation when water vapour was 

admitted, indicating that dissociation of the water molecules occurred, probably at 

the surface of the growing f i lm. The sticking coeff icient of water vapour on aluminium 

at room temperature was found by Kreuger and Pollock (1972b) to be 0 . 0 5 . 
- 5 - 4 Var ia t ion of the nitrogen partial pressure in the range 4 x 1 0 mbar to 6 x 10 

mbar had l i t t le effect on the appearance of the films or their nitrogen content, which 

- 4 
was approximately 5 x 1 0 in al l cases. This finding is consistent wi th the low value 

- 3 - 5 of the sticking coeff icient of nitrogen on aluminium (10 fa l l ing to 5 x 10 with 

increasing coverage) measured by Mayer and Fromm (1977). 

D 'Heur le et al (1968) reported similar changes in appearance of aluminium 

films deposited in the presence of high oxygen partial pressures. Darkening first 

occurred at 1 x 10 ^ mbar of oxygen for a substrate temperature of 473 K. The effect 

was attributed to enhanced grain boundary grooving which resulted in light trapping 

- 5 
in the f i lm surface. At oxygen pressures of 4 x 10 mbar and above, the grain size 
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of the aluminium was reduced by a factor of three compared to films deposited under 

conditions of high vacuum. X - r a y diffraction did not reveal the presence of any 

crystalline alumina. It was therefore concluded that the oxide formed was either 

amorphous or in the form of highly dispersed crystalline particles. Contrary to the 

observations of Springer and Cat le t t , d 'Heurle et al found that water vapour present 

during deposition had l i t t le effect on the fi lm properties. 

6 . 3 . 3 The Resistivity of Aluminium Thin Films 

The electr ical resistivity of a bulk material is due to scattering of the conduction 

electrons by phonons and by geometrical (structural) defects and impurities in the crystal 

lat t ice. According to the Matthiesen rule, the total resistivity p ^ is given by : 

A = fr + ft (6.2) 

where p ^ and p ^ are the phonon and geometrical contributions respectively. 

("Geometr ical" defects include vacancies, interstitials, dislocations and grain 

boundaries, as we l l as impurity atoms). 

In the case of a thin f i lm of thickness comparable to the electron mean free 

path due to electron-phonon interactions, scattering of the conduction electrons by 

both surfaces of the fi lm may also make a significant contribution to the resistivity. 

The total resistivity is therefore given by : 

P = ft^ + ft + ft* (6.3) 

where p ^ is the component corresponding to surface scattering. 

The theory of surface scattering was developed by Fuchs (1938) and extended 

by Sondheimer (1950 and 1952). The mean free path of conduction electrons in 

aluminium was determined by Grigorovici et al (1962) to be 16 .9 nm at 273 K. These 

workers evaporated aluminium in a vacuum of 1 x 10 ^ mbar and annealed the resulting 



135 

films to bring about recrystall ization and minimize their resistivity. From their results, 

shown in figure 6 . 7 , it is apparent that surface scattering makes a negligible 

contribution to the resistivity of aluminium films of thickness greater than 400 nm. • 

D 'Heur le et al (1968) used a four-point probe technique to measure the 

resistivity of 500nm thick aluminium films on Si C ^ as a function of oxygen partial 

pressure during deposition. Their results (see figure 6 . 8 ) show an increase in resistivity 

wi th oxygen pressure, corresponding to a decrease in the purity of the aluminium f i lm. 

The value of 3 x 10 m obtained for films deposited at 1 x 10 ^ mbar oxygen partial 

pressure is approximately 13% higher than the resistivity of pure bulk aluminium 

—8 

( 2 . 6 5 x 10 f l m). This is probably due to contamination from the evaporation source. 

An indication of the purity of the films was gained by measurement of the 

resistivity ratio ( ^ 3 q o k ^ I'quto nitrogen temperature the phonon scattering 

contribution j O ^ is negl igible, so the magnitude of the geometrical (and surface) 

contributions to the resistivity can be evaluated. The resistivity ratio is given by : 

^ P f A + fo + ft ( 6 . 4 ) 

P9 + Ps 

The resistivity ratio of the aluminium source material was 12. Films deposited 

from a B N - T i crucible at a residual gas pressure of 3 x 10 ^ mbar had a resistivity 

ratio of 5 . 1 for a substrate temperature of 373 K, rising to 7 . 9 for deposition at 573 K. 

This dependence on deposition temperature is thought to reflect the decrease in 

sticking coeff ic ient of residual gases as the temperature is increased. Films deposited 

from BN crucibles onto substrates at 473 K had resistivity ratios of around 9 . This was 

indicative of their lower level of boron contamination (30 ppm, compared to 300 ppm 

for films deposited from a B N - T i source). Electron-beam deposited films had low 

resistivity ratios because of copper contamination from the hearth. 
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The rat io between the conduct iv i ty <T of a thin A | f i lm and the conduct iv i ty 

of bulk aluminium (from Gr igorovic i et al 1962) . 

F IGURE 6 . 7 
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Room-temperature resistivity p versus oxygen pressure during evaporat ion of a 

500 nm thick A | f i lm deposited a t 2 nm s ^ onto a substrate at 473 K (from 

d 'Heur le et a l 1968) . 

F IGURE 6.2 
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6 . 3 . 4 The Surface Topography of Aluminium Thin Films 

The growth hillocks and wrinkles seen on the surface of some aluminium films 

by d'Heurle et al (1968) were described in section 6 . 3 . 1 . These workers also reported 

the development of "annealing hillocks" during high temperature treatment of the films, 

regardless of the deposition conditions. Annealing hillocks tended to be rounded in 

shape and often extended beyond the confines of a single grain. They were sometimes 

surrounded by a moat- l ike depression, suggesting that the hil lock grew by the migration 

of material from the immediate v ic in i ty . A 30 minute anneal at 723 K in nitrogen was 

sufficient to produce many hillocks in a 1.1 pm thick aluminium f i lm. 

The authors suggested that annealing hillocks formed as a result of the rel ief 

of thermally induced stress in the f i lm. The stress was determined from the curvature 

of the wafer measured by interferometry. The room temperature stress in films deposited 

8 - 2 

at 473 K from B N - T i crucibles was tensile and had a value of 1 . 3 x 10 N m . The 

latt ice parameter, determined by x - r a y di f fract ion, was found to be 0 . 4 0 4 5 4 nm. 

After correction for stress this gave a value of 0 . 4 0 5 0 6 nm for the relaxed material , in 

good agreement wi th the value of 0 . 4 0 4 9 5 8 nm for pure bulk aluminium (Wyckoff , 

1963). Films deposited under similar conditions from a BN crucible were under a 
8 - 2 

tensile stress of 2 . 0 x 10 N m . The latt ice parameter was 0 . 4 0 4 3 4 nm, giving 

a value of 0 .40511 nm for the relaxed f i lm. 

Annealing at 833 K in nitrogen resulted in an increase in the room temperature 
8 - 2 

stress. For example, a f i lm having an ini t ial stress of 1 . 3 x 10 N m had a stress of 

8 - 2 

1 . 8 x 10 N m after annealing, and had a reduced latt ice parameter. These levels 

of stress can be accounted for by the difference between the thermal contractions of 

aluminium and silicon over a temperature range of only 60 K, indicating that considerable 

relaxation took place during cooling from the deposition temperature of 473 K to room 

temperature. 
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Thermally Induced stress in aluminium films on oxidized silicon was studied in 

greater detai l by Sinha and Sheng (1978) . Their results are in qual i tat ive agreement 

wi th those of d'Heurle et a l . Aluminium was deposited at 6 nm s ^ onto steam-oxidized 

{100} silicon wafers by electron-beam evaporation from a BN crucible. The back-

ground pressure was approximately 10 ^ mbar and most films were deposited at room 

7 - 2 
temperature. 0 . 2 yjm films were found to be under a tensile stress of 2 x 10 N m 

in the as-deposited condition. O n annealing the stress became compressive, reaching 

8 - 2 
a maximum of ^ 10 N m at 373 K, then fal l ing to around zero at 473 K. O n cooling 

8 - 2 

from 723 K, the stress again became tensile, attaining a value of 8 x 10 N m at room 

temperature (see figure 6 . 9 a ) . Further temperature cycl ing did not significantly affect 

the f inal room temperature stress. Thicker ( 0 . 4 5 yjm and 0 .89y jm) films behaved in a 

similar manner but the f inal room temperature stress became progressively smaller as the 

thickness increased. However, it was still greater than the as-deposited stress (see 

figures 6 . 9 b and 6 . 9 c ) . For 1 . 5 6 yjm films, the f inal tensile stress was less than the as-

deposited stress (figure 6 . 9 d ) . 1 .62 yjm films deposited at 603 K showed similar 

behaviour. After the first thermal cycle these films could not sustain any significant 
7 - 2 

compressive stress and could only support a tensile stress of 5 x 10 N m at room 

temperature (figure 6 . 9 e ) . TEM examination revealed that grain growth (by a factor 

of ^ 10) had occurred as a result of annealing. Dislocation networks within each 

grain were also observed and were attributed to deformation during the cooling cyc le . 

The total biaxial stress <J~ at the film-substrate interface is the resultant of 

two components; the intrinsic stress O" and the thermal stress : 
<r = 0 7 -b <s-th ( 6 . 5 ) 

The intrinsic component may be due to differences between the fi lm temperature 

and the substrate temperature during f i lm growth and/or differences between the surface 
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tensions of the film-substrate and f i lm-a i r (or vacuum) interfaces. The thermal stress 

component is a result of thermal expansion mismatch at the film-substrate interface : 

cr — E 
tly I 

( < x s - c x f ) d T (6 .6 ) 

/ - V , 

where E^ and V ^ are the Young's modulus and the Poisson's ratio for the f i lm, 

T^ and T^ are the ini t ial and final temperatures and OC^ and OCp are the thermal 

expansion coefficients of the substrate and f i lm. From equations 6 . 5 and 6 . 6 : 

— £ f ° < f ) ( 6 . 7 ) 
IT I -VF 

Taking values of E f = 7 . 0 6 x 1 0 1 0 N m " 2 , V f = 0 . 3 4 5 , = 2 3 . 5 x l O ^ K " 1 

and oc = 2.5 x l O " 6 ^ 1 gives a result of - 2 x 10 6 N m" 2 K _ 1 f o r d < T / d T . (The 

negative sign indicates that the stress is compressive). C T ^ is thought to be much 

greater than O". in aluminium films on oxidized sil icon. 

After thermal cycl ing, nearly al l of the resultant stress was developed during 

cooling, since at 750 K the stress was virtual ly zero. This led Sinha and Sheng to 

the conclusion that the compressive stress developed during heating was rel ieved by 

hil lock formation at high temperatures. If no yielding of the aluminium occurred on 
9 - 2 

cooling, the final room temperature tensile stress should be of the order of 10 N m , 

irrespective of f i lm thickness. However, the actual room temperature stress was smaller 

than this and was strongly thickness dependent. Tensile stress must therefore be 

relieved by plastic f low on cooling. The mechanism may involve dislocation slip, 

which would account for the thickness dependence of the stress re l ie f . (The cri t ical 

stress for the generation of dislocation loops is an inverse function of f i lm thickness 

and/or grain size). 

Santoro (1969) investigated the effect of thermal cycl ing (as opposed to 
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continuous annealing) on the formation of hillocks. 700 nm aluminium films were 

deposited onto oxidized silicon substrates at temperatures of 300 K, 473 K and 673 K 

and had average grain sizes of < 1 / jm, 1 pm and 5yjm respectively. Thermal cycl ing, 

using a 15 minute cycle t ime, was performed in a nitrogen atmosphere. In addit ion, 

control samples were tested continuously for an equivalent time at temperature. Surface 

reconstruction was observed using optical microscopy, SEM and the TEM-repl icat ion 

technique. The results showing the cycled and uncycled hi l lock densities are listed 

in table 6 . 1 and the dependence of hi l lock density on deposition temperature is shown 

in figure 6 . 1 0 . The data includes hillocks of base diameter greater than 1 yjm and 

height of around 1 . 5 / jm. 

It is apparent that thermal cycl ing promotes a higher hil lock density than 

continuous annealing and that hillocks are more numerous in small-grained films. 

The grain structure was also found to affect the shape of the hillocks and three classes 

of hil locks, originating from different grain boundary configurations, were identif ied 

(see figure 6 . 1 1 ) . The author proposed that grain boundary diffusion was responsible 

for the mass flow during hil lock growth, and also suggested the fol lowing explanation 

for the greater hil lock densities produced by thermal cycl ing. 

When a f i lm is annealed continuously, compressive stress is rel ieved by 

progressive hi l lock growth until equilibrium at the annealing temperature is at tained. 

When a f i lm is cycled, however, stress reversal occurs during cooling and some rel ief 

of this tensile stress may take place by gross thinning of the f i lm or by separation at 

the grain boundaries, rather than by shrinkage of the hillocks. O n the next heating 

cyc le , new hillocks are formed as the compressive stress is renewed, and growth of 

the existing hillocks also takes place. The density and average size of hillocks is 

thus increased. 

Santoro's results were confirmed by Herman et al (1972) , who also noted the 
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Three grain boundary configurations giving rise to hil lock growth (from Santoro 1969). 

FIGURE 6 . 1 1 

I 

(a) Nucleat ing whisker emerging through fractured T i N ; (b) whisker emerging from 

single grain; (c) kinked whisker emerging from grain boundary; (d) whisker emerging 

from a hil lock (from Blech et a| 1975). 

FIGURE 6 . 1 2 
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presence of annealing depressions. In some films the density of depressions was greater 

than that of hillocks. 

Philofsky et al (1971) investigated the effects of thermal cycl ing in 1 pm 

aluminium films having various mean grain sizes in the range 0 . 5 jum to 8 pm. Again, 

the surface reconstruction was more severe in cycled films than in those continuously 

annealed. Films of grain size less than 1 jum developed many large hillocks which 

appeared to emanate from grain boundary triple points or extend over complete grains. 

Other grains were seen to be sunken with respect to their neighbours and grain boundary 

voids were also apparent. In larger grained films the size and density of hillocks and 

voids was reduced and in films of 8 pm grain size the predominant mode of surface 

reconstruction was wrinkl ing within individual grains, as reported by d'Heurle et al 

(1968) . 

Philofsky et al suggested that diffusional creep was responsible for stress 

relaxation and hil lock growth at high temperatures, wi th grain boundary triple points 

acting as preferential nucleation sites for hil lock growth. In large grained films, 

however, where the density of grain boundaries is low, hil lock growth is no longer 

an eff ic ient means of stress relaxation and wrinkl ing becomes important. The wrinkles 

are similar in appearance to the ducti le striations seen on the surface of fatigued metals 

(Forsyth 1963). These features are due to the bui ld-up of microscopic slip steps during 

plastic deformation. Wrinkl ing is thought to occur in those grains containing shear 

planes which experience a maximum resolved shear stress greater than the cri t ical 

resolved shear stress for plastic flow on those planes. 

Following careful observations of hil lock growth in lead and tin films on glass 

substrates, Chaudhari (1974) proposed a detai led model for surface reconstruction which 

may also be applicable in the case of aluminium films on Si C ^ . The model is based on 

the assumption that a thin f i lm on a substrate, when subjected to a compressive biaxial 
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stress, contains some areas where dislocation slip or twinning leads to local ized 

stress relaxation. A potential gradient therefore exists between the relaxed areas 

and the surrounding f i lm. Mass then flows towards the relaxed region, which grows 

out of the f i lm to form a hi l lock. If the hi l lock extrudes out of the f i lm by sliding 

along the grain boundaries, then any grain boundary ledges or fogs in i t ia l ly present 

w i l l have to be removed before hil lock growth can occur. The "incubation period" 

before hi l lock growth reported by some experimenters (Presland et al 1972 and Lahiri 

1970) is thus explained. Nabarro-Herr ing (diffusional) creep leads to a simultaneous 

overall relaxation of the f i lm. The different f i lm thickness dependences of these two 

competing relaxation processes account for the observed increase in hil lock density 

with f i lm thickness. 

The diffusion of atoms towards the growing hillocks may be expected to occur 

via the grain boundaries, the free surface or the film-substrate interface. Chaudhari 

performed an experiment in which a 2 pm t in f i lm was evaporated onto a quartz sub-

strate, half of which had previously been coated with 30 nm of n ickel . After thermal 

cycl ing between liquid nitrogen temperature and room temperature, the hi l lock density 

on the tin f i lm was much lower in the area where the nickel layer was present. The 

effect was attributed to a reduction in the interfacial diffusion of tin atoms. If this 

is the case, then interfacial diffusion must be the dominant mode of mass flow in hil lock 

growth. It is possible, however, that the nickel precipitated at grain boundaries in the 

tin f i lm and hence reduced grain boundary diffusion. 

Al loying as a means of suppressing hi l lock formation was investigated by Sato 

et al (1971) . 5 pm thick films of pure aluminium, A | -Sn al loy and A | - M n al loy were 

evaporated onto alumina substrates at 623 K. Thermal cycl ing between room tempera-

ture and 473 K was found to produce hillocks in the pure aluminium f i lm but not in either 

of the a l loy films. The grain size of the A | -Sn films was 20 pm, compared to 8 p m for 
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the pure aluminium films. This was explained on the basis of the large atomic diameter 

of t in relative to aluminium and the high binding energy of t in atoms with lattice 

vacancies in aluminium. Tin therefore segregates to the grain boundaries, increasing 

the grain boundary energy and promoting grain growth and grain boundary grooving. 

The authors claimed that the low hil lock density in these films was due to a reduction 

in grain boundary diffusion because of the large size of the grains and the presence of 

tin at the grain boundaries. A l - M n films had a mean grain size comparable to that of 

pure aluminium, but TEM examination revealed fine particles on the grain boundaries. 

These were thought to be due to the precipitation of manganese. These results indicate 

that grain boundary diffusion plays an act ive role in the formation of annealing hil locks. 

"Passivation" of the surface of aluminium films by layers of Si C ^ ranging from 

100 nm to 1 jjm in thickness was found to be effect ive in suppressing hi l lock growth 

(Santoro 1969). This may be due to a reduction in the surface diffusion of aluminium 

atoms or, more l ike ly , to the presence of a mechanical constraint. 

Associated with the phenomenon of annealing hillocks is the growth of whiskers. 

These have been studied in some detai l by Blech et al (1975) who used the TEM to 

examine 200 nm to 600 nm aluminium films on oxidized sil icon, after chemical 

thinning of the substrate. Annealing for 20 hours at 623 K did not cause whisker 

growth on bare aluminium films, but films coated with 50 nm to 100 nm of Ti N suffered 

rapid whisker growth at this temperature. 

Whiskers were seen to nucleate at various types of site, including grain boundary 

junctions, single grains and hillocks (see figure 6 . 1 2 ) . Whiskers were typical ly 0 . 5 / j m 

in diameter and up to 0 . 5 mm long. After an init ial nucleation period of several 

minutes, growth rates were usually of the order of 5 nm s ^, but rates as high as 

50 nm s ^ were occasionally observed. The density of whiskers on the surface was 

8 - 2 
typical ly 10 m after a 2 hour anneal at 623 K. 
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Whiskers were often seen to grow in i t ia l ly in a curved manner, followed by 

uniform straight growth. The orientation of several whiskers was investigated by 

electron diffraction and they were al l found to have axes parallel to the ( 1 1 0 ) 

direct ion. The nucleation and growth of whiskers is thought to be related to flaws 

in the Ti N passivation f i lm and the growth mechanism may be dependent upon grain 

boundary, surface or interface diffusion. For whiskers growing from within large 

grains the latter two processes are thought to be necessary. 

In contrast to the large volume of published work on annealing phenomena, 

very l i t t le work appears to have been done on growth hillocks on aluminium films. 

These features have been studied, however, by Reicha and Barna (1980) using high 

voltage TEM and replica techniques. The occurrence of growth hillocks was monitored 

as a function of the oxygen partial pressure during aluminium deposition. The relevant 

parameter was taken to be Kg, the ratio of rate of impingement of oxygen molecules to 

that of aluminium atoms. (An oxygen partial pressure of 10 ^ mbar corresponds to an 

impingement rate of approximately 1 monolayer per second). 

1 pm films deposited onto amorphous substrates at room temperature and wi th Kg 

- 2 - 3 

between 10 and 10 had a ( 1 1 1 ) fibre texture and a grain size of 1 pm to 10 pm. 

The surfaces of these films were relat ively f la t . Apart from the grain boundary grooves, 

the only surface features were shallow f lat- topped protrusions and depressions within the 

confines of large single grains. These are thought to be related to growth steps. 
- 1 - 2 

Films deposited at higher oxygen partial pressures ( K g ^ 10 to 10 ) , however, 

had a random orientation and a grain size of around 1 pm. Some grains exhibited 

abnormal growth above the surface of the f i lm and appeared identical to the growth 

hillocks observed by d'Heurle et al (1968) . These hillocks were often in the form of 

truncated octahedra with very smooth surfaces. At even higher oxygen pressures ( K g ^ 1) 

the average grain size was even further reduced but occasional larger crystallites of wel l 
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developed shapes protruded above the surface. 

The authors tentat ively explained the importance of oxygen in the formation of 

growth hillocks in terms of the different ways in v/hich oxygen binds to the {100} and 

{ l 11] faces of aluminium. O x i d e growth is thought to start at the corners and edges 

between {111} faces. This destroys these corners and edges and tends to promote the 

growth of truncated octahedra which are bounded by {100} and {111} faces and 

by edges between these faces. 

6 . 4 Aluminium as a Contact M e t a l l i z a t i o n 

The ideal contact meta l l izat ion should have the fol lowing properties : 

1) Ease of deposition 

2) Low electr ical resistivity 

3) Uniform coverage of surface topography of the device 

4) Uniformity and select iv i ty of etching 

5) Resistance to oxidation and corrosion 

6) Bond re l iab i l i ty 

7) Stabi l i ty of metal -s i l icon contacts 

8) Resistance to electromigration fai lure 

9) Compat ibi l i ty wi th processes for mult i level device structures 

10) Good adhesion to Si 0 2 

11) Low contact resistance to si l icon. 

Aluminium satisfies many of the above requirements and has the addit ional 

virtue of low cost. A l uminium (or an aluminium-based al loy) is therefore the standard 

metal l izat ion system for most silicon devices, other metals ( e . g . gold) only being used 

when high re l iab i l i ty under extreme conditions is cal led for. 

Each of the above requirements is reviewed brief ly in the fo l lowing. The 

reader is referred to the papers by Philofsky and Hal l (1975) and Learn (1976) for a 
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more detai led discussion. 

6 . 4 . 1 Deposition Methods 

The simplest deposition technique is evaporation from a tungsten or tantalum 

fi lament or boat. However, aluminium alloys readily with these refractory metals at 

high temperatures and restricts the l ife of the evaporator. Aluminium films deposited 

by this method also tend to contain substantial amounts of a lka l i metal contamination 

and are therefore unsuitable for use in M O S devices. Flash evaporation, performed 

by continuously feeding an aluminium wire onto a heated bar of a refractory material 

( e . g . B N - T i B2) allows relat ively thick films to be deposited and high deposition rates 

to be attained (Learn 1974). The technique can also be used to deposit a l loy films by 

replacing the pure aluminium wire by one of the appropriate a l loy . 

Electron-beam or r . f . inductive heating are commonly used to evaporate 

aluminium from refractory crucibles and can give high deposition rates, thereby 

reducing contamination of the f i lm by residual gases and minimizing process t ime. 

Films of high purity can be prepared by electron beam evaporation as it is possible 

to melt only the central region of the aluminium charge so that molten aluminium never 

comes into contact wi th the crucible. These techniques cannot easily be used to deposit 

a l loy films from a single source, because of the different vapour pressures of the 

constituents. Alloys are most conveniently deposited by magnetron sputtering from 

an al loy cathode. Sputtering, however, has the disadvantage of low deposition rate. 

6 . 4 . 2 Electrical Resistivity 

As discussed in section 6 . 3 . 3 , size effects (surface scattering) do not contribute 

significantly to the resistivity of aluminium f i lm of thickness around 1 ^im. The 

resistivity of the f i lm can therefore approach that of the bulk material and is quite 

tolerant to deposition conditions unless exceptionally poor vacuum or low deposition 

rates are employed. Satisfactory resistivity may be attained using a total residual gas 
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pressure of 10 mbar and a deposition rate of 10 nm s . The addition of a l loying 

elements may increase the resistivity by up to 15%, but even this is tolerable in 

most instances. 

6 . 4 . 3 Step Coverage 

The coverage of oxide steps and other surface irregularities is of great importance 

in obtaining rel iable contact metall izations. The presence of microcracks in the metal -

l izat ion in the v ic in i ty of a step can result in the trapping of etchants and subsequent 

corrosion problems. Thin regions of metal l izat ion, caused by the shadowing effect of 

a step, are potential areas for rapid electromigration damage due to the higher local 

temperature and current density. 

The shadowing effect may be overcome to some extent by the use of extended or 

multiple evaporation sources (Blech 1970) or more commonly by planetary motion of the 

substrates during deposition. Heating of the substrate to around 600 K, in order to 

increase the mobility of aluminium atoms during deposition, may also yield better 

step coverage. 

Sputter deposition might be expected to give improved coverage because of the 

large area of the source and because of the scattering of the impinging aluminium 

species by the relat ively high pressure of sputtering gas in the chamber ( e . g . 10 mbar 

of argon). It has been demonstrated, however, that sputter deposited films also tend to 

develop cracks at severe steps and planetary motion of the substrates is still advantageous 

(Fuller and Ghate 1979). 

6 . 4 . 4 Etching 

In order to produce metal l izat ion patterns by photolithography, it must be possible 

to etch the metal without damaging the S i 0 2 or sil icon. Aluminium is usually etched 

using a phosphoric acid-based solution which does not etch silicon or Si O ^ . Aluminium 

can also be plasma etched using C C L . Etching tends to take place preferential ly at the 
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grain boundaries, but the uniformity of etching is generally satisfactory, especially 

in small-grained films. 

6 . 4 . 5 Oxidat ion and Corrosion 

The oxidation of aluminium in air is a sel f - l imit ing process and leads to 

several nanometres of native oxide at room temperature. In hermetically sealed 

packages, where there is negligible water vapour present, oxidation and corrosion 

are vir tual ly non-existent. Plastic packages, however, are permeable to water 

vapour and corrosion can be a serious problem. Phosphorus (from the passivation 

layer or the phosphorus diffusion, for example) dissolves in any water which is 

present to form an electrolyte. A potential difference between two adjacent 

aluminium conductors can then give rise to rapid electrochemical corrosion (Nagasima 

et al 1974). Aluminium metallizations are therefore not rel iable when used in 

conjunction with plastic encapsulations in hot and humid conditions. 

6 . 4 . 6 Bonding 

Some problems associated wi th bonding were described in section 2 . 1 . When 

A| - Si 0 2 adhesion is good, however, ultrasonic wedge bonding using aluminium or 

aluminium-sil icon wire gives excel lent results. 

6 . 4 . 7 Aluminium-Sil icon Contact Stabil i ty 

Sil icon is fa i r ly soluble in aluminium at the temperatures experienced during 

device manufacture ( e . g . the solid solubility of Si in A| is 0 . 8 % at 773 K) and 

degradation of the junctions may result (Totta and Sopher 1969). The mechanism is 

believed to be dissolution of silicon in the metal l izat ion followed by diffusion of the 

dissolved silicon away from the contact region. This allows more silicon to dissolve 

and aluminium also enters the silicon in the form of spikes. The result is excessive 

leakage and ultimately,shorting of the underlying junction. The problem is particularly 

serious in the case of shallow junctions. 
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Aluminium-sil icon interdiffusion may be prevented by the use of a suitable 

thin f i lm diffusion barrier, such as titanium (Bower 1973). However, chemical 

reaction beteeen the barrier material and the aluminium or silicon can be problematic. 

Al ternat ive ly , a "sacrif icial" f i lm of silicon may be deposited prior to the aluminium 

to satisfy the solubility l imit of silicon in aluminium. Both of these techniques, however, 

involve an extra processing step. The most widely used method of preventing A l - S i 

interdiffusion is the use of an al loy metal l izat ion containing 1 to 2% si l icon. Such 

an al loy can be deposited by evaporation from individual aluminium and silicon 

sources, or more conveniently by sputtering from an al loy target. 

6 . 4 . 8 Electromigration Failure 

Electromigration fai lure is the subject of chapters 8 and 9and w i l l not be 

discussed in detai l here. Suffice it to say that electromigration is a serious problem 

in aluminium metallizations operating at high current densities and temperatures. 

Rel iabi l i ty is generally improved by the use of large-grained films and certain a l loy 

additions. 

6 . 4 . 9 Mul t i l eve l Meta l l i za t ion 

Many complex large scale integrated circuits require more than one level of 

metal l izat ion and aluminium is commonly used for al l levels. The intermediate 

insulator layers may be S i O ^ or phosphosilicate glass (deposited by chemical vapour 

deposition), polyimide or anodic aluminium oxide. 

Extra demands are placed upon the lower levels of metal l izat ion as they form 

the "substrate" for subsequent layers of the device. In part icular, the metal l izat ion 

should have a smooth surface ( i . e . be free from growth hillocks) to ensure uniform 

coverage by the adjacent insulator layer. The development of annealing hillocks 

during device processing or operation should also be suppressed, as cracking of the 

insulation, leading to inter - level shorting, may result. Hi l lock formation may be 
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reduced by using films of large grain size (high deposition temperature) and by the 

addition of suitable al loying elements ( e . g . t in) . It is also advantageous to keep 

the metal l izat ion as thin as possible. 

6 . 4 . 1 0 A| - Si Q ^ Reaction 

A | - Si 0 2 reaction provides good adhesion between the metal l izat ion and the 

oxide layer and also allows A| - Si e lectr ical contacts to be established by "al loying" 

or "sintering". The subject is discussed ful ly in chapter 5 . 
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C H A P T E R 7 

THE MICROSTRUCTURE OF A L U M I N I U M T H I N FILMS O N A M O R P H O U S SiC>2 

7 . 1 Introduction 

The experiments described in this chapter form part of an investigation into the 

effects of the microstructure of aluminium thin films on their electromigration 

performance (see Chapter 9 ) . Owing to the strong dependence of microstructural 

properties on deposition conditions (Chapter 6 ) , it was necessary to individually 

characterize the films used in the electromigration experiments. 

The f i lm properties thought to be of greatest importance in controlling e lectro-

migration fai lure are the grain size distribution, degree of preferred orientation and 

surface topography. These properties were studied as functions of f i lm deposition rate, 

substrate temperature and annealing treatment, using a variety of techniques. Most 

films were deposited by evaporation from tungsten filaments. Some electron-beam 

and sputter-deposited films were also examined. 

Apart from characterization of the re lat ive ly thick (1 pm) films used for e lectro-

migration assessment, the present study includes an investigation of the earl ier stages 

of growth of aluminium films on amorphous Si O - . 
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7 . 2 Structural Analysis Techniques 

The grain structure of the films was examined mainly by transmission electron 

microscopy and transmission high energy electron dif fract ion, in conjunction with 

chemical jet - thinning. For thicker films, grazing incidence x - r a y diffraction was 

used to detect preferred orientations. Surface topography was studied by the trans-

mission electron microscope/shadowed replica technique, and in some cases by 

scanning electron microscopy and optical microscopy. 

7 . 2 . 1 Transmission Electron Microscopy 

The principles of operation of the electron microscope are beyond the scope 

of this thesis, and the reader is referred to Hirsch et al (1965) for a comprehensive 

treatment of the subject. 

The instrument used in the present work was a JEM 100U f i t ted wi th a goniometer 

stage (see section 4 . 2 . 4 ) . An 80 keV electron beam was used to examine replicas and 

aluminium films less than ** 25 nm thick and a 100 keV beam was used for thicker 

specimens. Individual grains in aluminium films up to 1 pm thick were visible by 

diffraction contrast in br ight- f ie ld imaging mode, though the quality of the image from 

the thicker specimens was re lat ively poor. Dark- f ie ld imaging was also employed on 

5 

some of the thinner specimens. Magnifications of up to 10 were used, and were 

calibrated by use of standard specimens obtained from Polaron Ltd. 

7 . 2 . 2 Transmission High Energy Electron Diffraction 

This is a wel l established technique for analysis of the crystalline structure of 

thin films. Most features of the diffraction patterns can be interpreted on the basis of 

the kinematical theory of electron dif fract ion, by application of the Ewald sphere 

construction (Vainshtein 1964). 

For a randomly oriented polycrystalline aggregate, reciprocal space consists of 

a series of concentric spheres traced out by the reciprocal latt ice points when the latt ice 
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is rotated through a l l angles. The intersection of these spheres wi th the Ewald sphere 

gives a diffraction pattern composed of concentric Debye rings (see figure 7 . 1 ) . 

Because of the short wavelength of high energy electrons ( ^ = 0 . 0 0 3 7 nm at 100 keV) , 

the radius of the Ewald sphere is very large compared to the reciprocal latt ice 

dimensions, and the surface of the Ewald sphere approximates to a plane. 

The radii R,, . of the Debye rings are given by the approximation: 

"camera length" ( i . e . the distance from the specimen to the photographic plate) , and 

^hkl s P a c ' n 9 P ' a n e s giving rise to the diffracted beam. 

The sequence of al lowed rings is given by the structure factor appropriate to 

the crystal symmetry. Measurement of ring radii thus enables the crystal type and 

latt ice parameter to be determined. 

If the f i lm has a fibre texture, reciprocal space consists of parallel sets of 

concentric circles, lying in planes normal to the fibre axis (see figure 7 . 2 ) . If the 

incident electron beam is paral lel to the fibre axis, the diffraction pattern again 

consists of Debye rings, but not a l l those allowed by the structure factor are now 

present. The type of fibre orientation can be deduced from the observed sequence 

of rings (Pinsker 1953). If the crystal is t i l ted from normal incidence, the Ewald 

sphere cuts the reciprocal latt ice rings to give a series of arcs. The orientation of 

the fibre axis can hence be determined. 

In the present study transmission electron diffraction was performed in the 

JEM 100U. The effect ive camera length in the microscope is not merely the specimen-

photographic plate distance, as the magnetic lenses are used to form the image of the 

diffraction pattern (Hirsch 1965). The camera length was found to vary slightly 

( 7 . 1 ) 

which is val id for small angles of di f fract ion. A is the electron wavelength, L the 
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between successive operations of the microscope owing to fluctuations in the lens 

excitations and hysteresis effects. This was not a serious problem in the present 

work, however, as the accurate measurement of latt ice parameters was not necessary, 

and the aluminium fi lm itself could be used as a "standard". 

7 . 2 . 3 Graz ing Incidence X-Ray Diffraction 

This technique, apparently first used by Dobson (1968) , enables examination 

of fibre textures in films too thick for analysis by transmission electron di f fract ion. 

A f i l tered quasi-monochromatic beam of x-rays is directed at grazing incidence onto 

the surface of the specimen. The path length of the x-rays through the f i lm is thus 

increased and the sampled depth is reduced. 

The diffraction pattern can be interpreted using the Ewald sphere construction, 

as for electron dif fract ion. The wavelength of x-rays is much greater than that of 

high energy electrons, however ( \ = 0 . 1 5 4 nm for Cu KoC radiation) and the radius 

of the Ewald sphere is comparable wi th the reciprocal latt ice dimensions. If the f i lm 

has a random grain orientation, the diffraction pattern consists of Debye rings. If 

there is a fibre texture present, wi th the fibre axis normal to the f i lm plane, then the 

rings are broken into arcs (and f inal ly spots for perfect alignment of the crystallites 

along the fibre axis). Because of the low angle of incidence, the incident w a v e -

vector is almost normal to the fibre axis, and the Ewald sphere cuts the sets of 

reciprocal latt ice circles to form a pattern of spots lying on "layer lines" (see figure 

7 . 3 ) . 

Graz ing incidence x - r a y diffraction patterns can be interpreted by comparison 

wi th ref lection high energy electron diffraction (RHEED).patterns. The main difference 

is the smaller radius of the Ewald sphere for x-rays, which means that only the first 

one or two layer lines appear. Calculated RHEED patterns (Dobson 1968) from one-

degree oriented f . c . c . structures are shown in figure 7 . 4 . Because of the f inite sizes 
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of the x - r a y beam and the specimen, some geometr ical broadening of the d i f f rac t ion 

pattern is inev i tab le . This may be minimized by keeping the specimen and col l imator 

as small as possible. 

D i f f rac t ion patterns were obtained using a Philips PW 1008 x - r a y generator 

w i t h a micro focus copper anode, a n ickel f i l te r (to reduce the Ky6 radiat ion intensity) 

and a 1 mm aperture col l imator (see f igure 7 . 5 ) . The specimen, consisting of a section 

of meta l l i zed w a f e r , was mounted on a 3 - c i r c l e goniometer w i th the a luminium surface 

uppermost. The t i l t was set to ze ro , and the height of the specimen adjusted unti l its 

surface bisected the c i rcular aperture of the co l l imator . The specimen was then t i l ted 

through the required angle ( 3 ° ) , as shown in f igure 7 . 6 . 

The d i f f rac t ion pattern was recorded on Kodak N S - 59T x - r a y f i l m , held 3 cm 

from the specimen centre . The d i f f ract ion pattern from a 1 pm thick a luminium f i lm 

required an exposure of 2 to 4 hours when the x - r a y tube was operated a t 33 kV and 

20 mA. 

7 . 2 . 4 Replica Technique 

Single-stage carbon/p la t inum shadowed replicas were used to reveal the 

specimen topography. Carbon and plat inum were evaporated simultaneously from 

an arc struck between two carbon rods, one of which contained a length of 1 mm 

diameter "Specpure" plat inum w i r e . The evaporat ion was carr ied out in a be 11-jar 

system evacuated to 1 x 10 mbar by a rotary pump and diffusion pump. The rotary 

pump was turned off during evaporat ion to minimize v ibrat ion and hence achieve 

optimum def in i t ion in the rep l i ca . 

The u l t imate resolution of the rep l ica depends upon background structure in 

the shadowing mater ia l . Evaporated carbon/p la t inum films are amorphous and have 

a background structure of 2 to 3 nm. The resolution is thus l imited to a similar va lue 

(Bradley 1961) . 
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Replicas were removed from the specimens by l ight ly scoring into 3 mm squares 

and f loa t ing off in de ion ized w a t e r , the pieces being co l lec ted on copper TEM grids. 

However , w i t h some specimens (par t icular ly those w i th a rough surface) , d i f f i c u l t y 

was exper ienced in separation of the repl ica from the specimen. Dissolving the 

aluminium f i lm in 5 0 % hydrochloric ac id released the rep l ica f i l m , but the bubbles 

of hydrogen produced by the react ion tended to disrupt the rep l i ca . A more successful 

technique was to immerse the specimen in a d i lu te ( ~ 5 % ) solution of "Teepol" and 

a l l o w to drain before deposition of the rep l ica f i l m . In this w a y the carbon/p la t inum 

f i l m was separated from the specimen surface by a thin layer of water -so luble compound 

and was therefore easi ly stripped by immersion in w a t e r . Replicas made using each of 

the above techniques gave ident ical results. 

Micrographs of the replicas were obtained in the JEM 100U using an 80 keV 

e lectron beam. Interpretat ion of the micrographs is straightforward i f the shadowing 

angle and d i rect ion are known (for example , see Ha l l 1966) and the height and latera l 

dimensions of surface features are read i ly obta ined . A shadowing angle of 15° was 

found to give optimum results for the major i ty o f specimens. 

7 . 2 . 5 Scanning Electron Microscopy 

Some specimens were examined by scanning e lec t ron microscopy in order to 

check for artefacts in the rep l ica t ion process. A JEOL T E M S C A N operat ing in 

secondary e lectron mode was used. 

7 . 2 . 6 O p t i c a l Microscopy 

O p t i c a l microscopy was used to examine the surfaces of 1 pm thick a luminium 

films wh ich had grain sizes of the order of several microns. The microscope used was 

a N i k o n "Labophot" . Micrographs were obtained under normal incidence ref lected 

i l luminat ion and recorded using a 35 mm camera. The maximum magni f icat ion 

employed was 4 5 0 , wi thout the need for o i l immersion. 
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7 . 3 Experimental Method 

7 . 3 . 1 F i lm Deposit ion 

The substrates consisted of sections of 2 - i n c h {lOOj - o r i e n t e d si l icon wafers, 

w i t h 50 nm of steam-grown oxide (see Appendix A ) . Tungsten-f i lament evaporat ion 

of a luminium ( 9 9 . 9 9 5 % purity) was carr ied out in the b e l l - j a r vacuum system described 

in sections 4 . 2 . 2 and 4 . 2 . 5 . The pressure was less than 2 x 1 0 ^ mbar during 

evaporat ion. In order to deposit 1 yum f i lms, three tungsten-f i lament evaporators 

were connected in p a r a l l e l . The thickness of films was monitored during deposit ion 

using a quartz crystal monitor and some thicknesses were checked on a "Talystep" 

stylus prof i lometer . 

In experiments in wh ich the effects of residual gases present during deposition 

were invest igated, the chamber was evacuated to its base pressure before the required 

gas was admitted and the chamber was continuously pumped to mainta in cleanliness of 

the ambient gases. High purity ( B O C "Research G r a d e " ) gases were used. 

E lectron-beam evaporat ion was performed in a glass chamber evacuated by a 

l iquid ni t rogen-trapped o i l diffusion pump and rotary pump. The base pressure was 

- 6 - 5 

approximately 1 x 1 0 mbar, rising to 1 x 10 mbar during evaporat ion. The sub-

strate wafers were held in a p lanetary motion dev ice and heated by radiat ion from 

tungsten f i laments. The evaporat ion source was a magnet ica l ly focussed Ai rco Temscal 

unit w i t h a w a t e r - c o o l e d copper hearth. The deposit ion rate was kept constant a t 

10 nm s ^ by a control loop incorporating a w a t e r - c o o l e d quartz crystal monitor. 

9 9 . 9 9 9 % puri ty a luminium was used for a l l e - b e a m evaporations. 

Sputter-deposited films of pure aluminium and A l - 1 . 5 % Si were produced in 

a C V C AST601 magnetron sputtering plant operat ing at 5 kw w i th an argon pressure 
_3 

of 2 x 1 0 mbar. 

7 . 3 . 2 Examination of the Films 

Af ter removal from the evaporat ion system the meta l l i zed wafers were scribed 
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and broken into specimens for examinat ion by the various techniques. Specimens for 

TEM analysis were prepared by ultrasonic cutt ing and chemical jet th inn ing, as 

described in section 4 . 2 . 5 . For examinat ion by the other techniques, no preparat ion 

was required. 

G r a i n size distributions were determined from the transmission e lectron micro-

graphs. A grid was over la id on the micrograph and the areas of indiv idual grains were 

determined by counting squares. G r a i n "diameters" were ca lcu la ted assuming the grains 

to be square and the size distr ibution was plotted on log-normal graph paper , in order to 

obta in the mean, median and standard d e v i a t i o n . (See Appendix E). 

In many cases, on ly the mean grain diameter was needed. This was determined 

by counting the number o f grains per unit area and hence obta in ing the mean area and 

diameter of the grains. 

The surface roughness, as determined from e lect ron micrographs of the shadowed 

repl icas, is character ized by two parameters; the peak height of the asperities and the 

distance between them in the f i l m p lane . These quanti t ies roughly correspond to the 

r . m . s . roughness and corre lat ion length wh ich can be determined by l ight scattering 

experiments. For surfaces covered by w e l l - d e f i n e d h i l locks, the term "h i l lock density" 

( i . e . number of hi l locks per unit area of the surface) is used. 

7 . 4 Results 

7 . 4 . 1 The G r o w t h of Evaporated Aluminium Films on Si O ^ at Room Temperature 

Aluminium films of various thicknesses were deposited at 1 nm s ^ by tungsten 

f i lament evaporat ion onto amorphous Si O ^ substrates at 295 K . Figures 7 . 7 to 7 . 1 1 

show transmission e lect ron micrographs and d i f f ract ion patterns representative of the 

successive stages of f i lm growth. 

Aluminium films of 2 nm mean thickness were found to consist of indiv idual 
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islands of ^ 10 nm diameter (f igure 7 . 7 a ) . Shadowed replicas showed the height of 

the islands to be around 2 . 5 nm. The corresponding di f f ract ion pattern (f igure 7 . 7 b ) , 

obtained at an angle of incidence of 10° showed the aluminium to have a randomly 

oriented polycrystal l ine structure. The diffuse nature of the di f f ract ion pattern is due 

to the small crystal l i te size 10 nm) which gives rise to broadening of the Debye 

rings (Hirsch et al 1965). 

Films of 5 nm thickness were at the connected network stage, as shown in 

figure 7 . 8 a , w i th a coverage of approximately 8 0 % . The "empty" channels contained 

many secondary nuclei of nm diameter . The di f f ract ion pattern again indicated a 

randomly oriented deposit, but the Debye rings were sharper because of the re la t ive ly 

large ( ^ 3 0 nm) crystal l i te s ize. 

As the mean thickness of films was increased, the coverage increased, becoming 

100% at a mean thickness of approximately 15 nm. The 19 nm f i lm shown in f igure 7 . 9 a 

was continuous and had a mean grain size of 50 nm. In the transmission electron 

di f f ract ion pattern obtained at normal incidence (figure 7 . 9 b ) the { i l l } , { 2 0 0 } , 

{ 3 1 1 } ,{222} and { 4 2 0 } rings were of low intensity compared to the { 2 0 0 } and 

{ 4 2 2 j rings, indicat ing a weak ( i l l ) f ibre texture (see section 7 . 2 . 2 ) . T i l t ing the 

specimen 10 from normal incidence caused slight arcing of the rings, thus confirming 

the existence of a f ibre texture w i t h the f ibre axis normal to the f i lm plane (f igure 7 . 9 c ) . 

15° carbon/plat inum replicas (f igure 7 . 9 d ) revealed surface roughness on a scale of 

approximately 50 nm ( i . e . equal to the grain s ize) . The roughness was in the form of 

small hi l locks, approximately 5 nm high, which corresponded to grains of varying heights. 

The f i lm appeared highly re f lect ive to the naked e y e . 

The grain s ize , surface roughness and strength of the ( 1 1 1 ) fibre texture were 

found to increase monotonically w i th f i lm thickness. 200 nm films had a grain size 

roughly equal to their mean thickness (figure 7 . 1 0 a ) . The ( 1 1 1 ) f ibre texture was 

w e l l developed, as indicated by the almost total absence of the { 1 1 1 } , { 2 0 0 } e t c . 
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1 pm 

(a) (b) 

2 nm mean thickness of aluminium deposited onto amorphous S i O ^ at room temperature. 

F IGURE 7 .7 

1 ; 1 1 p m 

(a) (b) 

5 nm mean thickness of aluminium deposited onto amorphous S i O ^ at room temperature. 

FIGURE 7.29 
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(c) (d) 

19 nm mean thickness of aluminium deposited onto amorphous S i O ^ at room temperature: 

(a) transmission electron micrograph; 

(b) transmission electron diffraction pattern at normal incidence; 

(c) transmission electron diffraction pattern at 10° from normal incidence; 

(d) 15° carbon/platinum replica. 

FIGURE 7.9 
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(c) (d) 

200 nm mean thickness of Al deposited onto amorphous S i O ^ at room temperature: 

(a) transmission electron micrograph; 

(b) transmission electron diffraction pattern at normal incidence; 

(c) transmission electron diffraction pattern at 10° from normal incidence; 

(d) 15° carbon/platinum replica. 

FIGURE 7.29 
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(b) 

450 nm mean thickness of A| deposited onto amorphous S i O ^ at room temperature: 

(a) transmission electron micrograph; 

(b) 15° carbon/platinum replica. 

FIGURE 7.29 
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rings in the normal incidence d i f f rac t ion pattern ( f igure 7 . 1 0 b ) and the pronounced 

arcing of the Debye rings in the d i f f rac t ion pattern from the t i l ted specimen (f igure 

7 . 1 0 c ) . The "spotty" nature of the d i f f rac t ion pattern is due to the large crysta l l i te 

s ize . The 200 nm films had a s l ight ly mi lky appearance to the naked e y e . Shadowed 

replicas revea led growth hil locks of base diameter ~ 5 0 nm and height ~ 10 nm, w i t h 

a density of 3 x 1 0 1 2 m~ 2 ( f igure 7 . lOd) . 

450 nm films had a mean grain size of 250 nm (f igure 7 . 1 l a ) . These films 

had a very mi lky appearance and replicas revealed growth hil locks of approximately 

12 -2 

100 nm diameter and 50 nm height , w i t h a density of 2 x 10 m Paral lel steps or 

wrinkles w i t h i n indiv idual grains were also observed (f igure 7 . 1 l b ) . These films had 

a strong ( 1 1 1 ) f ibre tex ture . 

7 . 4 . 2 The Growth of Evaporated Aluminium Films on Si O ^ at Elevated 

Temperatures 

The growth sequence of a luminium on Si O ^ at 625 K is shown in figures 7 . 1 2 

to 7 . 1 4 . Films of 1 2 . 5 nm mean thickness consisted mainly of islands of approximately 

100 nm diameter and 20 nm he ight , w i th smaller islands (less than 10 nm diameter) in 

the spaces between them (figures 7 . 1 2 a and b) . The coverage was approximately 5 0 % . 

M a n y of the larger islands were of e longated shape and contained grain boundaries, 

suggesting that they were formed by the coalescence of 2 or more smaller islands of 

roughly c i rcular shape. The or ientat ion was again random. 

A connected network existed a t a mean thickness of 50 nm, and complete 

coverage was at ta ined at approximately 100 nm. The 125 nm f i lm shown in f igure 

7 . 1 4 had a mean grain size of 300 nm. Replicas revealed deep grain boundary 

grooves but no growth hil locks or wr ink les . The d i f f ract ion pattern was ind icat ive 

of large, randomly or iented crystal l i tes. 

The growth characteristics of a luminium deposited at 475 K were intermediate 
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(c) 

12.5 nm mean thickness of A| deposited onto amorphous S i O ^ at 625 K: 

(a) transmission electron micrograph; 

(b) 15° carbon/platinum replica; 

(c) transmission electron diffraction pattern at 10° from normal incidence. 

FIGURE 7 . 2 9 
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25 nm mean thickness of A| deposited onto amorphous S i 0 2 at 625 K: 

(a) transmission electron micrograph; 

(b) 15° carbon/platinum replica; 

(c) transmission electron diffraction pattern at 10° from normal incidence. 

FIGURE 7.29 
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(c) 

125 nm mean thickness of A| deposited onto amorphous S i O ^ at 625 K: 

(a) transmission electron micrograph; 

(b) 15° carbon/platinum replica; 

(c) transmission electron diffraction pattern at 10° from normal incidence. 

FIGURE 7.14 
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between those of films deposited a t room temperature and 625 K . A connected network 

was formed a t a mean thickness of 25 nm, the coverage being 7 0 % (f igure 7 . 1 5 ) . The 

mean diameter of grains in the network was 100 nm, and small ( ^ 20 nm) islands were 

visible in the channels. The or ientat ion was random. 

1 0 0 % coverage was a t ta ined at a thickness of approximately 50 nm. The 110 

nm f i l m shown in f igure 7 . 1 6 was continuous and had a mean grain size of 200 nm. The 

surface exh ib i ted grain boundary grooves and small hi l locks of approximately 100 nm 

diameter and 10 nm height . The f i lm had a <111 > f ibre texture . 

The increase in grain size w i t h f i lm thickness for substrate temperatures of 

295 K , 4 7 5 K and 625 K is plotted in f igure 7 . 1 7 . 

7 . 4 . 3 The Effect of Annea l ing 

Annea l ing effects were studied in 100 nm films deposited at room temperature. 

Annea l ing was carr ied out in the evaporat ion chamber immediate ly af ter deposit ion, 

w i thout breaking the vacuum. A 6 hour anneal a t 625 K caused the mean grain size 

to increase from 110 nm to 150 nm, but no other structural changes were de tec ted . 

Both the annealed and as-deposited films had a pronounced ( l i f t f ibre texture and 

r e l a t i v e l y smooth, h i l l o c k - f r e e surfaces. 

7 . 4 . 4 The Effect of Residual Gases Present During Deposit ion 

450 nm films were deposited in the presence of 7 x 10 mbar of oxygen and 

ni t rogen, the conditions being otherwise ident ical to those described in section 7 . 4 . 1 . 

Films deposited in a nitrogen ambient had a mean gra in size of 150 nm (f igure 7 . 1 8 a ) 

compared to 250 nm for films of equal thickness deposited in a vacuum of 2 x 10 ^mbar 

( f igure 7 . 1 1 ) . Both films possessed growth hi l locks of a similar size and density, but 

the f i lm deposited in nitrogen did not exh ib i t surface wr ink l ing (f igure 7 . 1 8 b ) . Both 

films had a ( l i f t f ibre texture . 

Films deposited in the presence of oxygen had a mean grain diameter of 
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(c) 

25 nm mean thickness of A| deposited onto amorphous S i 0 2 at 475 K: 

(a) transmission electron micrograph; 

(b) 15° carbon/platinum replica; 

(c) transmission electron diffraction pattern at 10° from normal incidence. 

FIGURE 7.29 
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(a) (b) 

1 pm 

(c) 

110 nm mean thickness of A| deposited onto amorphous S i O ^ at 475 K: 

(a) transmission electron micrograph; 

(b) 15° carbon/platinum replica; 

(c) transmission electron diffraction pattern at 10° from normal incidence 

FIGURE 7.29 
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12 - 2 100 nm (f igure 7 . 1 8 c ) and a high density ( 5 x 1 0 m ) of growth hil locks of 100 nm 

base diameter and 75 nm height (f igure 7 . 1 8 d ) . N o f ibre texture was apparent in 

these f i lms. 

7 . 4 . 5 The Microstructure of 1 p m - T h i c k Tungsten-Fi lament Evaporated 

Aluminium Films 

Films were deposited at temperatures ranging from 295 K to 6 7 5 K . (The 

deposit ion temperature quoted is the temperature a t the beginning of the deposition 

process. Radiat ive heat ing by the evaporator caused the substrate temperature to rise 

by as much as 5 0 K during deposit ion ) . Most films were deposited a t 10 nm s ^ as this 

is typ ica l of the deposit ion rates used in industrial meta l l i za t ion processes. Some films 

were deposited at 1 nm s ^ to determine the effects of deposition rate on the micro-

structure. Annea l ing effects were also invest igated. 

The transmission e lectron micrographs in f igure 7 . 1 9 show the grain structure 

o f 1 pm films deposited a t 10 nm s ^ onto substrates a t 295 K , 475 K and 575 K , and of 

a f i l m deposited at 475 K , then annealed for 2 hours at 700 K . The grains tended to be 

equiaxed and had varying numbers of sides. The distr ibution shown in f igure 7 . 2 0 is 

typ ica l of a l l the films examined and shows that hexagonal grains were more common 

than grains of any other shape. The smaller grains had straight or convex sides, but 

some of the larger grains were concave . The grains appeared to be columnar ( i . e . 

extend throughout the thickness of the f i l m ) . 

The grain size distributions of films deposited a t 4 7 5 K , 575 K and 675 K were 

determined and plotted on log-normal graph paper ( f igure 7 . 2 1 ) . It is ev ident that the 

data are w e l l represented by log-normal distributions. The median grain size and 

logarithmic standard dev ia t ion were determined for each f i lm from the best straight l ine 

f i t to the d a t a , as indicated in the f igure . The results are shown in histogram form in 

f igure 7 . 2 2 The log-normal curves shown for comparison were obtained using the 
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(c) (d) 

— i 
1 p m 

450 nm of A| deposited onto amorphous S i O at room temperature in the presence of 

.5 2 
7x10 m bar of nitrogen (a and b) and oxygen (c and d). 

FIGURE 7.29 
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(c) ' ~ ' (d) 
10 p m 

Transmission electron micrographs showing the grain structure of 1 yum thick A| films 

deposited at 10 nm s ^ onto amorphous S i O ^ at temperatures of: 

(a) 295 K; 

(b) 475 K; 

(c) 575 K; 

(d) 475 K,then annealed in vacuo at 700 K for 2 hours. 

FIGURE 7.19 
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1-0 l o 

Log-normal p lo t of the grain size distributions of 1 pm aluminium films 

deposited a t 10 nm s ^ . 

F i lm A : deposited a t 475 K . 

F i lm B: deposited a t 5 7 5 K . 

F i lm C : deposited a t 675 K . 

F i lm D: deposited a t 4 7 5 K , f o l l o w e d by a 2 hour anneal at 700 K . 

FIGURE 7 . 1 9 
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median and standard dev ia t ion of the exper imental da ta . The median grain size was 

found to increase monotonical ly w i t h deposition temperature, from 5 2 0 nm at 475 K 

to 2 . 6 pm at 6 7 5 K . The standard dev ia t ion of the grain size distr ibution also 

increased w i t h temperature, ranging from 0 . 4 7 a t 475 K to 0 . 6 1 at 675 K . The 

mean grain size ranged from 450 nm a t 295 K to 4 . 1 p m at 675 K , as shown in f igure 

7 . 2 3 . (The mean is always greater than the median since the distr ibution of the 

logarithms of the grain sizes is normal) . 

The r e f l e c t i v i t y of the films decreased w i th increasing deposition temperature. 

Films deposited a t 295 K were h ighly r e f l e c t i v e . Shadowed replicas and scanning 

e lectron microscopy showed the surface to be covered by hil locks of 400 nm base 

11 -2 

diameter and 150 nm height w i t h a density of 5 x 10 m (figures 7 . 2 4 a and b) . 

M a n y of the hi l locks had w e l l developed crystal lographic shapes, the truncated 

hexagonal pyramid being par t icu lar ly common (f igure 7 . 2 4 c ) . Paral lel steps or wrinkles 

were also v is ib le . 

Films deposited a t 475 K had a s l ight ly mi lky appearance to the naked e y e . 

Their surfaces were r e l a t i v e l y free of growth h i l locks, but grain boundary grooves and 

wrinkles were observed ( f igure 7 . 2 5 a ) . 

For deposit ion temperatures between 575 K and 6 7 5 K the films had a mi lky 

appearance. Their surfaces were almost complete ly free from hi l locks, but contained 

deep grain boundary grooves and steps w i t h i n some large grains. Shadowed replicas 

are shown in figures 7 . 2 5 b and c , and an opt ica l micrograph in f igure 7 . 2 5 d . 

Films deposited a t room temperature a t 1 nm s ^ had a smaller mean grain 

size (350 nm) than films deposited a t 10 nm s \ Their surfaces were covered by 

r e l a t i v e l y large growth hi l locks, however , and the aluminium had a mi lky appearance. 

The hil locks were typ ica l l y of 1 pm base diameter and 4 0 0 nm he ight , w i th a density of 

2 . 5 x 10M m . M a n y had dist inct crystal lographic shapes ( f igure 7 . 2 6 ) . Changing 
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M e a n grain size versus deposit ion temperature for 1 pm A | films deposited onto 

ox id i zed si l icon a t 10 nm s \ 

FIGURE 7 . 29 
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1 p m 
i i 

(c) 

1 urn thick Al film deposited at 10 nm s onto amorphous S i O ^ Qt 295 K: 

(a) and (c) 15° carbon/platinum replicas; 

(b) scanning electron micrograph. 

FIGURE 7.29 
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(c) (d) 

The surface roughness of 1 um thick A| films deposited onto amorphous S i O ^ 10 nm s 

(a) 15 carbon/platinum replica of a film deposited at 475 K; 

(b) 15 carbon/platinum replica of a film deposited at 575 K; 

(c) 15° carbon/platinum replica of a film deposited at 675 K; 

(d) optical micrograph of a film deposited at 675 K . 

FIGURE 7.29 
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(a) [Ojjm j (b) 

1 um thick A| film deposited at 1 nm s ^ onto S i C ^ at 295 K: 

(a) transmission electron micrograph; 

(b) 15 carbon/platinum replica. 

F IGURE 7 . 26 

15° carbon/platinum replica showing annealing hillocks in a 1 um thick A| film 

deposited at 10 nm s ^ onto S i O ^ at 475 K, then heated in-vacuo for 2 hours at 700K. 

FIGURE 7.19 
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the deposit ion rate had negl ig ib le e f fec t on the grain size or topography of films 

deposited a t 625 K . 

A 2 hour anneal a t 700 K produced considerable reconstruction in films 

deposited a t 475 K (f igure 7 . 1 9 d ) . The mean grain size increased from 0 . 7 pm to 

1 . 6 pm and the standard dev ia t ion of the lognormal distr ibution increased from 0 . 4 7 

to 0 . 6 1 (figures 7 . 2 1 and 7 . 2 2 d ) . The i n i t i a l l y smooth, fa i r ly re f lec t ive surface of 

the f i l m developed hi l locks of up to 2 pm base diameter and 1 pm height and became 

mi lky in appearance. U n l i k e the growth hil locks described above , these anneal ing 

hi l locks tended to be of rounded shape ( f igure 7 . 2 7 ) . 

A l l o f the 1 pm films gave grazing incidence x - r a y d i f f rac t ion patterns 

consisting of short arcs, ind icat ive of a strongly preferred or ientat ion (figures 7 . 2 8 ) . 

Comparison w i t h f igure 7 . 4 shows the or ientat ion to be a ( 1 1 1 ) f ibre texture normal 

to the substrate p lane . The d i f f ract ion patterns from the films deposited a t 675 K were 

spotty because of the large crysta l l i te s i ze , whereas the smal l -gra ined films deposited 

a t 4 7 5 K gave d i f f ract ion patterns consisting of "continuous" arcs. The pattern of w e l l 

def ined spots superposed on the aluminium d i f f rac t ion pattern is due to d i f f rac t ion by 

the under ly ing layer of single crystal s i l icon. 

7 . 4 . 6 The Microstructure of 1 p m - T h i c k Electron-Beam Deposited Films 

Films deposited a t 10 nm s ^ onto S i 0 2 substrates a t 625 K had a mean grain 

size of 1 . 5 pm (compared to 3 . 0 pm for films deposited under similar conditions by 

tungsten- f i lament evaporat ion) . The films had a mi lky appearance and shadowed-

replicas revea led deep grain boundary grooves and growth hi l locks of 500 nm diameter 

10 -2 

and 25 nm height w i t h a density of 1 x 10 m . A strong ( i l l ) f ibre texture was 

ident i f ied by grazing incidence x - r a y d i f f rac t ion . 

7 . 4 . 7 The Microstructure of Sputter-Deposited Aluminium and A | - $ j Films 

A 0 . 5 pm f i lm of pure a luminium sputter-deposited onto Si 0 « at 295 K had 
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(c) 

Graz ing incidence x-ray diffraction patterns from 1 um thick A| films deposited at 

10 nm s ^ onto amorphous S i O ^ Qt temperatures of: 

(a) 475 K; 

(b) 675 K; 

(c) 475 K,then annealed in vacuo for 2 hours at 700 K. 

FIGURE 7.29 
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(a) 

(b) 
1 i m 

500 nm thick pure A| film sputter-deposited onto amorphous S i O ^ Qt 295 K: 

(a) transmission electron micrograph; 

(b) 15° carbon/platinum replica. 

FIGURE 7.29 
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(c) 

500 nm thick A|- l . 5 % Si film,sputter-deposited onto amorphous S i O ^ a t 295 K: 

(a) and (b) transmission electron micrograph and 15° carbon/platinum replica 

of the as-prepared film; 

(c) and (d) transmission electron diffraction pattern and micrograph of the residual 

sil icon,after chemical removal of the aluminium. 

FIGURE 7.19 
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a mean grain size of 150 nm. The transmission e lect ron micrograph showed evidence 

of "over lapping" of the grains, suggesting that the f i lm consisted of more than one 

12 -2 

layer of crystal l i tes (f igure 7 . 2 9 a ) . The surface had a high density x 10 m ) 

of growth h i l locks, as shown in f igure 7 . 2 9 b . These hi l locks were largely hexagonal 

in form and had diameters of around 250 nm and heights of 50 nm. N o preferred 

or ientat ion was detected by transmission e lect ron d i f f rac t ion . 

A 0 . 5 yjm f i lm o f A | - 1 . 5 % Si deposited under ident ica l conditions consisted 

of a disordered aggregate of over lapping small grains of mean diameter around 100 nm, 

as shown in f igure 7 . 3 0 a . The surface was rough on a scale of 5 0 nm, but no large 

hi l locks of crystal lographic form were observed (f igure 7 . 3 0 b ) . The e lectron d i f f rac t ion 

pattern indicated a weak <11 O f ibre texture in the a lumin ium, but no d i f f rac t ion 

pattern from the si l icon was v is ib le . However , when the aluminium f i lm was dissolved 

in 5 0 % H C I , the specimen gave a d i f f rac t ion pattern consisting of Debye rings from 

polycrysta l l ine s i l icon , as shown in f igure 7 . 3 0 c . (The spots are due to the under-

ly ing single crystal s i l icon a t the edges of the thinned region of the specimen). Dark 

f i e l d imaging using the { 2 2 0 } r ing revealed part icles of s i l icon of ~ 15 nm diameter 

(f igure 7 . 3 0 d ) . 

7 . 5 Summary and Discussion 

Aluminium deposited by tungsten-f i lament evaporat ion onto amorphous S i C ^ 

a t temperatures between 295 K and 625 K was seen to fo l low the V o l m e r - W e b e r growth 

mode (see section 6 . 2 ) as reported by d 'Heur le et al ( 1 9 6 8 ) . In the in i t ia l stages of 

f i lm format ion, the deposit consisted of randomly distributed single crystal islands. 

W i t h continued deposit ion,growth of the islands occurred, fo l lowed by coalescence 

to form a polycrystal l ine network. N u c l e a t i o n on the c lear areas of the substrate 

cont inued, and these secondary islands became incorporated in the growing network 
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unti l a continuous f i lm was produced. 

The thickness at wh ich complete coverage was at ta ined was found to increase 

w i t h increasing substrate temperature ( i . e . decreasing supersaturation). A | - Si O ^ 

react ion is thought to be responsible for the r e l a t i v e l y small f i l m thickness required 

for cont inu i ty . For deposit ion a t 4 7 5 K , films were found to a t ta in cont inui ty a t a 

thickness of 5 0 0 nm, in good agreement w i t h the value of 4 0 0 nm reported by d 'Heur le 

e t al ( 1 9 6 8 ) . 

7 . 5 . 1 G r a i n Growth 

Continuous films were composed of columnar grains wh ich tended to be e q u i -

axed in the f i l m plane (thus min imiz ing the grain boundary area and grain boundary 

energy) and were predominantly six sided. The distr ibution of grain sizes was log-

normal, as reported by Attardo e t a l ( 1 9 7 1 ) . The grain size was found to increase 

w i t h f i l m thickness and deposition temperature. G r a i n growth was rapid in the in i t i a l 

stages of f i lm format ion, becoming slower as the thickness increased. Changes in 

deposition temperature between 295 K and 475 K had on ly a small e f fec t on the grain 

s ize . However , grain size was very temperature sensitive in the range 475 K - 675 K . 

This observation contradicts d 'Heur le 's result (grain size is temperature independent in 

this range) , but is consistent w i th the exponent ia l temperature dependence predicted by 

theory . 

A t the onset of coalescence, the grain size is determined by the size of the 

islands (which increases w i t h temperature) . When crystall i tes come into contac t , 

however , grain boundary movement can occur , resulting in grain growth. The dr iv ing 

force for this process is the min imizat ion of grain boundary energy. Atoms arr iv ing at 

the surface of the f i lm from the vapour phase are highly mobile and thus easi ly 

incorporated into the growing grains, g iv ing the observed rapid grain growth. During 

post-deposit ion annea l ing , however , the energy a v a i l a b l e is due solely to the specimen 
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temperature and grain growth proceeds more s lowly , as observed. 

G r a i n growth in a 2-dimensional f i l m may be ana lyzed using the model of 

Pearmain and Dorey (1967 ) . Consider a f i lm of uniform thickness composed of columnar 

hexagonal grains of side r ( f igure 7 . 3 1 ) . The area of the hexagonal face of each 
o 

grain is g iven by : 

/ l o = 3 A (7.2) 
z 

and the perimeter of the grain by : 

L g = 6 r e ( 7 . 3 ) 

The gra in boundary length per unit area of the f i lm is therefore : 

A = L , 

Z A o 

= Z ( 7 . 4 ) 

r . J T 

N o w consider a hexagonal grain of side r growing into the f i l m . Let its area 

increase from A to A + S A as r increases to r + S r . 

From ( 7 . 2 ) : 5 / | = 3 J T T 8r ( 7 . 5 ) 

and from ( 7 . 4 ) the decrease in the grain boundary length of the surrounding f i lm is : 

A S A = 6 r _$r (7.6) 

re 
The increase in grain boundary length of the expanding grain is : 

S L = £ S r ( 7 . 7 ) 

From equations ( 7 . 6 ) and ( 7 . 7 ) the net increase in grain boundary length is 



196 

F IGURE 7 . 3 1 

FIGURE 7.19 
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S L - A I A = 6 Z r ( \ - r / r 0 ) ( 7 . 8 ) 

If the grain boundary energy per unit area is ^ ^ and there are N atoms per 

unit a rea , then the net increase in energy is : 

S F — — — \ P e r atom ( 7 . 9 ) 

N [r r j 
If r > r , then J E is negat ive and the grain w i l l grow. Large grains therefore o 

grow at the expense of small ones. 

The force on each grain boundary atom is g iven by : 

F = - l g 

d r 

= fell-L 

N r0 r 
(7.10) 

N o w the mobi l i ty of a boundary atom is : 

M = A * . ( 7 J , ) 

k T 
and the diffusion coef f ic ien t is g iven by : 

0 , = D 0 e x p p G U ) <
7

-
1 2

> 

where Q ^ is the ac t iva t ion energy for grain boundary migrat ion, T is the temperature 

and k is Boltzmann's constant. 

The ve loc i ty of the boundary atom is g iven by the product of the force and the 

mobi l i ty : 

i . e . l r — Dm X l ( ± - J J ( 7 J 3 ) 

dt kT w U r. 
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If the surrounding grains expand at the same rate as the grain being considered, 

then 

n = 

Hence , 

dr_ = 

d t 

The observation that in a growing f i lm the rate of grain growth fal ls of f w i t h 

increasing grain size is in qua l i t a t i ve agreement w i t h equat ion ( 7 . 1 5 ) . 

Integrat ing equat ion ( 7 . 1 5 ) we obta in : 

f - r ? = / I z j c ) ( t f ~ (7.i6) 
k T id [ C J 

where i and f denote in i t ia l and f ina l values respect ive ly . 

1 yum films subjected to a post-deposit ion anneal at 700 K for 2 hours suffered 

an increase in grain size from 700 nm to 1 . 6 y j m . Therefore, high temperature processes 

in dev ice production such as "sintering" may substantial ly a f fec t the grain size of 

a luminium meta l l i za t ions . 

Taking the va lue of Q as 1 . 2 e V ( N o w a k 1976) , app l ica t ion of equations 7 . 1 2 

and 7 . 1 6 shows that a t a temperature of 450 K , for example , the increase in grain size 

over a period of 1 0 , 0 0 0 hours would be approximate ly 100 nm. Therefore, during 

acce lera ted e lectromigrat ion l i fe testing or normal dev ice operat ion ( in wh ich the 

temperature is usually much less than 450 K) grain growth should be neg l ig ib le . 

7 . 5 . 2 Surface Topography 

The surface roughness of evaporated aluminium films was found to be dependent 

upon thickness, substrate temperature, deposition rate and vacuum. Films deposited at 

10 nm s ^ under high vacuum conditions onto substrates at room temperature began to 

develop growth hi l locks a t a mean thickness of ^ 2 0 nm. The average size of the 

Cr ( 7 . 1 4 ) 

k T N 

I ~ C ] I r ( 7 . 1 5 ) 
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hil locks increased w i t h f i lm thickness. M a n y hi l locks had f l a t hexagonal tops wh ich 

are thought to be the { 1 1 1 } faces of truncated octahedra (the equi l ibr ium form of 

most f . c . c . metals). This indicates that a large proportion of the hi l locks had a 

( i l l ) axis normal to the f i lm p lane . The growth hi l locks appeared to correspond 

to single grains of above average height . 

The temperature of the films during "room temperature" deposition never rose 

above 350 K . It therefore seems un l ike ly that the growth hi l locks were caused by 

thermal stress in the f i l m . They were more probably due to the preferent ia l condensation 

of vapour atoms on cer ta in crystal lographic planes ( e . g . { 1 1 1 } planes) as discussed by 

Bauer ( 1 9 6 4 ) . The steps or wrinkles seen w i t h i n some grains are thought to be of the 

same or ig in . The absence o f growth hi l locks in films deposited at 475 K and above 

supports this conclusion, since thermal stresses are much higher in these f i lms. The 

absence of hi l locks at high temperatures may be a result of the higher mobi l i ty of the 

adatoms w h i c h enables them to migrate so as to form a f la t ter surface, thus minimiz ing 

the surface f ree energy. 

Films deposited a t higher temperatures exhib i ted deep grain boundary grooves. 

These grooves develop in order that the surface and grain boundary tensions balance 

a long the l ine of intersection of the boundary w i t h the surface (f igure 7 . 3 2 ) . The 

equi l ibr ium angle is g iven by : 

Z f r S i n f i = fi F - 1 7 ) 

where and a r e respect ively the surface and grain boundary free energies 

per uni t a r e a . The rapid establishment of the equi l ibr ium angle by atomic diffusion 

in the loca l i zed region of intersection produces sharp ridges on each side of the 

boundary. These ridges then f l a t ten by preferent ia l evaporat ion or surface di f fusion, 

thus upsetting the equi l ibr ium angle and causing the groove to deepen (Mul l ins 1957) . 
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Annea l ing at 700 K produced hil locks in 1 pm films deposited at 475 K . These 

annea l ing hi l locks were of d i f ferent form to the growth hi l locks, having a rounded 

shape w i t h no obviously crystal lographic features. They are be l ieved to be the result 

of thermal ly induced stress, asdiscussed in section 6 . 3 . 4 . 

The use of low deposition rates or poor vacuum conditions was found to enhance 

h i l lock growth in films deposited a t room temperature. This e f fec t may be due to in ter -

act ion between the ambient gases (par t icu lar ly water vapour and oxygen) and the 

growing f i l m , as suggested by Reicha and Barna (1980 ) . A t higher substrate temperatures 

the deposit ion rate or residual gas pressure had negl ig ib le e f fec t on the topography, 

maybe as a result of the reduced st icking coef f ic ien t for water vapour and oxygen . 

A de f in i te correlat ion was observed between the surface topography of films 

and their appearance to the naked e y e . Films appeared highly re f lec t ive if the scale 

of the surface roughness was less than the wavelength of visible l ight ( ^ 4 0 0 nm). 

Therefore , films w i t h a high density of small hi l locks were r e f l e c t i v e , whereas h i l l o c k -

free films having a large grain size and pronounced grain boundary grooves had a mi lky 

appearance. 

7 . 5 . 3 Preferred Or ientat ions 

In the ear ly stages of f i lm format ion, no preferred or ientat ion was detected in 

any of the films examined. Therefore, the <11 ft nucleat ion or ientat ion reported for 

some f . c . c . metals on amorphous substrates (section 6 . 2 . 5 ) is not present in a luminium 

on Si O ^ . This may be due to the A | - Si O ^ react ion decreasing the mobi l i ty of 

a luminium atoms on the surface and increasing the nucleat ion density for islands of a l l 

or ientat ions. 

W i t h continued deposit ion, a <11 ft f ibre or ientat ion appeared. The thickness 

a t wh ich this or ientat ion became apparent was found to increase w i th deposit ion 

temperature, and no f ibre texture was observed in any f i lm before 100% coverage had 
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been a t ta ined . The strength of the f ibre texture increased i n i t i a l l y w i t h f i lm thickness 

and became constant a t thicknesses of several hundred nanometres. Post-deposition 

annea l ing d id not a f f e c t the o r i e n t a t i o n . . It is suggested that the ( i l l ) f ibre texture 

is an in i t i a l growth or ientat ion resulting from the lower in ter fac ia l free energy of 

crystal l i tes wh ich have ( 1 1 1 ) planes para l le l to the substrate. Similar orientations 

have been reported for other systems, for example Cd Te on Pyrex (Goldste in and Pensak 

1959) . It is un l ike ly that the ( 1 1 1 ) f ibre texture is a f ina l growth or ientat ion (due to 

preferent ia l condensation) as there seems to be no corre lat ion between the occurrence of 

the f ibre texture and the presence of surface roughness ( e . g . growth hi l locks) . A n 

invest igat ion into the effects of obl ique vapour incidence would help to resolve this 

uncer ta in ty . 

7 . 5 . 4 Electron-Beam and Sputter-Deposited Films 

Electron-beam deposited films had a similar microstructure to tungsten-f i lament 

evaporated films prepared under the same nominal condit ions. Var iat ions between the 

precise values of substrate temperature, deposition rate and residual gas pressure for 

the two processes may account for the smaller grain size and higher h i l lock density of 

the e - b e a m deposited f i lms. Further experiments are required to eva luate the importance 

of these parameters in the case o f e - b e a m deposition and to investigate the effects of 

p lanetary motion of the substrate during deposit ion. 

Sputter deposited films of pure a luminium had a much smaller grain size than 

evaporated films and had no f ibre texture . The addi t ion of 1 . 5 % si l icon suppressed 

h i l lock growth in these films and promoted a ( 1 1 1 ) f ibre tex ture . Particles of s i l icon 

were observed af ter chemical removal of the a luminium, but si l icon could not be 

detected in the A | - Si f i lm by e lectron microscopy and d i f f rac t ion . 

A deta i led investigation of the ear ly growth stages of sputter-deposited a luminium 

and A | - Si films may further the understanding of the dif ferences between these and 
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evaporated f i lms. 

7 . 6 Conclusions 

i) Evaporated aluminium films on amorphous Si C>2 fo l low the V o l m e r - W e b e r 

(island) growth mode. 

i i ) Continuous films have a log-normal grain size distr ibut ion. 

i i i ) The mean grain size increases w i t h deposit ion temperature slowly in the 

range 295 K to 475 K and rapid ly in the range 475 K to 675 K . 

iv) Post-deposition anneal ing causes grain growth but the process is slow a t 

temperatures of 450 K or less. 

v) G r o w t h hi l locks are suppressed by the use of high deposition temperature 

( 2 5 4 7 5 K ) , high deposit ion rate and good vacuum conditions. 

v i ) A l l evaporated 1 ^im thick a luminium films have a strong ( 1 1 1 ) f ibre 

tex ture . 

v i i ) E lectron-beam deposited films are very similar in structure to f i l a m e n t -

deposited f i lms. 

v i i i ) Sputter-deposited films are character ized by a small grain size and a 

random or ienta t ion . 



203 

C H A P T E R 8 

A REVIEW O F E L E C T R O M I G R A T I O N 

8 . 1 Introduction 

Electromigrat ion (or electrotransport) is the name given to the motion of atoms 

w h i c h results from the passage of a d i rect e lec t r ic current through a conducting 

mater ia l . Electromigrat ion in l iquid alloys was first reported by Gerard in in 1861 . 

Af ter electrolysis in the molten state, l e a d - t i n alloys were found to become br i t t le 

near one e lectrode and soft near the other , and sodium-mercury al loys were found to 

decompose water a t one end o n l y . These effects were at tr ibuted to motion of the metal 

ions in the appl ied e lec t r ic f i e l d , as in the electrolysis of molten salts. 

Electromigrat ion takes place much more slowly in solid metals than in l iquid 

metals and for a number of years it was thought that the phenomenon did not occur a t 

a l l in solids. However , in the ear ly 1930's, several experimentalists demonstrated 

e lectromigrat ion in solid metals by using suf f ic ient ly high current densities and 

temperatures. 

Later experiments ( e . g . those of Seith and Wever 1953 and Wever and Seith 

1955) showed that the d i rect ion of mass transport in cer ta in binary al loys was dependent 

upon the composition. The e f fec t was thought to be associated w i t h a modif icat ion of 

the band structure involv ing a change from e lect ron to hole conduct ion. Seith 

suggested that momentum transfer between the conduction electrons and the ions might 

provide the major part of the dr iv ing force for e lectromigrat ion. (The idea was 

or ig ina l ly proposed by Skaupy in 1914) . Wever extended the study to se l f -e lect romigrat ion 

in pure copper in 1956 . He observed the motion of scratches on the surface of specimens 

8 - 2 

carrying a current density of 2 x 10 A m over a period of one or two days. A t 

temperatures below 1 , 2 2 5 K the scratches moved towards the cathode, corresponding to 
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mass transport towards the anode. It was concluded that at these temperatures momentum 

transfer from the conduction electrons was responsible for e lect romigrat ion. A t higher 

temperatures the d i rect ion of mass f low was reversed. 

Early studies of e lectromigrat ion were mainly of purely academic interest, such 

as the study of the interact ion between point defects and charge carriers, though e l e c t r o -

migrat ion has been put to pract ica l use as a method of pur i f icat ion and isotope separation 

in molten metals. The most important pract ica l implications of e lectromigrat ion, however , 

have been in the f i e ld of r e l i a b i l i t y . Johnson (1938) found that tungsten lamp f i laments 

powered by d i rect current developed stepped surfaces w h i l e a . c . - p o w e r e d f i laments 

reta ined smooth surfaces. The steps, wh ich could lead to thinning and fa i lure of the 

f i l ament , were at tr ibuted to e lectromigrat ion a long the surface of the f i l ament . 

In 1966 Blech and Sello ident i f ied many of the open -c i rcu i t fai lures of 

a luminium contact meta l l izat ions as being due to e lectromigrat ion damage. The 

e f f i c i e n t heat sinking of these thin f i lm metal l izat ions permits operat ion at current 

densities much greater than those encountered in "bulk" conductors, and e lectromigrat ion 

is consequently r e l a t i v e l y rap id . Most of the recent interest in e lectromigrat ion has been 

stimulated by the need for more re l iab le thin f i lm metal l izat ions and though much progress 

has been made, e lectromigrat ion continues to be a problem as the scale of device 

geometries is reduced. 

In this chapter the various theories of e lectromigrat ion in solid metals are o u t -

l ined , and the exper imental approaches to bulk and thin f i lm electromigrat ion studies 

are br ie f ly described. The nature of e lectromigrat ion damage in thin f i lm metal l izat ions 

is then discussed, w i t h consideration of both the microscopic damage mechanisms and the 

statistical aspects of f a i l u r e . The scope of this chapter is necessarily l imi ted , and 

emphasis is p laced on e lectromigrat ion fa i lure in pure a luminium meta l l i za t ions. The 

exce l l en t rev iew papers by d 'Heur le and Rosenberg (1973) and d 'Heur le and Ho (1978) 
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cover some other aspects of e lectromigrat ion damage, including a l loy ing effects and 

e lectromigrat ion in other pure metals, w h i l e Verhoeven (1963) reviews the ear ly 

theoret ica l developments. 

8 . 2 Theory 

A metal can be considered as an array of positive ions in a " f lu id" of conduction 

electrons. The charge on each ion is equal to Z e where Z is the va lence and - e is the 

charge on the e lec t ron . If screening by the conduction electrons can be neglected , in 

an e lec t r ic f i e ld E the ions exper ience an electrostat ic force of magnitude 

directed towards the cathode. Huntington (1975) claims that screening by the conduction 

electrons does not a f fec t the electrostat ic force exper ienced by the ion, since the ion's 

motion does not cause any net displacement of the e lect ronic f l u i d . Early theories, such 

as those due to Wagner (1933) considered e lectromigrat ion as a result of the e lectrostat ic 

interact ion o n l y , and hence gave poor agreement w i t h exper iment . 

In 1959 Fiks constructed a theory of e lectromigrat ion wh ich took into account 

both the electrostat ic and " f r ic t iona l" or "e lectron wind" forces. The latter force is 

ca lcu la ted by considering the collisions between the conduction electrons and a moving 

ion. The conduction electrons are treated as being f r e e , and in each col l is ion the 

e lec t ron is assumed to lose a l l the addi t ional momentum which it gained during 

acce lera t ion in the e lec t r ic f i e ld since the previous col l is ion. This momentum is equal 

t o e E r where f is the mean time between collisions and is equal to the mean free 

path { r d iv ided by the mean dr i f t v e l o c i t y V . The number of collisions per unit t ime 

is equal to n v Z where n is the number density of conduction electrons, and £ is the 

scattering cross section of ions for electrons. The f r ic t ional force on an ion is hence 

Z (8.1) 
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given by : 

e E C n Z (8.2) 

The minus sign indicates that the f r ic t ional force is opposed to the electrostat ic force . 

The resultant force F on an ion is therefore g iven by : -

The f r ic t ional force exper ienced by an ion varies over the diffusion jump, being 

a maximum at the saddle point and a minimum at each la t t ice si te . The potent ia l barrier 

for an ion making a diffusion jump is reduced in the d i rect ion of the resultant force and 

increased in the opposite d i rec t ion , thus causing a net f low of ions. The d i rect ion of 

the mass f low depends on the re la t ive magnitudes of the electrostat ic and f r ic t ional 

components of the dr iv ing force . Experiment shows that for simple e lect ron conductors, 

such as sodium, e lectromigrat ion proceeds towards the anode, indicat ing that the 

f r ic t ional force is dominant . 

A similar theoret ical model was put forward by Huntington and Grone in 1961 . 

Electrons are again assumed to be scattered only by defects in the crystal l a t t i c e , w h i c h 

can be vacancies or interst i t ials. (Self e lectromigrat ion in a pure metal is thought to 

occur by a vacancy mechanism) . These defects are assumed to be decoupled from the 

l a t t i c e , resulting in scattering wi thout the creat ion or ann ih i la t ion of phonons. The 

rate of momentum transfer from the conduction electrons to the ions is ca lcu la ted using 

a quantum mechanical argument in wh ich the e lect ron momentum is expressed as the 

e lectron rest mass m^ mult ip l ied by the group ve loc i ty of the Bloch wave y . The 

f r ic t ional force on each defect is thus found to be : -

F ( 8 . 3 ) 

( 8 . 4 ) 

Afc e r 
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where j is the e lec t r ic current density. Equation ( 8 . 4 ) is equiva lent to equat ion ( 8 . 2 ) 

der ived by Fiks. The col l is ion time *C can be expressed in terms of the defect 

contr ibut ion to the e lec t r ica l resistivity p ^ , using the equat ion : -

PJL — 1 * 1 * 1 ( 8 - 5 ) 

n e l r 

where n is the number density of electrons and m* is the e f fec t ive mass of the conduction 

electrons. Equation ( 8 . 4 ) may thus be rewr i t ten : -

Ff — - n e j pjL ro0 ( 8 . 4 - a ) 

A / j \m*\ 

Replacing j by the e lec t r i c f i e l d E d iv ided by the total resistivity p and n by the number 

density of ions N times the va lency Z , Huntington obtains : -

F f = - e E Z A/ ^ m 0 (8.6) 

f> ty \ r v ? \ 

Since this equat ion contains only the modulus of the e f fec t ive mass, the d i rect ion of 

e lectromigrat ion is independent of the band structure, contrary to exper imental e v i d e n c e . 

A modif ied version of the theory (Hunt ington and Ho 1963) uses the pseudo-momentum 

( i . e . the momentum of the e lect ron plus la t t ice) fc k instead of m 0 v^ , w i t h the result 

that the d i rect ion of the f r ic t ional force depends on the sign of the e f fec t i ve e lect ron 

mass : -

F , = - e E Z ^ * 

P tiji I * ) I 

29 - 3 

The density of conduction electrons is of the order of 10 m and their average 

ve loc i ty is around 10^ ms \ Hence , for a defect w i t h a col l is ion cross section of 
- 1 9 2 1 6 - 1 10 m the rate of collisions is approximately 10 s . Because the exclusion 
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pr inciple limits scattering to those electrons near the Fermi surface, only a f ract ion 

1%) of col l is ion gives rise to scatter ing. Since the time required for an ion 

- 1 3 

moving at thermal ve loc i ty to travel one la t t ice distance is around 10 s, it appears 

that an ion experiences approximately 10 scattering events during a la t t ice diffusion 

jump. The e f fec t of e l e c t r o n - i o n collisions may therefore be approximated by a 

continuous force on the ion. 

The var ia t ion of the f r ic t ional force a long a jump of length a in d i rec t ion y is 

assumed to be : -

F f ( y ) = Fe s . v f r r j / a ) (8.8) 

The potent ia l barrier for the la t t ice jump is thus increased in one d i rect ion and reduced 

in the other d i rect ion by an amount 

A Q i = ftty^j 

— J _ a j F . c o s fy ( 8 9 ) 

4 
where is the angle between the jump and the d i rect ion of the f r ic t ional fo rce . 

J 
The net f low of ions caused by e lectron collisions is thus given by : -

Tf = Y,c« aj ft 

(8.10) 

where y is the frequency of atomic vibrat ions, c is the concentrat ion of ions in the 

meta l , Q is the ac t iva t ion energy for vacancy diffusion and represents the summation 
j 

Z 
over a l l possible jumps. 

J^ can be expressed in terms of an uncorrelated diffusion coef f ic ient :• 
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T , = c D0 e x p r ^ r ) ^ ( s . i i ) f r k z k T 

where D = I V Y C L c . o s & ( 8 - 1 2 ) 

° T ° Z - + J J 

Equation ( 8 . 1 1 ) differs from the Nernst -Einste in re la t ion only in the factor of 2 

in the denominator , which results from the averaging of the f r ic t ional force over the 

jump length. 

Huntington expressed the total force on the moving ion, resulting from both 

the electrostat ic and f r ic t ional contributions, as Z * e E . e Z * is the "e f fec t ive charge" 

g iven by 

eZ*=z eZ I I — 1 f>*N 

( 8 . 1 3 ) 

Al though this terminology is commonly used in the l i te ra ture , i t is f e l t by the 

author to be misleading as the terms "e f fec t ive charge" or "e f fec t ive va lency" when 

used in this context have no bearing on the actual charge associated w i th the moving 

ion. The terms merely indicate the magnitude and d i rect ion of the resultant force on 

a moving metal ion in an appl ied e lec t r i c f i e l d . The resultant f lux of ions due to the 

e lectrostat ic and " f r ic t iona l" forces is g iven by : -

Tt — c Do expj-^j^Z*e E (8.i4) 
k T 

The v e l o c i t y v of a marker in a metal specimen is re la ted to the net ion f low by 

y _ oc vTt ( 8 . 1 5 ) 

C 

where oC. ^ 1 takes into account changes in the dimensions of the sample due to the 

creat ion or ann ih i la t ion of vacancies. 

O n e serious l imi tat ion of the Fiks and Huntington approaches is the d i f f i c u l t y 
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in determining how the momentum of the scattered charge carriers is distributed between 

the "ac t iva ted complex" ( e . g . moving ion -vacancy) and the surrounding l a t t i c e . This 

problem is avoided in the theory of Bosvieux and Friedel ( 1 9 6 2 ) , in w h i c h the net force 

on a moving ion or defect resulting from polar iza t ion of the e lect ron charge distr ibution 

is considered. The de ta i led quantum mechanical calculat ions w i l l not be reproduced 

here, but q u a l i t a t i v e l y the argument is as fo l lows. A posit ively charged defect perturbs 

the trajectories of the conduction electrons so as to increase their ve loc i ty on the cathode 

side of the defect and reduce the v e l o c i t y on the anode side. This results in an increase 

in the e lect ron charge density "downstream" from the defect and a corresponding increase 

"upstream". The net result is a loca l i zed e lec t r ic f i e ld wh ich tends to draw the defect 

towards the anode. For hole conduction the resultant force acts in the opposite d i rec t ion . 

In the case of interst i t ial migrat ion, the Bosvieux and Friedel theory gives the same net 

force as the Huntington theory. However , for the case of vacancies and substitutional 

impuri t ies, the results are somewhat d i f fe ren t . 

The theories considered so far have a l l been based on the free e lect ron model for 

a meta l . Al though reasonable results were obtained for pure e lect ron and pure hole 

conduct ion, the theories cannot be appl ied rigorously to metals w i t h complex band 

structures. The polar iza t ion model has been developed further by Sorbello (1973) by 

using pseudopotential theory to determine the e lect ron charge distr ibut ion. Real metal 

properties can thus be incorporated into the model , and good agreement w i th exper imental 

data has been obta ined . 

8 . 3 Experiments on Single Crystals 

Latt ice e lectromigrat ion in single crystal specimens of various pure metals has 

been investigated by observing the motion of markers on the specimen surface or rad io -

ac t ive tracers w i t h i n the specimen. The marker or tracer veloci t ies are used to determine 
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D ^ Z * by app l ica t ion of equat ion ( 8 . 1 5 ) for the Huntington theory (or the corresponding 

equations for the other theories). By making measurements over a range of temperatures 

the ac t iva t ion energy for e lectromigrat ion can be obta ined . In order to determine Z * , 

D must be eva luated by a separate diffusion exper iment . 

G i l d e r and Lazarus (1966) used a rad io - t racer technique to investigate e l e c t r o -

migrat ion and self diffusion in gold single crystals. A n ac t iva t ion energy for e l e c t r o -

migrat ion of 1 . 9 + 0 . 1 e V was obta ined, in good agreement w i t h their va lue of 

- 5 

1 . 8 3 + 0 . 0 1 e V for the self diffusion ac t i va t ion energy. D was found to be 2 x 10 

g iv ing a va lue for Z * of - 9 + 1 at 1148 K ( i . e . e lectromigrat ion was towards the anode) . 

Electromigrat ion in a luminium single crystals was studied by Penney ( 1 9 6 4 ) , using 

surface scratches as markers. The value of 1 . 4 e V obtained for the ac t iva t ion energy is in 

exce l l en t agreement w i t h the va lue of 1 . 4 + 0 . 1 e V obtained by Spokas and Sl ichter (1959) 

in a self diffusion exper iment . Penney found Z * to be strongly temperature dependent , 

ranging from - 1 2 a t 1173 K to - 3 0 a t 1023 K . t h e above results are consistent w i t h a 

vacancy model of la t t ice e lect romigrat ion, where the ac t iva t ion energy is equal to the 

sum of the energies for vacancy formation and vacancy mot ion. 

8 . 4 Experiments on Poly crystal l ine Thin Films 

Electromigrat ion in poly crystal l ine thin films differs from electromigrat ion in 

single crystals in that the former is dominated by the presence of grain boundaries wh ich 

may act as fast diffusion paths and vacancy sources or sinks. It is the effects of grain 

boundary e lectromigrat ion w h i c h lead to degradat ion in thin f i lm contact meta l l i za t ions . 

There are two basic types of thin f i lm e lectromigrat ion exper iment : (a) d i rect 

measurements of some parameter wh ich can be re lated to the mass transport and used 

to determine the ac t iva t ion energy, diffusion c o e f f i c i e n t , e t c . ; and (b) r e l i a b i l i t y 

studies in wh ich the effects of cer ta in parameters on the damage rate are invest igated. 
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In this sect ion, experiments of type (a) w i l l be considered. Electromigrat ion damage 

and r e l i a b i l i t y w i l l be treated in sections 8 . 5 to 8 . 7 . 

8 . 4 . 1 Measurement techniques 

Measurements are usually carr ied out a t a temperature of less than half the 

mel t ing point of the meta l , where the la t t ice contr ibut ion to the mass f low is neg l ig ib le . 

10 - 2 

Current densities of the order of 10 A m are commonly used to provide reasonably 

rapid mass transport. It is imperat ive that the temperature distr ibution a long the specimen 

(usually in the form of a narrow stripe w i t h large end pads) is uniform. The sample 

geometry and f i lm-substrate adhesion must therefore be care fu l ly contro l led . The precise 

dimensions of the stripe must also be known in order to determine the current density , and 

idea l ly a l l specimens should have the same grain structure. 

The most d i rect method of measuring the e lectromigrat ion parameters of thin 

films is the radioact ive tracer technique employed by Sun and Ohr ing (1976) and Tai 

and Ohr ing ( 1 9 7 7 ) . Samples were prepared by first evaporat ing approximately 4 0 0 nm 

of the metal through a mask to form a stripe on a glass substrate. A narrow band of the 

tracer isotope was then evaporated across the stripe and annealed for a suff icient time 

for i t to diffuse into the metal f i l m . The specimen was then subjected to the required 

temperature and current density for a f ixed per iod. M o t i o n of the band of tracer was 

detected e i ther by use of a specia l ly constructed scanning sc in t i l la t ion counter or by 

a technique of autoradiography in wh ich the radiotracer formed its own image on a 

photographic p l a t e . The technique has apparent ly been appl ied successfully only to 

gold and t in films because of the a v a i l a b i l i t y of suitable isotopes. The results are 

r e l a t i v e l y easy to interpret as they y ie ld the dr i f t v e l o c i t y d i r e c t l y . The same specimen 

geometry can also be used to study self diffusion in thin f i lms. 

Another method of measuring the dr i f t ve loc i ty makes use of a thin f i lm stripe of 
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the metal on a substrate of high resist ivi ty (see f igure 8 . 1 ) . W h e n a vo l tage is app l ied 

the current is constrained to f low through the sample stripe because of its low resist iv i ty . 

E lectromigrat ion causes metal to be dep le ted from one end of the stripe and accumula ted 

at the o ther . The motion of the end of the stripe is measured by op t ica l microscopy and 

the dr i f t v e l o c i t y hence de termined . This technique has been used by Blech and 

Kinsbron (1975) to study e lect romigrat ion in gold films on molybdenum substrates and by 

Blech (1976) to study a luminium films on t i tan ium n i t r ide . 

Measurement of the amount of mass accumula t ion or dep le t ion in a convent ional 

conduct ing stripe has also been used to invest igate e lec t romigra t ion in thin f i lms. The 

passage of a d i rec t current usually results in the format ion o f hi l locks a n d / o r voids in the 

f i l m due to d ivergence of the mass f lux a t cer ta in structural defects (see sect ion 8 . 5 . 2 ) . 

However , in the absence of such effects a more uniform thickness change occurs. The 

total amount of mass accumula t ion or dep le t ion is equal to the net mass transport and 

can be determined by measurement of the tota l volume of hi l locks or voids. Several 

methods have been adopted . Blech and M e i e r a n (1969) used transmission e lec t ron 

microscopy to record void format ion in an in -s i tu exper iment . A 300 nm a luminium 

f i l m was evaporated onto o x i d i z e d s i l icon and photo l i thographica l ly processed to form 

a stripe 2 5 p m w i d e and 2 8 0 pm long on a 3 mm square d i e . A hole was e tched in the 

s i l icon through a mask, to leave the centra l area of the test stripe suspended on a 100nm 

layer of S i O ^ (see f igure 8 . 2 ) . The sample was held in a spec ia l ly constructed holder in 

the e lec t ron microscope and d i rec t current was passed a long the str ipe. Joule heat ing 

caused the temperature of the suspended region o f the stripe to r ise, w h i l e the ends 

remained near ambient temperature . This temperature prof i le caused vo id formation 

near the ca thode , and h i l lock and whisker growth near the anode (see section 8 . 5 . 1 ) . 

The total volume of voids was determined from e lec t ron micrographs and the mean 

dr i f t v e l o c i t y was taken to be the rate of increase of the void volume d iv ided by the 
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EoqE COLD material 

Sample conf igura t ion used by Blech and Kinsbron(1975) to measure d r i f t v e l o c i t y 

in th in gold f i lms. 

F I G U R E 8 . 1 

ELECTRON 
BEAM 

PlL FILM 

250pm 
S\L\coN 

100 nM 
S t C L 

TEM 

The sample conf igura t ion in the in -s i tu T E M exper iment of Blech and M e i e r a n (1969 ) 

FIGURE 8 . 2 
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cross sect ional a rea of the s t r ipe . 

Rosenberg (1970 ) used scanning e l e c t r o n micrographs to measure vo id and 

h i l l o c k growth in a lumin ium f i lms. This technique does not necessitate th inn ing of the 

w a f e r , and hence gives a more e v e n temperature d istr ibut ion a long the test s t r ipe . 

We ise (1972 ) determined the mass distr ibut ion a long a 1 pm th ick a lumin ium test stripe 

on a thinned s i l icon substrate by measurement of the transmitted intensity of a scanning 

high energy e l e c t r o n b e a m . He de tec ted local thickness var iat ions ( i . e . voids and 

hi l locks) superimposed on an overa l l redistr ibut ion of mass from the cathode to the 

anode . Mass accumula t ion or d e p l e t i o n measurements c a n be used to determine the 

a c t i v a t i o n energy for e lec t romigra t ion in th in f i lms and the product D q Z * . The e f f e c t i v e 

charge and the di f fusion c o e f f i c i e n t c a n n o t , h o w e v e r , be determined i n d i v i d u a l l y . 

Dur ing the passage of d i r e c t current through a test s t r ipe , the e l e c t r i c a l resistance 

is seen to change w i t h t i m e . Such changes can be caused by mass accumula t ion and 

d e p l e t i o n or by changes in the f i l m microstructure. Hummel e t a l ( 1976 ) found that in 

the e a r l y stages of e lec t romigra t ion the resistance changes resulted o n l y from small 

changes in thickness a long the stripe due to l o c a l i z e d f lux d ivergences . In this regime 

the mean dr i f t v e l o c i t y was shown to be g iven by : -

V = ^ R _ L ( 8 . 1 6 ) 

Ro t 

where A R/R is the f rac t iona l change in resistance a f ter t ime t and L is the length of 
o 

stripe b e t w e e n the points of measurement. Stripes w i t h several measurement e lectrodes 

were used so that the v a r i a t i o n of ion v e l o c i t y a long the stripe could be determined 

( f igure 8 . 3 ) . The temperature a t the centre of the stripe was measured by a th in f i l m 

thermocouple . A c t i v a t i o n energy can be determined e i ther by testing several stripes 

a t d i f f e ren t temperatures and ob ta in ing the dr i f t v e l o c i t y as a funct ion of temperature , 

or by suddenly increasing the temperature of one test stripe and measuring the change 
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The sample conf igurat ion used by Hummel et a l (1976) to measure resistance changes 

a long a meta l l i za t ion str ipe. 

F IGURE 8 . 3 

T ?C) 

Compi la t ion of results for e lectromigrat ion in pure aluminium films by several 

workers (from d 'Heur le and Ho 1978) . 

F IGURE 8 . 4 



217 

in slope of the resistance versus time curve . The latter method was employed by 

Rosenberg and Berenbaum (1968) to measure the ac t iva t ion energy for e lectromigrat ion 

in a luminium f i lms. The resistometric technique is simple to use, but it only al lows 

the ac t iva t ion energy to be measured. Moreover , i t is an indirect method, and its 

v a l i d i t y depends upon the correct relat ionship between resistance change and rate of 

e lect romigrat ion . 

Some workers have used l ifetest data to obta in an "ac t iva t ion energy" for 

e lectromigrat ion in thin f i lms. The results should be treated w i th caut ion since the 

open c i rcui t fa i lure modes due to e lectromigrat ion damage are complex and effects 

other than straightforward e lectromigrat ion may be of importance (see section 8 . 6 ) . 

W h e n measurements of ionic f lux are used to determine the e lectromigrat ion 

parameters of polycrystal l ine thin f i lms, account must be taken of the role p layed by 

the grain boundaries. If the temperature is low enough so that la t t ice diffusion may 

be neglected ( i . e . e lectromigrat ion occurs solely v i a the grain boundaries), then 

equat ion ( 8 . 1 4 ) may be rewr i t ten as : -

T, = 
5 i 4 T 

where the subscript g refers to grain boundary parameters (which are in general d i f ferent 

from the corresponding bulk parameters), S is the e f fec t ive grain boundary width and 

d is the mean grain s ize . 

8 . 4 . 2 Results and Discussion 

Measurements of e lectromigrat ion in a luminium thin films have been made using 

most of the techniques described above . Results from a number of studies have been 

compiled by d 'Heur le and Ho ( 1 9 7 8 ) , and are shown graphica l ly in f igure 8 . 4 . The 

large discrepancies (up to 2 orders of magnitude) between the experimental values of 
ait-

S O o Z . Q r e thought to result from errors in temperature measurement and ca l ibra t ion 
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of the amount of mass transport and from differences between the microstructures of 

the various f i lms. However , the slopes of the curves (which are proportional to the 

ac t iva t ion energy) are roughly e q u a l . Two of the curves have an abrupt change in 

gradient at approximately 625 K . This is thought to indicate the onset of la t t ice 

e lectromigrat ion at this temperature as the slope of the curves above 625 K gives an 

ac t iva t ion energy of around 1 . 4 e V . Since an independent measurement of D does 

not appear to have been made, it is not possible to separate the va lue of Z * from the 
9 

product & D Z * . Z * is known to be posit ive, however , as in a l l cases the net mass 
9 9 9 

f low was towards the anode. 

The ac t i va t ion energies for e lect romigrat ion, measured by various experimental ists, 

are listed in table 8 . 1 . The results are remarkably consistent, considering the w ide range 

of exper imental techniques employed. The ac t iva t ion energies range from 0 . 5 e V to 

0 . 7 e V and are therefore roughly hal f of the va lue for la t t ice e lect romigrat ion. These 

values are consistent w i th the hypothesis that e lectromigrat ion in thin films takes p lace 

predominantly v i a the grain boundaries. A model for grain boundary diffusion put 

forward by G i f k i n ( 1 9 6 7 ) , in wh ich a high angle grain boundary is considered as an 

array of vacancy channels, predicts an ac t iva t ion energy between 0 . 7 e V and 1 . 1 e V 

for a lumin ium. This is in reasonable agreement w i t h the results from electromigrat ion 

experiments. It is possible that the measured ac t iva t ion energies for grain boundary 

diffusion and e lectromigrat ion may di f fer s l ight ly , because of the (unknown) temperature 

dependence of Z * . A sel f -d i f fusion experiment using polycrystal l ine a luminium films 
9 

does not appear to have been carr ied out . 

The possible effects of surface e lectromigrat ion in these thin f i lm studies cannot 

be ruled ou t . However , radiotracer experiments using gold films have shown that the 

ac t iva t ion energies for e lectromigrat ion and diffusion in the plane of the f i lm are equal 

to the ac t iva t ion energy for diffusion normal to the f i lm plane (Gupta e t al 1973) . In 
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the latter case the effects of surface diffusion are neg l ig ib le . Hence it appears that 

atomic transport is dominated by the grain boundaries. 

8 . 5 Electromigrat ion Fai lure Modes 

Electromigrat ion fa i lure in thin f i lm metal l izat ions rarely results from an overa l l 

thinning of the conductor due to the net f low of mass between the electrodes. Fai lure 

usually occurs as a result of void formation which increases the resistance of the 

conductor and eventua l ly causes an open c i rcu i t to deve lop . Other e lectromigrat ion 

fa i lure modes include the shorting together of ad jacent conductor stripes by hi l locks 

<?r whiskers and the dissolution of s i l icon at A | - S i contacts. These fa i lure modes are 

associated w i t h structural defects or temperature gradients, which give rise to 

divergence of the e lectromigrat ion f l u x . The microstructure and thermal properties of 

the meta l l izat ions therefore determine their susceptibi l i ty to e lectromigrat ion damage. 

In this sect ion, models for the various fa i lure modes w i l l be discussed and the exper imental 

ev idence for their occurrence r e v i e w e d . 

8 . 5 . 1 Temperature Effects 

As can be seen from equat ion ( 8 . 1 7 ) , the e lectromigrat ion f lux depends 

exponent ia l ly on the f i l m temperature. Thus, dif ferences in temperature a long a 

meta l l i za t ion track w i l l result in variations in the'rate of mass f low over its length, 
i 

Such temperature variat ions may arise from dissipation in ac t ive devices on the die or 

from Joule heat ing in the meta l l i za t ion i tsel f . A typical temperature prof i le due to 

Joule heat ing is shown in f igure 8 . 5 a (d 'Heur le and Ho 1978) . The resulting atomic 

f lux due to e lectromigrat ion varies along the length of the conductor, as shown in 

f igure 8 . 5 b . The gradient of this curve gives the divergence of the atomic f lux 

(f igure 8 . 5 c ) . Mass deple t ion is expected to occur in regions where the f lux divergence 

is positive ( i . e . near the cathode) and mass accumulat ion where the divergence is 
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(a.) 

(b) 

(c) 

Flux divergence due to Joule heating in a thin f i lm conductor stripe (from d'Heurle 

and Ho 1978). 

FIGURE 8 . 5 
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Flux divergence and void growth at a grain boundary triple-point (from Rosenberg 

and Ohring 1971). 
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negative ( i . e . near the anode). This effect was observed by Blech and Meieran 

(1969) in their in-situ TEM experiments, where the re lat ively large temperature 

gradient along the suspended section of the track caused the formation of voids 

near the cathode and hillocks near the anode. These workers also noted that when 

the direction of the current was reversed, the mass flow reversed, causing the voids 

to shrink and f ina l ly disappear. 

Under normal conditions, however, where the metal l izat ion is in good thermal 

contact wi th the substrate, the temperature rise due to Joule heating is much smaller. 

Calculations by Chang and Huang (1976) have shown that the steady state temperature 

at the mid-point of a 120 yjm long aluminium track on a silicon substrate is only 4 K 

10 -2 

above ambient, for a current density of 1 x 10 A m . In pract ice, temperature rises 

are certainly no larger than this, as shown by Stephens and Sinnadurai (1974) , using 

liquid crystals to measure the track temperature. Consequently, mass accumulation 

and depletion due to a temperature gradient are rarely seen under normal device 

operating conditions. For example, in an experiment by Hersener and Ricker (1973) , 

in which electromigration damage in aluminium metallizations on oxidized silicon was 

observed in-situ in a scanning electron microscope, void and hil lock formation were 

seen to occur randomly along the conductor. It was therefore concluded that thermal 

effects were negligible in comparison with the effects of structural irregularities, even 
10 - 2 

for current densities as high as 2 x 10 A m . 

At sites of non-adhesion between the metal l izat ion and substrate, the local 

temperature rise has been shown to lead to rapid electromigration fa i lure . Rosenberg 

and Berenbaum (1968) demonstrated this phenomenon in aluminium films on rocksalt, 

where the adhesion is poor. However, aluminium generally adheres wel l to Si O ^ 

unless there is some deficiency in the metal l izat ion process (see Chapter 5) and 

localized "hot-spots" are not common in pract ice. 
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8 . 5 . 2 G r a i n Boundary Effects 

Because electromigration in thin films occurs mainly v ia the grain boundaries, 

the majority of damage sites are associated wi th certain irregularities in the grain 

boundary network. In films consisting of small grains of uniform size, the major 

potential damage site is thought to be the three-grain-boundary junction (often 

cal led a "tr iple point") . The damage mechanism at such a site has been analyzed 

by Rosenberg and Ohr ing (1971) . They considered the growth of a cyl indrical void 

of radius r at the intersection of 3 grain boundaries, which are approximated by 

rectangular slabs of ef fect ive width £ and height equal to the f i lm thickness h. (See 

figure 8 . 6 ) . The net flow of vacancies into the growing void consists of three possible 

components. 

(1) The 

n e t f lux of vacancies A J along the grain boundaries resulting from 

electromigration : 

^ Tv — c v Z * e E (d^icosck1 -D52oos<x2 - D 5 z c o s * 3 ) 

k T <8-19) 

where c is the vacancy concentration, D is the grain boundary di f fusivi ty , is v g 

the angle between the grain boundary and the direction of current f low and the subscripts 

1, 2 , 3 refer to the three grain boundaries. 

(2) The net vacancy flux from the grain boundaries into the void due to any b iax ia l 

stress in the f i lm . 

(3) The vacancy f lux away from the void to nearby sinks (such as other grain 

boundaries or the f i lm surfaces). 

The latter two contributions are bel ieved to be negl igible in comparison wi th 

the vacancy f lux due to electromigrat ion. The rate of growth of the void is thus given 

b y : 
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d r 

d t 

S I S A T v 

2TT r (8.20) 

where is the atomic volume. 

10 -2 

For a 500 nm thick aluminium f i lm carrying a current density of 7 x 10 A m 

at 373 K , Rosenberg and Ohring calculated that the time required for a void to grow 

to a diameter equal to the f i lm thickness is between 10 and 100 hours. This is in order 

of magnitude agreement wi th the "incubation time" for the appearance of voids reported 

by the same workers. 

Before a void can grow, nucleation from a supersaturation of vacancies must 
c i 

occur. Rosenberg and Ohring calculated the vacancy supersaturation (equal to ' 

where c^ is the equilibrium vacancy concentration) due to grain boundary e lectro-

migration at a triple point in the presence of vacancy sinks at a mean distance of 

100 nm. The steady state supersaturation was found to be less than 1. Homogeneous 

void nucleation is therefore unl ike ly . The authors suggested the intersections of grain 

boundaries wi th the native Al O layer as possible sites for preferred nucleation. In 
z o 

view of the A| - Si O ^ interface structure (see Chapter 4) void nucleation at silicon or 

aluminium oxide particles in the A| - Si O ^ interface also seems plausible. The time 

taken for the vacancy supersaturation to attain its steady state value is of the order of 

several minutes. Vo id formation is thus a growth-controlled process. 

A consequence of the f ini te time required to achieve vacancy supersaturation 

is the reduced electromigration damage rate under pulsed d . c . loading conditions. 

This effect has been observed by English et al (1972) in T i - A u films. 

Vo id formation at grain boundary triple points has been observed by a number 

of workers ( e . g . d'Heurle and Rosenberg 1973). Hillocks and whisker- l ike growths 

have also been seen to emanate from grain boundary junctions ( e . g . Berenbaum and 

Rosenberg 1969) as expected on the basis of the Rosenberg and Ohring model if the 
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triple point is arranged so as to produce a negative divergence of the mass f lux . 

The effect i veness of the grain boundary triple point as a source of e lectro-

migration damage is dependent upon the differences between the rate of mass transport 

in the three grain boundaries involved. For equal grain boundary diffusivities and 

equil ibrium dihedral angles, no flux divergence results, regardless of the orientation 

of the triple point wi th respect to the current f low. The properties of a grain boundary 

are highly anisotropic and depend on the orientation mismatch between the grains. 

Therefore, in a textured f i lm, where the mismatch is similar for a l l grain boundaries, 

the triple point is expected to be less effect ive as a damage site. There is some 

experimental evidence in support of this hypothesis. For example, Attardo and 

Rosenberg (1970) claimed a longer median l i fet ime, higher "activat ion energy" and 

smaller standard deviation of the fai lure distribution (see section 8 . 6 . 2 ) for aluminium 

films wi th a ( 1 1 1 ) fibre texture than for randomly oriented films. As the textured 

f i lm also had the larger grain size, the reduced damage rate may not have been whol ly 

due to the orientation e f fect . However, the smaller standard deviation is thought to 

indicate that fewer fai lure modes were operative in the textured f i lm. The higher 

"act ivat ion energy" is easily understood in terms of the dislocation model of a t i l t 

boundary. In a f i lm with a strong ( 1 1 1 ^ fibre texture, the grain boundaries are 

formed by a t i l t about the ( 1 1 1 ) axis which is normal to the f i lm plane. The grain 

boundary dislocations are therefore also normal to the f i lm plane and to the direction 

of current f low. Atomic transport occurs more readily along the dislocations than in 

a direction normal to them. The act ivat ion energy for electromigration is therefore 

higher in a textured f i lm than in a randomly oriented f i lm in which some of the grain 

boundary dislocations are at low angles to the direction of current f low. 

In textured films, therefore, electromigration damage is dominated by a different 

type of structural irregularity. This is the boundary between localized regions of the 
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metal l izat ion which have widely different grain sizes. Such situations arise because 

of the broad distribution of grain sizes normally present in thin films, and are 

particularly common where the median grain size is comparable wi th the track width . 

The result is an abrupt change in the number of grain boundary electromigration paths, 

which gives rise to a divergence of the mass flux (see figure 8 . 7 ) . Where the electron 

flow is from a region of large grain size to a region of small grain size, void formation 

occurs. This type of damage mode has been shown to account for approximately 80% 

of failures in large-grained aluminium. The situation is particularly damaging if a 

single large grain spans the stripe. 

A similar damage mode occurs at the boundary between textured and randomly 

oriented grains. The textured region has a lower grain boundary diffusivity and tends 

to block the electromigration f lux . This was demonstrated by Howard and Ross (1968) 

in an aluminium stripe, half of which was deposited onto single crystal silicon (to give 

a textured region) and half onto amorphous Si O ^ (to give a randomly oriented region). 

When electrons flowed from the textured to the random region, void formation occurred 

at the boundary. 

8 . 5 . 3 Surface Effects 

The roles played by the "free" aluminium surface and the A| - Si O 2 interface 

in electromigration damage mechanisms are poorly understood. The activat ion energy 

for diffusion on a clean surface is certainly no larger than that for grain boundary 

diffusion, so some flow of surface atoms would be expected. This flow may be restricted 

in real films by the presence of a native oxide. The transport properties of the A| - Si O , 

interface are l ikely to depend on the chemical and crystalline state of the interfacial 

reaction zone (see Chapters 3 , 4 and 5) and are even less clearly understood. The A| -

S i 0 2 interface, however, seems a more l ikely path for electromigration than the "free 

surface", since the interface has a disordered polycrystalline structure, whereas the 
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Electromigration failure sites: (a) large grain size divergence; (b) moderate grain 

size divergence (from Attardo and Rosenberg 1970). 

FIGURE 8 . 7 

Grain boundary groove model for void growth (from Rosenberg and Ohring 1971). 

FIGURE 8 . 8 
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surface of aluminium has a uniform covering of amorphous oxide. The effects of surface 

and interface electromigration, if they do occur, are not known. 

The surfaces of a thin f i lm conductor may contribute to electromigration damage 

by acting as sources or sinks for vacancies. An example of this type of behaviour is the 

grain boundary grooving model of electromigation damage proposed by Rosenberg and 

Ohring (1971) . If there is a divergence in the grain boundary electromigration f lux , 

excess vacancies w i l l f low into the tip of a grain boundary groove (see figure 8 . 8 ) . 

The equilibrium dihedral angle of the groove is thus disturbed and atoms diffuse along 

the f i lm surface to restore the equilibrium angle. The process continues with progressive 

deepening of the groove until a hole and eventual ly an open circuit is formed. The 

rate of void growth by this mechanism is thought to be similar to that due to flux 

divergence at a triple point. However, unlike the damage modes described in section 

8 . 5 . 2 , the grain boundary grooving model does not depend upon a nucleation stage and 

can occur at any level of vacancy supersaturation. Enhanced grain boundary grooving 

during electromigration has been observed in thin films of silver (Berenbaum and 

Rosenberg 1969), but similar effects in aluminium films have not been reported. 

Presumably, the native oxide of aluminium ef fect ive ly blocks surface diffusion. 

However, the A| - Al O interface structure is not known in deta i l , and its effect on z o 

surface diffusion is not c lear ly understood. 

8 . 5 . 4 Contact Effects 

A t the A| - Si contacts, the aluminium electromigration flux is obviously dis-

continuous. Where electrons flow from aluminium into si l icon, accumulation of 

aluminium occurs, resulting in the growth of hillocks and whiskers. Where electrons 

flow from silicon into aluminium, silicon migrates into the metal l izat ion and is carried 

away from the contact by electromigration (Black 1969). This process leads to the 

formation of etch pits in the sil icon, which can become f i l led with aluminium and hence 
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cause shorts between adjacent diffusion layers. Excessive Joule heating due to current 

crowding at the contact is believed to accelerate the degradation process (Prokop et al 

8 . 6 Accelerated Life Testing and the Assessment of Electromigration Failure 

8 . 6 . 1 General Observations 

9 - 2 
Under normal device operating conditions ( i . e . current densities below 10 A m 

and track temperatures less than 375 K) electromigration failure may be expected to occur 

5 

after , say, 10 hours of continuous operation. It is clearly impractical to test metal-

lizations for this length of time in order to assess their electromigration performance. 

A method of accelerated life testing is therefore employed, in which the samples are 
10 - 2 

subjected to temperatures of around 450 K and current densities of the order of 10 A m 

The samples may either be sections of the metall ization track on a real device or specially 

designed test patterns. The latter usually take the form of a "meander" of the required 

thickness and width on an oxidized silicon d ie . The track may run over oxide steps or 

other discontinuities in order to evaluate the importance of these features as preferred 

sites for electromigration fai lure, or the oxide may be f lat if only the intrinsic properties 

of the metal are to be investigated. The test dice are mounted on headers and 

encapsulated in the usual way, and then placed in a constant temperature oven during 

testing so that al l the specimens in the batch are stressed under the same conditions. 

The early results ( e . g . Black 1969) showed that the failure times of a batch of 

identical specimens could be represented reasonably wel l by a log-normal distribution. 

That is, the probability of failure at time t is given by : -

1970). 

(8.21) 
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where jX is a numerical constant and is the standard deviation (for details see 

Appendix E). The log-normal distribution has been used universally for the analysis 

of accelerated life test data , wi th very l i t t le physical justif ication. If the cumulative 

number of failures is plotted on a normal probability scale against the logarithm of the 

t ime, the data points should lie on a straight l ine. In pract ice, the f i t is often poor 

and the values of t ^ and cannot be determined with any accuracy, especially 

when the number of samples is small. 

The measurement of t__ and CTf is the aim of accelerated life tests. Both of oU t 

these parameters are important for re l iabi l i ty considerations. Obviously, t should 
WW 

be as large as possible, but also should be low, so that the spread in fai lure times 

is small. 

In order to predict the fai lure times of metallizations under normal operating 

conditions, the accelerated life test data must be extrapolated to lower values of 

temperature and current density. This is only possible if the fai lure modes occurring 

at the test conditions are the same as those occurring at operating conditions. The 

test conditions, therefore, cannot be made too extreme, or completely new fai lure 

mechanisms ( e . g . melting) may occur. 

Early workers in the f ie ld ( e . g . Black 1969) found empir ical ly that the median 

time to fai lure was related to the test conditions by an equation of the form : -

tSQ = A r & r [ t r ) ( 8 - 2 2 ) 

where <p is the effective "activation energy" for electromigration damage, n is a 

positive number of order unity, and A is a constant which accounts for the f i lm structure, 

dimensions and thermal properties. <p has been experimentally determined by a mult i -

tude of workers. It is generally believed to lie in the range 0 . 5 - 0 . 7 eV for aluminium 
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(see table 8 . 2 ) and it has been referred to as the act ivat ion energy for electromigration 

by some authors. This is misleading, however, since there is no reason why and (p 
v) 

should be equal . The former is simply the activat ion energy for grain boundary 

electromigration, whi le the latter is the resultant of a number of temperature dependent 

processes (void growth kinetics, electromigration, "annealing" effects, e t c . ) involved 

in electromigration fa i lure . The value of n has been found to vary wi th experimental 

conditions. The rate of mass transport has a linear j dependence. Values of n around 1 

have been reported for fai lure at A| - Si contacts (Prokop and Joseph 1972). For other 

types of fa i lure , however, higher values of n have been found (see table 8 . 3 ) . 

A complete model for electromigration failure should predict the relationship 

between the median time to failure and such parameters as f i lm grain structure, 

dimensions, thermal conductivity and current density. Although a completely 

satisfactory formulation has not been achieved, some insight is given by the various 

models described below. 

8 . 6 . 2 Failure Models 

The model formulated by Venables and Lye (1972) treats fai lure as a result of 

the increasing porosity of the metal l izat ion due to void growth at grain boundary triple 

points (or other damage sites) distributed randomly throughout the f i lm. The porosity 

reduces the effect ive cross sectional area of the current-carrying stripe and hence 

increases the local current density in the v ic in i ty of the voids. The local e lectro-

migration flux is thus increased, due to the direct effect of the increased current 

density and also because of the greater Joule heating. Void growth therefore proceeds 

at an accelerating rate until catastrophic failure of the stripe occurs. The process 

responsible for ultimate failure was taken to be melting of the region of highest porosity, 

although reaction of the metal wi th the substrate or environment could be more 
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appropriate in some cases. 

The median time to fai lure is shown to have a complex dependence on the 

ini t ia l current density and cannot be represented by a simple power law over the 

whole range of j values encountered in pract ice. If , however, a j n dependence 

is assumed to be val id over a small range of current density, then n is found to increase 

9 - 2 10 - 2 from 1 for j ^ 10 A m to 2 or more for j ~ 1 0 A m . Moreover, the j dependence 

is found to vary wi th the degree of thermal contact between the metal l izat ion and the 

substrate, which determines the temperature rise A T due to Joule heating (see figure 

8 . 9 ) . The dependence of the MTF on the ambient temperature is also complex, although 

Arrhenius plots of MTF against reciprocal temperature yield approximate straight lines. 

The effect ive act ivat ion energy, however, as given by the slope of the straight l ine, 

10 - 2 

is found to vary wi th test conditions. For a current density of 2 x 1 0 A m r (j> is 

0 . 0 5 eV lower than the t r u e activat ion energy for grain boundary electromigration Q 

(see figure 8 . 1 0 ) . Even for low current densities, however, & is not equal to Q . The 
9 

variation of <p with j is dependent on the thermal contact between the metal l izat ion 

and the substrate. If the contact is poor, the deviation of (f> from Q ^ is even more 

pronounced. 

Sigsbee (1973) developed a model in which failure is assumed to occur by the 

propagation of a crack- l ike void across the stripe. The analysis is similar to that used 

by Venables and Lye and the results are essentially the same. In addit ion, it is evident 

from Sigsbee's model that the MTF increases with stripe width, for a constant current 

density. The ef fect of increasing the stripe width is threefold. It increases the total 

crack length necessary for open circuit fa i lure , reduces the init ial Joule heating 

(compared to a narrow, thick stripe of equal cross section) and delays the onset of 

excessive Joule heating due to current-crowding in the v ic in i ty of the crack t ip . The 

model does not, however, take into account the statistical distribution of potential 
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fai lure sites in the metal l izat ion or the fact that in a real f i lm, a crack tends to 

propagate along the grain boundaries rather than in a straight line across the stripe. 

An experimental study of the effects of track length and width on e lectro-

migration l i fe time was made by Agarwala et al (1970) using 2 pm thick aluminium 

films of 1 - 2 pm grain size prepared by evaporation onto oxidized si l icon. Stripes 

of various lengths and widths were prepared by photolithography and tested at a current 

9 - 2 

density of 7 . 5 x 10 A m and a temperature of 403 K. Failure was seen to occur by 

transverse cracks, randomly distributed along the length of the conductor, and the 

fa i lure- t ime distribution was roughly log-normal. The MTF was found to fa l l drastically 

as the stripe length was increased up to a value of ^ 150 pm, after which it remained 

fa i r ly constant. The standard deviat ion of the failure time distribution also exhibited 

an in i t ia l ly rapid fa l l wi th increasing stripe length, then became constant for lengths 

of 500 pm and more. The MTF increased l inearly wi th stripe width in the range 5 to 

15 pm. 

These results led the authors to propose a simple statistical model for e lectro-

migration fa i lure . This model was later extended by Attardo et al (1971) . The con-

ductor is treated as a series of short sections of length equal to one grain diameter 

randomly chosen according to a log-normal grain size distribution. Across the stripe, 

each section contains enough grains to make up the width of the stripe. The e lectro-

migration flux in each grain boundary is a function of the (randomly chosen) angle 

between adjoining grains and of the angle between the grain boundary and the 

direction of current f low. The time to fai lure is inversely proportional to the maximum 

flux divergence at the interface between two adjacent sections. The life of the 

conductor stripe is therefore limited by the life of this "cr i t ical interface". 
5 

Attardo used a computer to simulate 10 interfaces, and hence obtained the 

fai lure time distribution. Let f (t) be the probability that an interface w i l l fai l before 
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time t . If a track has length L and mean grain size d , the track has L/d sections and 

L / d - 1 ^ L/d interfaces. The probability that the track w i l l fai l before time t is 

therefore : -
L/i 

F ( t ) = I - [ I - f i t ) ' ] ( 8 . 2 3 ) 

The results (see figure 8 . 1 1 ) show that the MTF and the standard deviation of 

the fai lure distribution decrease with increasing track length. This is easily understood 

on the basis that the probability of a track containing the "most cr i t ical section" 

increases with the track length. The MTF was found to increase almost l inearly wi th 

track width and mean grain size and to decrease with increasing grain size standard 

deviat ion. The fai lure time distribution was approximately log-normal. 

A slightly modified computer simulation has recently been carried out by 

Schoen (1980) . The main difference is that in Schoen's model, a number of hypothetical 
5 

tracks are constructed, each having a realistic number of sections ( i . e . « 1 0 ) . The 

fai lure time of each track is computed, using the same techniques as used by Attardo 

et a l . However, the failure time distribution is now determined using a number of 

different hypothetical tracks, rather than by application of equation 8 . 2 3 . The fai lure 

times are now found to lie on a log-ext reme value distribution (see Appendix E). How-

ever , except in the case where median grain size exceeds track width, the data can 

still be wel l represented by a log-normal distribution. The predictions of Schoen's 

model concerning the track length and track width dependence of the MTF are very 

similar to those of Attardo's model. In addit ion, Schoen calculated the variation of 

the standard deviation of the failure time distribution wi th the track width. The form 

of the dependence is complex, but is in qual i tat ive agreement with the experimental 

results of Scoggan et al (1975) , as shown in figure 8 . 1 2 . Schoen also calculated the 

dependence of the standard deviation of the fai lure distribution on the median grain 
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(b) fai lure-t ime standard deviation of a 12 pm wide conductor stripe (from 

Attardo et al 1971). 
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size (see figure 8 . 1 3 ) . The standard deviation is seen to increase with grain size 

and decrease with track width. This behaviour is expected intuit ively since the 

spread in the failure distribution increases as the number of potential failure sites 

decreases. 

Sa ito and Hirota (1974) investigated the effects of grain size and track width 

on the MTF of 1 pm thick, tungsten f i lament-evaporated aluminium films on oxidized 

10 -2 

si l icon. They found that, when tested at 446 K and 1 x 10 A m , the metallizations 

fa i led by the growth of randomly distributed voids and the results are therefore suitable 

for analysis in terms of the Attardo or Schoen models. The small number of samples 

tested by Saito and Hirota ( ~ 5 per batch) did not al low the fai lure time distribution 

to be accurately determined, and their results are therefore subject to large errors. 

However, their data (see figure 8 .14 ) show that the MTF increases l inearly wi th mean 

grain size (in the range 0 . 8 to 6 . 0 pm) and track width ( in the range 7 to 2 0 p m ) , in 

agreement wi th the theoretical models. Unfortunately, no data relating to the grain 

size standard deviat ion is given, so further predictions of the Schoen model cannot be 

tested. 

8 . 6 . 3 Anomalous Effects in Narrow Tracks 

Wi th the advent of VLSI devices there has been much recent interest in e lectro-

migration failure in very narrow ( ~ 1 pm) metall izations. Va idya et al (1980a) evaluated 

25 mm long e -beam evaporated A | - 0 . 5 % Cu tracks having widths in the range 1 - 4 pm. 

The results show that the trend of decreasing MTF wi th decreasing width, observed for 

wider tracks, breaks down below 2 pm, and narrower tracks have anomalously long l i f e -

times (see figure 8 . 1 5 ) . Similar results were obtained by Kinsbron (1980) using 250 pm 

long A| - 0 . 5 % Cu tracks (figure 8 . 1 6 ) . 

The effect was attributed to the geometry of the grain boundary network when 

the track width is smaller than the median grain size (in this case ^ 4 p m ) . The 
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Computer-simulated var iat ion of the fa i lure time standard deviat ion wi th the 

median grain size of the meta l l i za t ion (from Schoen 1980) . 
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M e d i a n time to fa i lure as a function of mean grain size and stripe width (from 

Saito and Hirota 1974) . 
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M e d i a n time to fa i lure versus stripe width for narrow conductors (from V a i d y a 

et a l 1980 a ) . 

F IGURE 8 . 1 5 
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M e d i a n time to fa i lure and fa i lure time standard deviat ion versus stripe width 

for narrow conductors (from Kinsbron 1980) . 

F IGURE 8 . 1 6 



241 

irregular arrangement of grain boundary triple points and abrupt changes in grain 

size found in wider tracks is replaced by a "bamboo" structure in narrow tracks 

(figure 8 . 1 7 ) . The grain boundaries run perpendicular to the direction of current 

f low and hence do not contribute to the electromigration f lux . The "bamboo" 

structure is thought to be promoted by the strong ( i l l ) fibre texture found in 

these films (Vaidya et a I 1980). Failure may occur at sites where the bamboo structure 

is not perfect, or surface and interface electromigration may be involved in the dominant 

failure mode. C lear ly , further work is required to identify the potential damage sites 

and the mechanism responsible for fa i lure . 

8 . 6 . 4 Annealing Effects during Testing 

Sim (1979) carried out accelerated life tests on 1 pm thick by 10 pm wide pure 

aluminium metall izations on oxidized si l icon. Three films were deposited by tungsten-

f i lament or electron-beam evaporation and had mean grain sizes of 2 , 3 . 5 and 10 pm. 

Two of the films (those of 2 and 10 pm grain size) had an overglaze (see section 8 . 7 . 1 ) . 

The test dice were encapsulated in T 0 5 packages and mounted in a temperature-

controlled heat sink during testing. 

9 10 
When tested at 453 K and current densities in the range 2 x 1 0 to 2 . 5 x 10 A 

- 2 
m , the films of 2 and 3 . 5 pm grain size gave log-normal failure time distributions. 

However, the f i lm of 10 pm mean grain size gave what appears to be a bi-modal fai lure 

10 -2 

distribution for current densities less than 1 . 5 x 1 0 A m (see figure 8 . 1 8 a ) . Sim 

suggested that after approximately 500 hours at 453 K, "annealing" of the metal l izat ion 

took place, resulting in a change in the fai lure distribution. At 518 K, the change in 

failure distribution occurred after less than 30 hours (see figure 8 . 1 8 b ) . Examination 

of the fai led specimens revealed that those which had undergone "annealing" fai led 

by localized void growth, without the random void distribution seen in other specimens. 

N o obvious change ( e . g . grain growth) could be detected. It is possible that reaction 
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The "bamboo" grain structure in a 1 pm wide A | - 0 . 5 % Cu stripe (from Vaidya 

et al 1980 a ) . 

FIGURE 8 . 1 7 
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The effects of (a) current density and (b) excessive temperature/time on the 

failure distribution of pure Al metallizations of large grain size (from Sim 1979) 
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of the aluminium with the substrate (or overglaze) occurred, which may have improved 

the thermal contact between the metal l izat ion and the d ie . It is also possible that the 

apparent changes in slope of the fai lure distributions are due to statistical fluctuations 

in the data . This is thought to be unl ikely , however, as Sim's data from other test 

batches show very l i t t le scatter in a log-normal plot, and the number of samples is 

reasonably large 25 per batch). Replotting the data on log-extreme value graph 

paper did not improve the f i t , despite the predictions of Schoen's model (see section 

8.6.2). 

8 . 7 Methods of Improving Aluminium Metal l izat ions 

In addition to optimizing the microstructure, geometry, e tc . of the metal l izat ion, 

the MTF can be improved by several other means. These are described brief ly in the 

fol lowing. 

8 . 7 . 1 Glass Passivation 

A passivation layer or overglaze is often employed with aluminium metall izations 

to protect against corrosion. It has been claimed by some workers ( e . g . Black 1969) 

that a dielectr ic surface coating greatly extends the electromigration MTF , whi le 

others ( e . g . Attardo and Rosenberg 1970) have observed negligible e f fect . Various 

materials and processes have been used to deposit the passivation layer (see d'Heurle 

and Rosenberg 1973), common examples being sputtered Si O ^ and anodic AI ̂  O ^ • 

The mechanism by which the passivation f i lm reduces the rate of electromigration 

damage ( i f , in fac t , i t does) is not clearly understood. The presence of such a coating 

might reduce the mobility of surface atoms and hence impede damage modes such as 

grain boundary grooving, which rely on surface diffusion. However, since aluminium 

has a native oxide f i lm, the effect of any additional surface layers is expected to be 
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small. It has also been suggested that the overglaze might provide a mechanical 

restraint, opposing the morphological changes associated with electromigration damage. 

However, Ainslie et al (1972) have shown that a typical overglaze could not maintain 

the stress required to give an appreciable reduction in the damage rate . Another 

possibility is that the temperature rise associated with some of the glazing processes 

causes microstructural changes in the aluminium ( e . g . grain growth) and hence increases 

the MTF . Further experimentation is required to resolve these questions. 

8 . 7 . 2 Al loy Additions 

Certain aluminium alloys have been shown to have much greater resistance to 

electromigration damage than pure aluminium. The most commonly used al loy addition 

is copper, usually in amounts of 0 . 5 - 4 w t % . The effect is believed to be due to 

segregation of the copper atoms to the aluminium grain boundaries, thus blocking the 

electromigration f lux . The copper atoms themselves undergo rapid electromigration, 

but the grain boundaries remain saturated with copper for a long period due to dissolution 

of a precipitate phase. Agarwala et al (1976) , using scanning electron microscopy 

and microprobe analysis, showed that fai lure f ina l ly occurred at sites depleted of 

copper. (These were usually associated with an abrupt change in grain size). Al - C u 

metall izations can be readily deposited using e -beam evaporation. 

Silicon is also a common additive in aluminium metall izations. Its main 

purpose is to suppress silicon dissolution at Al—Si contacts, but it can also have the 

ef fect of reducing electromigration damage (van Gurp 1971). The addition of copper 

to A | - S i films gives a further increase in the MTF . However, because of the di f f icul ty 

in evaporating si l icon, A l - S i and A | - S i - C u metallizations are usually prepared by 

sputter-deposition. Va idya et al (1980b) have shown that sputter-deposited A l - S i - C u 

films have a shorter MTF than e -beam deposited A l - C u films. This is attributed to the 



245 

small-grained, randomly oriented structure of the sputtered films as opposed to the 

larger grain size and ( l 11) fibre texture of the evaporated films. It is therefore 

important to assess the effects of a l loy additions on the f i lm microstructure if optimum 

re l iabi l i ty is to be achieved. 

The addition of a third element ( e . g . In, Sn or Ag) to A | - C u films in order to 

further increase the l ifetime has proved unsuccessful (d'Heurle and Gangulee 1973), 

but further work in this area may yield useful results. 
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C H A P T E R 9 

A N EXPERIMENTAL STUDY OF ELECTROMIGRATION I N T H I N FILMS OF 

A L U M I N I U M 

9 . 1 Introduction 

The experiments described in this chapter constitute an investigation into 

the effects of microstructure on the electromigration performance of aluminium thin 

f i lm metall izations. Although similar studies have been carried out by other workers 

(see Chapter 8 ) , the deposition conditions and the resulting microstructure of the films 

were not fu l ly characterized. In the present work, pure aluminium films were 

deposited in the same evaporation plant under identical conditions of deposition rate, 

residual gas pressure and substrate preparation technique. The deposition temperature 

and annealing treatment were adjusted in a controlled manner to produce films of 

different microstructures. These were characterized by a variety of techniques, as 

described in Chapter 7 . The metallizations were subjected to accelerated life testing 

and the results (from physical examination of the fa i led specimens as wel l as statistical 

fai lure data) were interpreted in terms of published fai lure models. Correlations were 

drawn between deposition parameters, f i lm microstructure and electromigration 

performance, which go some way towards predicting the electromigration performance 

from physical examination of the metal l izat ion, without the need for accelerated life 

testing. 

9 . 2 Specimen Preparation 

9 . 2 . 1 The Substrates 

The substrates consisted of polished 2 - inch wafers of {100} silicon with 1 ^im 

of steam-grown Si O ^ (see Appendix A ) . Or ig ina l l y , wafers wi th 50 nm of Si O ^ were 

employed so that the metal l izat ion could be examined by chemical jet thinning and 
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transmission electron microscopy when electromigration fai lure had occurred. However, 

the thin oxide layer led to additional fai lure modes not directly related to e lectro-

migration and tests on these specimens had to be abandoned (see section 9 . 6 . 5 ) . The 

oxide surface was scored into 1 .5 mm squares to faci l i tate dic ing. The Si O ^ surface 

was not cleaned prior to metal l izat ion. Similar surfaces were shown by XPS to be 

contaminated with less than a quarter of a monolayer of carbon (see section 3 . 6 . 2 ) . 

9 . 2 . 2 Meta l l i za t ion 

Aluminium was deposited by tungsten-filament evaporation in the be l l - j a r 

system described in section 4 . 2 . 2 . A l l films were nominally 1 pm thick and were 

deposited at a rate of 10 nm s ^ in a vacuum of better than 2 x 10 ^m bar. Films were 

deposited onto substrates at 295 K, 475 K, 575 K and 675 K and given no further treatment 

prior to pattern def ini t ion. One f i lm was also deposited at 475 K and annealed at 700 K 

for 2 hours in vacuuo to simulate the "sintering" process. The films were examined by 

optical microscopy and grazing incidence x - r a y dif fract ion, but transmission electron 

microscopy could not be used owing to the thickness of the S i C ^ layer. Films deposited 

under identical conditions but onto 50 nm of Si C ^ were also examined by transmission 

electron microscopy (see section 7 . 4 . 5 ) . The grain size distributions for these films were 

assumed to be the same as for the films deposited onto 1 pm of Si C ^ . The microstructural 

properties are summarized in table 9 . 1 . 

9 . 2 . 3 Pattern Definit ion 

Standard photolithographic processing was used to define a metal l izat ion 

geometry suitable for electromigration life testing. The aluminium track was 1 pm thick, 

10 pm wide , and 3 mm long, and was terminated by 200 pm square bond pads (figure 9 . 1 ) . 

The various other structures on the die were not used in the present study. In order to 

avoid complicating effects and to faci l i ta te post-mortem examination, a passivation f i lm 

was not used. 
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Opt i ca| micrograph of a test d ie. 

F I G U R E 9 . 1 

MOOIZED SPECIMEN THERMAL 

FIGURE 9.2 
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Films deposited at 295 K were found to peel and blister during processing. 

This effect was attributed to poor adhesion of the f i lm to the substrate due to lack 

of A | - Si O ^ interfacial reaction at room temperature (see section 3 . 6 . 2 ) . Con-

sequently, these films were not used for life testing. 

9 . 2 . 4 Bonding and Encapsulation 

The patterned wafer was broken into dice which were gold eutectic bonded 

onto T 0 5 headers. Connection was made to each end of the track by ultrasonic 

aluminium wire bonding and the devices were sealed in standard T 0 5 cans. Approxi-

mately 40 test specimens were prepared from each of the wafers. 

9 . 3 Apparatus for Accelerated Life Testing 

The electromigration life testing equipment was supplied by British Telecom. 

Research Labs, and was almost identical to that used by Sim (1979) . A full description 

of the equipment w i l l be given, however, since it has not been described in detai l 

elsewhere. 

9 . 3 . 1 The Heater Block 

The specimens were mounted in anodized heat-sink studs which were screwed 

into a massive aluminium block. Heat-sink compound was used on the thread to 

improve thermal contact. Resistive heating elements embedded in the block were 

thermostatically controlled to provide a constant and uniform temperature over the 

surface of the block. The specimens were surrounded by "Kaowool" thermal 

insulation and the whole assembly was placed in a draught-free environment (figure 

9 . 2 ) . Temperature was measured by chromel-alumel thermocouples placed under two 

of the heat-sinks, one at the centre of the block, and one near the edge. Both gave 

readings equal to wi thin 0 . 5 K. 

9 . 3 . 2 Current and Voltage Measurement 

The specimens in the heater block were connected in series to simplify the 
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monitoring equipment. Direct current was supplied by a Kingshi11 60 vol t , 1 amp 

stabil ized power supply used in constant current mode wi th an external reference 

resistor. The current drifted by less than 0 . 5 % over a period of several hundred 

hours. 

The specimen current was measured by taking the voltage across a 1 X I 

resistor in series wi th the specimens (figure 9 . 3 ) . A 100 4 2 variable resistor 

connected in parallel was used to trim the resistance to precisely 1 and ensure 

accurate current measurement. The voltage across any one of the specimens could 

be monitored using a rotary selector switch, and a changeover switch enabled current 

and voltage to be displayed on the same D V M . 

The voltage across a 0 . 5 X 2 resistor in series wi th the specimens was used to 

drive a chart recorder running at 25 mm per hour. The trace provided a continuous 

record of the specimen current and was used to determine the times at which failures 

occurred. 

The current density in the metal l izat ion was calculated from knowledge of 

the total current and cross sectional area of the track. The latter was not accurately 

determined, due to the lack of suitable equipment to measure the track width. How-

ever , since al l the specimens were subjected to the same photolithographic process, 

the track widths were assumed to be equal and close to the nominal value of 10 pm. 

The f i lm thicknesses were 1 p m + 5 0 nm, as measured by the quartz crystal microbalance. 

The cross sectional area is therefore expected to vary b y + 5 % between the four wafers. 

This is supported by the + 5% variation of the track resistances from the mean value of 

5 . 2 5 4 1 . A current of 100 mA, corresponding to a current density of 1 . 0 (+ 0 . 0 5 ) x 

10 - 2 

10 A m was used for the majority of tests. 

It is l ikely that the f i lm resistivities differed slightly as a result of their 

different microstructures. Resistivity could not be measured, however, because of 
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Circuit diagram of the electromigration life test equipment. 

FIGURE 9 . 3 
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the uncertainties in the track dimensions and the unknown magnitudes of the contact 

resistances. Ideally a 4 -point probe technique should be used (Harper 1970). 

9 . 4 Experimental Method 

When passing a current of approximately 100 mA, the temperature of the metal -

l izat ion was found to increase by a significant amount because of Joule heating. Since 

the track temperature (rather than the ambient temperature) controls the rate of e lectro-

migration, this temperature rise had to be determined. This was accomplished as follows. 

A current of 1 mA was passed through the specimens at room temperature and the 

individual voltage drops, and hence track resistances, were determined. (A current of 

1 m A did not cause appreciable Joule heating). The heater block temperature was 

raised to the required value for the test 453 K) , and the resistance measurement 

was repeated. N o w , however, thermally generated emf's, which could be as large 

as 10% of the voltage drop, had to be taken into account. The thermal emf's were 

measured wi th the specimens open-circuit and then subtracted from the voltage drops 

measured when 1 m A was f lowing. The temperature dependence of the track resistance 

dR/dT was determined for each specimen, assuming a linear increase of R wi th T. The 

required test current ( ^ 1 0 0 mA) was then applied and the track resistances again 

measured. (Thermal emf's were negligible compared with the voltage drops at 100 m A ) . 

The temperature rise A T of each specimen above the ambient (heater block) tempera-

ture was calculated using the equation : -

A T — cLT A R « „ 

J l R 

The mean temperature rise was approximately 5 K at 100 m A . Individual 

specimens in a batch varied by + 1 , 5 K due to differences in track resistance and 

track-to-ambient thermal resistance. Resistance measurements can only give some 
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average value of the temperature along the track. However, measurements by 

Stephens and Sinnadurai (1974) using liquid crystals have shown that the temperature 

10 - 2 

variat ion along a track carrying 1 x 1 0 A m is only of the order of 1 K. 

The heater block was adjusted so that the mean track temperature was equal 

to the desired test temperature and the chart recorder monitoring the test current was 

started. The trace was examined at regular intervals to see if any specimen had fa i led . 

When this occurred, the current in al l of the specimens fe l l to zero. This is thought 

not to affect the failure time distribution, as the maximum possible "down-t ime" was 

14 hours (for a fai lure occurring overnight) and the total test time was typical ly 300 

hours. The down-times were noted and subtracted from the total test time to give the 

ef fect ive "hours run". Failed specimens were located by resistance measurement and 

were short-circuited. The current was reapplied gradually to avoid causing failure 

by thermal shock. The track resistance of some specimens was measured at regular 

intervals during the test in order to observe the progression of electromigration damage 

wi th t ime. 

Each batch was tested until approximately 9 5 % of the specimens had fa i led . 

The specimens were allowed to cool and removed from the heater block. The T 0 5 

cans were removed from the headers by careful use of a lathe f i t ted wi th a very fine 

parting tool . The metallizations were examined by optical microscopy (using a N ikon 

"Labophot") or by scanning electron microscopy (using a JEOL " J S M - 3 5 " ) . 

9 . 5 Test Conditions 

The 40 specimens from each wafer were tested in 3 batches of 12 to 16 specimens 

per batch. This gave adequate statistics whi le enabling a reasonably wide range of test 

conditions to be investigated. For wafers A , B and D , the batches were tested at 

10 - 2 
1 x 1 0 A m and temperatures of 433 K, 453 K and 473 K in order to investigate the 
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temperature dependence of the MTF and permit extrapolation to lower temperatures. 

The test conditions were chosen to yield reasonable test times (several hundred hours) 

without overstressing the specimens. 

10 - 2 
For wafer C , one batch was tested at 1 x 10 A m and 453 K, to al low a 

direct comparison of the MTF with the other three metall izations. The other two 

10 - 2 9 - 2 

batches were tested at 518 K with current densities of 1 x 10 A m and 3 x 10 A m , 

in an attempt to reproduce the "annealing" effects reported by Sim (1979) for aluminium 

metallizations of comparable grain size. (See section 8 . 6 . 4 ) . 

9 . 6 Results 

9 . 6 . 1 Observations on the Failed Specimens 

In a l l of the specimens, the current-carrying track was found to contain 

randomly distributed hillocks and voids, whereas the areas of metal l izat ion not 

subjected to an electr ic current were free from visible damage. It was therefore 

concluded that void and hil lock formation resulted from the combined effects of high 

temperature and high current density ( i . e . electromigration). In a given batch, the 

longest-lived specimens had the highest density of voids and hil locks. 

The site of open circuit fai lure was always readily ident i f iable. The break 

in the track was accompanied by melting of the aluminium in about 9 5 % of cases, 

usually wi th the formation of a large "droplet" of melted material on the anode side 

of the break. The electr ical resistance of the broken track was ef fect ively infinite 

in al l cases. The distribution of fai lure sites along the track is shown in figure 9 . 4 . 

The random nature of the distribution suggests that temperature gradient effects were 

negl igible, except maybe near the bond pads, where the lower temperature might have 

been responsible for the small number of failures occurring in these regions. The fai lure 

sites are thus thought to be associated with structural irregularities in the aluminium 
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f i lm. This hypothesis is supported by the observation that in the larger-grained films, 

the voids were usually seen to follow the grain boundaries. 

The smallest-grained ( 0 . 5 fjm median grain size) metal l izat ion specimens 

suffered the highest density of void and hil lock formation during testing, even though 

they tended to be shorter-l ived than the larger grained specimens. Typical optical 

micrographs (figures 9 . 5 a and b) show the general roughening of the current-carrying 

track. The scanning electron micrograph in figure 9 . 5 c shows a typical open circuit 

fai lure site, whi le figure 9 . 5 d shows a whisker, approximately 80 jjm long and 500 nm 

in diameter, which grew during testing. Such whiskers were observed in approximately 

10% of specimens from wafer A , but were very rare in specimens from the other wafers. 

The network of voids and small hillocks visible in figure 9 . 5 d is typical of the pattern 

of electromigration damage in the small-grained films, irrespective of the test conditions. 

Specimens from wafer B were of similar appearance, though wi th fewer hillocks 

and voids. This is thought to be due to the larger median grain size ( 1 . 7 jjm) of the 

aluminium on wafer B, which meant that there were fewer potential damage sites per 

unit area of the metal l izat ion. 

The large-grained ( 2 . 6 pm) aluminium from wafer C suffered very l i t t le overall 

degradation resulting from electromigration. A typical track contained several large 

voids, one or two of which almost spanned the track width. Voids were always seen 

to be associated with the grain boundaries, which were clearly visible in these 

specimens (see figure 9 . 6 ) . N o difference in the overall damage pattern was detected 

10 -2 
between specimens in batch C I , tested at 1 x 10 A m and 453 K, and batch C 3 , 

9 - 2 
tested at 3 x 10 A m and 518 K. However, specimens in batch C 2 , which were 

10 -2 

tested at 1 x 10 A m and 518 K and gave a very short (24 hour) MTF , had an 

exceptional ly low level of overall damage. 

The metal l izat ion of wafer D had a small grain size and contained a high 
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(a) 

TOO p m 

(b) 

Electromigration damage in metallization A . Optical micrographs (a) and (b) show 

the general degradation of the current-carrying track and the region around a 

failure site. Scanning electron micrographs (c) and (d) show details of an open-

-c i rcu i t failure site and a whisker. 

FIGURE 9.5 
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Scanning electron micrograph of a grain-boundary 

void in metallization C . 

F IGURE 9 . 6 

10 um 

Scanning electron micrograph showing annealing 

hillocks in metallization D . 

F IGURE 9 . 7 

100 um 

100 um 
1 
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density of annealing hillocks prior to accelerated life testing. Morphological changes 

resulting from electromigration were therefore di f f icul t to detect (figure 9 . 7 ) . As far 

as could be determined, however, the density of electromigration voids and hillocks 

in these specimens was similar to that found in specimens from wafer A . 

In some specimens, the scanning electron microscope revealed a dark "halo" 

around the site of open circuit fai lure (see figure 9 . 8 ) . The phenomenon was seen 

in specimens from al l four wafers, usually where the fai lure had been exceptionally 

violent wi th severe melting of the aluminium and a large section of the track missing. 

EDAX fa i led to detect aluminium or any other element apart from silicon and oxygen 

in the haloes, so they do not appear to be formed by debris from the vaporized track. 

The ef fect may be due to crater formation as a result of local heating around the 

failure site, but this could not be clearly determined in the SEM. 

9 . 6 . 2 Thermal Resistance 

The thermal resistances of the metal l izat ion specimens were determined by 

dividing the temperature rise above ambient (say 453 K) by the power dissipated in 

the track due to a current of 100 m A . The results (see table 9 . 1 ) show that the mean 

thermal resistance is not cr i t ica l ly dependent upon deposition temperature in the range 

475 to 675 K. However, the thermal resistance of specimens from wafer D (which was 

annealed at 700 K for 2 hours after deposition) was between 10% and 15% lower than 

that of the other wafers. 

9 . 6 . 3 Resistance Changes during Testing 

Typical resistance versus time curves are shown in figure 9 . 9 . The ini t ial 

rate of increase of resistance was slow and was approximately the same for a l l the 

specimens in a batch. As the test time increased, the rate of resistance change 

accelerated and marked differences became apparent between various specimens. 

Where the MTF of the batch was short ( ~ 150 hours or less) the track resistance of 
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each specimen increased steadily until open circuit fai lure occurred (figure 9 . 9 a ) . 

For longer- l ived specimens, however, the rate of change of track resistance often 

fluctuated and in some cases the resistance was seen to decrease with time (figure 

9 . 9 b ) . For these specimens, there was no correlation between the init ial rate of 

change of resistance and the lifetime of the track. 

9 . 6 . 4 Life Test Results 

The fai lure data from the accelerated life tests were plotted on log-normal 

probability paper (figures 9 . 1 0 to 9 . 1 3 ) , and a least squares f i t was used to obtain 

the values of the median time to fai lure tc r . and the standard deviation <TC. The 
oU t 

majority of the data was reasonably wel l represented by a log-normal distribution, 

although there was considerable scatter, giving rise to errors of up to + 15% in t ^ 

and + 25% in Plotting the results on log-extreme value graph paper did not 

improve the f i t . This is not inconsistent wi th Schoen's model for electromigration 

fai lure (1980) , since the median grain diameters of a l l the films tested were con-

siderably smaller than the track width. 
10 -2 

For wafers A , B and D , which were tested at 1 x 10 Am at temperatures 

in the range 433 to 473 K, the standard deviations of the fai lure time distributions 

were fa i r ly independent of the test conditions. For wafers A and B, 0"^ was equal 

to 0 . 3 7 + 0 . 0 7 and for wafer D , (T^ was 0 . 2 7 + 0 . 0 7 . There was no correlation 

between (T^ and the test temperature or the MTF . The variation of is thus 

thought to be due to random errors. 

For wafer C , however, <y^ varied widely wi th test conditions. The batch 

10 - 2 

tested at 453 K and 1 x 1 0 Am gave a standard deviat ion of 0 . 6 . This is significa 

larger than the corresponding values for wafers A , B and D . This may be due to the 

larger mean grain size of wafer C , in accordance with Schoen's model. The batch 
10 - 2 

tested at 518 K and 1 x 10 Am gave a <T- of 0 . 2 3 and the batch tested at 518 K 
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and 3 x 1 0 Am a of 0 . 9 3 . These differences cannot be explained by statistical 

errors and may indicate a change of failure mode. 

For a l l the metallizations tested, t ^ decreased with increasing temperature. 

Arrhenius plots (figure 9 . 1 4 ) yielded an effect ive act ivat ion energy of 0 . 6 0 + 0 . 0 5 eV 

for metall izations B, C and D and 0 . 3 5 + 0 . 0 5 eV for metal l izat ion A . Because of this 

difference in (f> , metal l izat ion A had a shorter MTF than metall izations B and D when 

tested at 433 K, and a longer MTF when tested at 473 K . For metallizations B, C and 

D , however, the MTF increased with median grain size d , regardless of test tempera-
o 

ture. The relationship appears to be of the form ^ g 0 ^ ' m e c l u a ' ^ t 8 , 2 

over the range of grain sizes investigated (see figure 9 . 1 5 ) , in agreement wi th the 

results of Saito and Hirota (1974) . 

Extrapolation of the data to a track temperature of 350 K yields MTF's of 1300, 

7000 , 8500 and 18000 hours for metallizations A , D , B and C respectively. The use of 
g 

the Venables and Lye model (1972) to predict the MTF's at a current density of 5 x 10 

Am yields a factor of 100 increase. The MTF's for the four metallizations are there-

fore approximately 15, 80 , 100 and 200 years respectively. The corresponding times 

for 1% fai lure are approximately 6 , 33 , 35 and 55 years. 

For wafer C , the current density dependence of the MTF was investigated at 

a temperature of 518 K. Assuming a relationship of the form t ^ j n / the results 

give a value of 2 . 1 + 0 . 2 for n. This is consistent wi th the results of Sim (1979) and 

other workers. However, since only 2 data points were obtained from the present 

experiments, the power law dependence could not be ver i f ied. 

The life test results are summarized in table 9 . 2 . 

9 . 6 . 5 Life Test Results from 50 nm-Oxide Specimens 

These metallizations were very similar to the ones discussed in the preceding 

sections, except that the Si O - layer had a thickness of only 50 nm (compared with 



Arrhenius plots (median time to failure versus reciprocal temperature) for the 

four metall izations. 
FIGURE 9 . 1 4 



269 

I 2. 3 4 5 

MEDIAN GRAIN SIZE (/Lm) 
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1 pm). Accelerated life tests were performed using a current density of 1 x 10 Am 

and temperatures of 433 and 453 K. The specimen fai lure distributions were approxi-

mately log-normal, but the MTF's were a factor of 5 smaller than for the corresponding 

metall izations on 1 jum of S i C ^ . Furthermore, when fai lure occurred, the track 

resistance did not increase at an accelerating rate , resulting in an open circui t , as for 

the other specimens. Instead, the resistance increased, then fluctuated with time as 

fai lure occurred, and the track never went open circui t . The f inal resistance was 

usually of the order of several k 4 2 and was dependent on the direction of current 

flow in the track. 

Microscopic examination of the fai led specimens revealed extensive dis-

coloration of the metal l izat ion track and the surrounding substrate area. Of ten no 

local ized fai lure site was visible. In view of this evidence and the recti fying nature 

of the fa i led track, fai lure is thought to have occurred by chemical reaction between 

the aluminium and the thin Si O ^ layer, resulting in an aluminium-sil icon contact. 

The reaction may have been promoted by localized heating caused by incipient e lect ro -

migration fa i lure. Ionic motion in an electr ic f ie ld may also have been involved in 

the fai lure mechanism, as in these specimens one end of the test track was connected 

to header and was hence in electr ical contact wi th the silicon d ie . Due to the voltage 

drop along the track, an electr ic f ie ld of up to 3 x 10^ Vm ^ existed across the Si O ^ 

layer. Reversing the polarity of the connections, however, did not appear to change 

the fai lure process. 

Because these specimens did not fa i l by the normal mechanisms, further tests 

were abandoned due to lack of t ime. Nevertheless, the fai lure mode involved may 

be important in certain circumstances and warrants further investigation. 
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9 . 7 Discussion 

Meta l l i za t ion specimens A , B, C and D ( i . e . those on 1 jum of Si O^) appeared 

to fa i l by one of the normal electromigration failure modes, resulting in an open circuit 

condit ion. Whether flux divergence at a triple point or an abrupt change in grain size 

was the major cause of fai lure could not be determined, but a l l voids appeared to be 

associated with the grain boundaries. 

The ini t ial steady rise in track resistance during accelerated life testing is 

attributed to the formation and growth of microscopic voids. N o incubation time effect 

was observed in the behaviour of the track resistance. This is consistent wi th the c a l -

culations of Rosenberg and Ohring (1971) , which show that the incubation time for void 

formation is of the order of several minutes. As the voids grow, current crowding around 

the voids is thought to give enhanced Joule heating, leading to an accelerated rate of 

resistance change as observed. In short-l ived specimens, this process simply continued 

until open circuit fai lure occurred. However, some reversal of the electromigration 

damage appears to have taken place in specimens which survived for longer than about 

150 hours, as evidenced by the fluctuations in track resistance. 

The effect may be due either to changes in the A| - Si 0 2 interface or to changes 

in the microstructure of the aluminium. N o changes in the overall appearance of the 

metal l izat ion were observed after testing (apart from the presence of voids and hil locks). 

It therefore seems l ikely that whatever changes were responsible for the reversal of the 

damage process were localized to the potential fai lure site and took place because of 

the high temperature and high atomic mobility in that region. Enhanced Al - Si 0 2 

reaction would promote better thermal contact between the metal l izat ion and the die 

(as shown by the thermal resistance measurements on annealed and non-annealed specimens). 

This would reduce the damage rate , but it is di f f icul t to see how it could reverse the 

damage process. If the reaction products entered some of the aluminium grain boundaries 
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in the damaged region, however, a reversal of the flux divergence could result. 

Another possible explanation is the motion of grain boundaries ( i . e . localized 

grain growth) in the v ic ini ty of the fai lure site. This could, for example, change 

the configuration of a triple point so as to reverse the flux divergence. Examination 

of the damaged regions of a fa i led specimen by a sensitive analyt ical technique such 

as SIMS may reveal any chemical changes that have occurred. However, an in-situ 

microscope experiment w i l l be necessary in order to detect structural changes in the 

metal l izat ion. 

The f inal stage of open circuit fai lure appears to have occurred by melting 

of the aluminium, with a large droplet of metal usually being formed on the anode 

side of the failure region. This is believed to be due to an accumulation of metal on 

the anode side of the damaged region as a result of local ized temperature gradients in 

the f inal stages of failure (see figure 9 . 1 6 ) . 

The standard deviat ion of the failure distribution showed some grain size 

dependence, in that films of 2 . 6 jjm median grain diameter gave a larger ( T ^ than 

films of 1 . 7 jjm median grain diameter and less. This is consistent with the statistical 

models described in section 8 . 6 . 2 . The dependence of <j~^ on the test conditions, 

observed in the large grained films, has not been investigated theoret ical ly . The 

results can be qual i tat ively understood, however, by considering the potential for 

fai lure of various structural irregularities in the metal l izat ion as a function of test 

conditions. When the conditions are severe ( i . e . high temperature and current 

density) a larger proportion of the sites of positive flux divergence are expected to 

be active ( i . e . give rise to voids of considerable size) than when the current density 

and temperature are low. Therefore, the standard deviation of the fai lure distribution 

w i l l be smaller for severe test conditions, as observed. An alternative explanation is 

that under certain extreme conditions, "annealing" of the metal l izat ion occurs, 
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resulting in a change in microstructure (Sim 1979). The large standard deviation 

obtained using very high test temperature and low current density (to prolong life 

time) observed in the present work supports Sim's results (see section 8 . 6 . 4 ) . 

The thermal resistance measurements indicated that high temperature annealing 

can improve thermal contact between the metal l izat ion and the d ie , though the 

improvement was only ru 10% for a 2 hour anneal at 700 K. Apparently, the thermal 

resistance was independent of deposition temperature in the range 4 7 5 - 6 7 5 K, 

suggesting that Al - Si O 2 interface formation at 475 K was adequate for good thermal 

contact. This result is somewhat surprising in view of the TEM results on the A | - Si O 2 

interface (Chapter 4) which showed that crystalline reaction products were only 

produced at temperatures of 575 K and above. The discrepancy may be due to a 

greater temperature rise during the deposition of the 1 jjm films used for the e lectro-

migration experiments than with the 50 nm films used for the interface study. (The 

temperatures quoted are substrate temperatures at the beginning of the deposition 

process). Al ternat ive ly , the extent of interfacial reaction needed for good thermal 

contact may be less than the detection limit of the TEM experiment. Another possible 

explanation is that small differences in the metal l izat ion-die thermal resistance between 

the different metallizations were obscured by variations in the die-header thermal 

resistance. 

A | | four metallizations were found to have a strong 1 ] ) fibre texture and 

a l l had roughly the same grain size standard deviat ion. Therefore, the possibility of 

variat ion in these parameters affecting the electromigration performance was ruled out 

in the present study. The difference in MTF between the four metal l izat ion specimens 

is therefore attributed mainly to median grain size differences. Variations in A| - Si 0 2 

interface structure and surface topography, however, could also be important. For 

example, the presence of growth hillocks in metal l izat ion A might affect any surface 
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diffusion mechanism involved in electromigration fa i lure , and could explain the large 

discrepancy in effect ive activation energy between f i lm A and films B, C and D . A 

smaller A| - Si O ^ interface width, due to the lower deposition temperature cf 

metal l izat ion A , may have affected the damage mechanism by reducing interfacial 

diffusion. These questions are di f f icult to resolve, however, because of the inter-

dependence of deposition temperature, surface topography, grain size and interface 

structure of thin f i lm metall izations. 

9 . 8 Conclusions 

( i ) The electromigration MTF of aluminium metallizations shows an approximately 

linear increase with median grain size. 

( i i ) The standard deviation of the fai lure time distribution tends to increase as 

grain size approaches track width. 

( i i i ) The fai lure time standard deviation is dependent on the accelerated life 

test conditions. (T^ is reduced by the use of high temperatures and current densities. 

( iv) Meta l l i za t ion -d ie thermal contact is improved by annealing, but the effect 

is small. 

(v) Metal l izat ions deposited at 575 K and 675 K have an effect ive activat ion 

energy for electromigration fai lure of 0 . 6 e V , as do metallizations deposited at 475 K 

and annealed at 700 K for 2 hours. Metal l izat ions deposited at 475 K without annealing 

have an effect ive activat ion energy of 0 . 3 5 e V . 

(vi ) The MTF varies inversely as the square of the current density in the range 
9 10 -2 

3 x 10 to 1 x 10 Am at 518 K. 

(vi i ) "Annealing effects" in the f inal stages of electromigration failure can 

reduce the damage rate or even reverse the damage process. 
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C H A P T E R 1 0 

SUMMARY 

The effects of deposition conditions and annealing treatments on the internal 

microstructure and interface structure of evaporated aluminium thin films on thermally 

oxidized silicon were investigated using a variety of experimental techniques. The 

electromigration performance of films of different microstructures was then assessed by 

accelerated life testing. The main conclusions to be drawn from these experiments are 

summarized i n t h e fol lowing. 

Aluminium films, deposited onto amorphous Si C ^ by tungsten-filament 

evaporation in a vacuum of better than 2 x 10 ^ mbar, followed an island growth 

mode. The island size and the mean thickness at which complete coverage was attained 

increased with substrate temperature in the range 295 K to 675 K. The grain size 

distributions of 1 pm thick films were found to be log-normal, and the median grain size 

ranged from 0 . 5 pm for deposition at 295 K to 2 . 6 pm at 675 K. Post-deposition 

annealing resulted in some grain growth, but the process was very slow at temperatures 

less than 450 K. A l l the 1 pm thick films had a strong ( i l l ) fibre texture. "Growth 

hillocks" were observed on the surfaces of some films, but their occurrence was suppressed 

by the use of deposition temperatures in excess of 475 K, deposition rates of 10 nm s ^ 

and residual gas pressures in the region of 2 x 10 ^mbar. 

In aluminium films deposited under normal high vacuum conditions onto "as 

prepared" thermally oxidized silicon subtrates at 575 K and above, A| - Si O ^ reaction 

occurred to give an interfacial layer containing polycrystalline silicon and 7J 

The thickness of the reaction zone was estimated to be several nanometres. Higher 

deposition temperatures and post-deposition annealing treatments brought about further 

interfacial reaction. Aluminium films deposited onto ion-bombarded Si O ^ under ultra 

high vacuum conditions reacted wi th the substrate at room temperature over a period of 
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several hours, to give an interfacial reaction zone of approximately monolayer thickness. 

A| uminium deposited onto "as prepared" Si C ^ under the same conditions, however, did 

not react at room temperature. Water vapour adsorbed by the S i C ^ surface is thought to 

be responsible for the reduced reaction rate of the latter specimens. 

Accelerated life tests were carried out on four different metal l izat ion specimens 

with median grain sizes in the range 0 . 5 jjm to 2 . 6 j jm, produced by deposition at 

different substrate temperatures and in one case by post-deposition anneal ing. (Aluminium 

films of smaller grain size, prepared by deposition at 295 K, could not be used for 

electromigration testing. This was because of poor film-substrate adhesion as a result of 

lack of interfacial reaction at this temperature). The films tested fai led by an open 

circuit fai lure mode characterized by the formation of voids at the grain boundaries. 

The fai lure sites are believed to be associated with local divergences of the e lectro-

migration flux due to structural irregularities in the f i lm . 

The fai lure time distributions were approximately log-normal. The median 

time to fai lure increased approximately l inearly wi th median grain size and the standard 

deviat ion of the fai lure time distribution also tended to increase with grain size. This 

is consistent wi th the statistical models for electromigration failure of Attardo et al 

(1971) and Schoen (1980) . The MTF of a l l films had an inverse exponential (Arrhenius 

type) temperature dependence in the range 433 to 5 1 8 K . The three films of larger 

median grain size ( 1 . 0 jjm to 2 . 6 jjm) gave an effect ive act ivat ion energy for e lectro-

migration fai lure of 0 . 6 0 + 0 . 0 5 e V , in good agreement wi th most published results. 

The films of 0 . 5 jjm median grain size, however, gave an act ivat ion energy of 0 . 3 5 + 

0 . 0 5 e V . This result is not fu l ly expl icable in terms of any known theory of e lectro-

migration fa i lure , but differences in the topography of the free aluminium surface or 

the structure of the A | - S i O 0 interface due to the re lat ively low deposition temperature 
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(475 K) of this meta l l i za t ion may be responsible. The e f fect of current density 

accelerat ion was only investigated for the largest-grained f i l m . The MTF was found 
9 

to be inversely proportional to the square of the current density between 3 x 1 0 and 

10 - 2 

1 x 10 Am at 518 K, in agreement w i th the majority of published results. The 

standard deviat ion of the fa i lure time distribution tended to decrease wi th increasing 

severity of test conditions. This e f fect is thought to be due to an increase in the 

number of act ive damage sites under conditions of high temperature and current density. 

From the above results it is evident that the deposition conditions have a marked 

ef fect on the electromigrat ion performance of aluminium thin f i lm metal l izat ions. For 

optimum r e l i a b i l i t y , the fo l lowing rules for the meta l l i za t ion process should be observed: 

( i ) The Si O ^ surface should be c lean in order to fac i l i t a te the Al - Si O ^ inter -

fac ia l react ion which is essential for good adhesion of the meta l l i za t ion . 

( i i ) The deposition temperature should be high enough to promote the A l - Si O ^ 

inter facia l reaction ( ^ 475 K) . In order to produce a large grain size and hence 

optimise the electromigrat ion M T F , a higher substrate temperature is bene f ic ia l . A 

temperature of 675 K yields a median grain size of approximately 3 pm in 1 pm thick 

aluminium films and gives high re l i ab i l i t y of 1 0 p m wide tracks. 

( i i i ) High deposition rates ( 10 nm s and low residual gas pressures 

( * * 1 x 10 ^ mbar) promote a large grain s ize , ( 1 1 1 ) f ibre texture and smooth 

aluminium surface, a l l of which are conducive to high r e l i a b i l i t y . 

( iv) High temperature anneal ing causes grain growth, which may be desirable 

for increased electromigrat ion M T F . However, anneal ing also enhances the A | - Si O ^ 

react ion and roughens the aluminium surface and may therefore be detrimental to the 

performance of some M O S devices and mul t i - l eve l structures. The high temperature 

'sintering' process often used to obtain good A l - S i Ohmic contact could thus jeopardize 

the r e l i a b i l i t y or performance of certain devices. It may be possible to obviate the need 
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for "sintering" by chemical cleaning of the contact windows and the use of a high 

deposition temperature in the metal l izat ion process. 

The results of the present study apply strictly to 10 jjm pure aluminium 

metallizations on silicon-based devices. For many other types of device , the 

metal l izat ion system has still to be optimized. In the case of VLSI devices using 

1 j jm wide metall izations, some progress has already been made, but our understanding 

of electromigration damage in very narrow conductor stripes is far from complete. The 

re l iab i l i ty of aluminium metallizations has been improved by the addition of copper. 

Further optimization by the use of a third a l loy element seems possible, but w i l l require 

considerable experimentation. 

Devices based on compound semiconductors require different metal l izat ion 

schemes presenting new re l iab i l i ty problems which may be investigated by use of a 

combination of techniques. For example, XPS and TEM have proved useful in the study 

of the A| - Si O ^ interfacial reactions and may be applied to other metal-insulator and 

metal-semiconductor systems. In addition the use of SIMS for the detection of hydrogen 

is suggested. TEM, in conjunction with a suitable thinning technique ( e . g . chemical 

or ion-beam etching), is a valuable tool for examination of the microstructure of 

metallizations on "real" substrate materials. For a l loy metall izations, the use of 

STEM with micro-diffraction and micro-EDAX facil i t ies may yield information on the 

distribution of the various al loy elements wi thin the f i lm. 
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THE PREPARATION OF THE Si O SUBSTRATES 

Si 0 2 subtrates were prepared by oxidizing polished, single crystal sil icon 

wafers. Two types of wafers were used : 1 - inch wafers of { i l l } - oriented n- type 

—2 

silicon of 4 x 10 . a m resistivity, and 2 - inch wafers of { l00} -or iented p- type 

- 2 

silicon of 6 x 10 El m resistivity. The first type were al l given a 1 pm oxide layer 

and were used in the XPS experiments. The second type were given either a 50 nm 

oxide layer (for use in the TEM experiments) or a 1 jjm layer (for use in the accelerated 

life test experiments). 

The oxidation procedures were as follows. The polished wafers were cleaned 

by boiling in nitric acid for 15 minutes, then immersing in a 5 % aqueous solution of 

hydrofluoric acid for 30 seconds. 50 nm Si O ^ layers were grown by heating the wafers 

in a si l ica tube at 1148 K for 10 minutes in oxygen, followed by 25 minutes in steam, 

followed by a further 10 minutes in oxygen. 1 pm Si O^ layers were grown by heating 

at 1153 K for 10 minutes in oxygen, followed by 1 6 i hours in steam and a further 10 

minutes in oxygen. 

A l l subtrates were prepared at the British Telecom. Research Labs. 
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A P P E N D I X B 

CALIBRATION OF THE QUARTZ CRYSTAL MICROBALANCE 

The quartz crystal microbalance, used to measure the thickness of evaporated 

aluminium films, was calibrated using the technique of FECO (fringes of equal chromatic 

order). The technique has been described in detai l by Tolansky (1948) and Scott et al 

(1950) and only a brief outline is given here. 

The aluminium f i lm whose thickness was to be determined was deposited onto 

a clean glass microscope slide. A channel was scored in the f i lm, using a fine needle, 

so that the substrate was exposed. A 50 nm ( i . e . total ly reflecting) aluminium f i lm 

was then deposited on top of the first f i lm, to give a ref lecting surface which followed 

the contours of the first f i lm (see figure Bl ) . A second glass slide wi th a 20 nm ( i . e . 

part ia l ly reflecting) aluminium f i lm was clamped in front of the first slide, so that the 

two aluminium surfaces were parallel and in close proximity. Mul t ip le beam inter-

ference fringes of equal chromatic order were obtained from the plates using the 

experimental arrangement shown in figure B2. The spectrum (figure B3) consisted of 

dark fringes, each of which contained a "step" corresponding to the channel in the 

f i lm. The channel depth A t (which was equal to the thickness of the first aluminium 

fi lm) was determined from measurements of the fringe positions A and "step heights" 

A X , using the equation : 

A t = «_ A A, (si) 
2 

where 

n = A 

A, - A 
(B2) 

A t was determined from each visible fringe (of which these were typical ly 5) 

and the mean value taken. FECO measurements were performed on 5 films of thicknesses 
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in the range 30 nm to 1 jjm and the results plotted against the corresponding frequency 

changes of the quartz crystal microbalance. Figure B4 shows the microbalance to be 

linear in the range of interest wi th a sensitivity of 19 .5 Hz nm \ These results were 

obtained using one quartz crystal which was clean when the calibration experiment 

was started and had a 2 jjm coating of aluminium by the end of the experiment. Crystals 

used in the experiments described in Chapters 4 , 7 and 9 were replaced when they had 

acquired a coating of 2 jjm or less, since the accumulation of thicker layers is believed 

to affect their sensitivity (Heyman and M i l l e r 1978). 
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A P P E N D I X C 

CALIBRATION O F THE THERMOCOUPLES 

The temperature of the oxidized silicon wafer during aluminium deposition was 

measured by a chromel-alumel thermocouple positioned at the edge of the substrate 

holder (Chapters 4 and 7) . This was calibrated against a chromel-alumel thermocouple 

embedded in a lead pel let which was placed on the centre of a test wafer . The melting 

point of the lead, determined from a cooling curve, was used as the cal ibration point. 

The calibration curve is shown in figure C I . By use of the thermocouple at the edge of 

the substrate holder, the temperature at the centre of the substrate could be determined 

to + 5 K. Another thermocouple placed near the edge of the substrate showed that the 

temperature variation over the substrate surface was less than 10 K. 

The chromel-alumel thermocouple used in the in-situ TEM experiments (Chapter 4) 

was calibrated direct ly against the melting point of lead. Lead was deposited onto 

graphite substrates in a vacuum evaporation plant to produce particles of approximately 

250 nm diameter. These particles had crystal lographic shapes which were clear ly visible 

in the TEM. The specimens were heated in-situ for several minutes at temperatures just 

below the melting point of lead, as determined by the chromel-alumel thermocouple. 

The temperature was then al lowed to fal l by ~ 20 K and the lead particles were 

examined by TEM to see if melting had occurred (this procedure circumvented the possible 

effects of electron beam heating). The process was repeated, the temperature being 

increased in steps of 1 K until melting was observed ( i . e . the particles lost their 

crystal lographic shapes and became spherical). The depression of the melting point 

due to particle size effects is negligible for diameters of the order of 250 nm (Spiller 

1979). 
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A P P E N D I X D 

THE CRYSTAL STRUCTURE OF THE A L U M I N A S 

The properties of a l l the known forms of alumina have been reviewed by Wefers 

and Bell (1972) . The gamma ( y ) and eta ( r j ) phases are two of the "transition 

aluminas" which exist at temperatures up to * * 1 ,100 K. They transform to the stable 

oC-phase (corundum) via the &-or - transit ion phases. The transition aluminas 

cannot be formed from oc -a lumina . They are thought to be thermodynamically unstable 

states of structural reordering. The transition aluminas are not true polymorphs of A | O 
z a 

and are believed to contain hydroxy I ions. 

^ - a l u m i n a has a spinel structure of lattice constant 0 . 7 9 0 nm. The cubic close-

packed stacking has a strong 1-dimensional disorder and the spinel lattice is tetragonally 

deformed. 

y -a lumina also has a spinel structure, wi th a wel l ordered oxygen sublattice and 

disordered aluminium sublattice. The octahedral cation sites are believed to be ful ly 

occupied, but the tetrahedral sites have numerous vacancies. This gives rise to a strong 

tetragonal deformation and the unit cel l has latt ice constants : -
a = 0 . 5 6 2 n m ; c = 0 . 7 8 0 nm o o 

y -a lumina may contain varying amounts of hydroxy I ions. 

oc -a lumina has a rhombohedral structure wi th the oxygen atoms forming nearly 

close-packed layers and the aluminium atoms lying in some of the interstices. The close 
3 - 3 

packing results in the higher density of oc-alumina ( 3 . 9 x 10 kg m ) compared with 
3 - 3 

and y a lamina ( ^ 3 . 2 x 10 kg m ) . 
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A P P E N D I X E 

STATISTICAL NOTES 

E. 1 The Log-Normal Distribution 

The log-normal distribution represents a random variable whose logarithm 

follows a normal distribution. The probability density function P ^ M is given by .— 

fijx) = ! _L [ {sU X ' 
Jzfz GL , X ' I 2 <rj J 

( E . l ) 

where / j ^ J ^ J and ^ N a r e n u m e r ' c a ' constants. The form of the distribution is shown 

in figure E . l . (Eadie et al 1971). 

If Y ( = In X) is used as the variable, the distribution becomes a simple Gaussian : -

p j y ) = f - _ i _ ( y - f l (E .2) 
V l U G ^ L 2 % J 

of standard deviation ( T ^ and mean j j T h e mean is also equal to the median and 

mode of the distribution. 

The cumulative normal distribution is given by : -

J?M = f p j y u r (e.3) 
J y . 

where P - ( Y . ) = 0 and P ^ ( Y ) = 1. The median value of Y . Y c n is defined by G min G max ' 50 

P g ( Y 5 0 ) = 0 . 5 . 

The log-normal plots used in Chapters 7 and 9 are plots of P q ( Y ) against Y . 

The probability that a measurement wi l l lie between Y^Q- CT^ and Y^q + CTQ is 0 . 6 8 3 . 

Hence <J"q is readily determined from the log-normal plot. 

E .2 The Log-Extreme Value Distribution 

The log-extreme value distribution represents a random variable X whose 
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logarithm Y follows the extreme value distribution defined by 

p., (y) = ± e*P 
< 0 , 

£v 
0 7 i 

(E .4) 

The extreme-value distribution gives the limiting distribution for the largest 

(+sign) or smallest ( -s ign) element of a set of independent observation from a distribution 

of exponential type ( e . g . normal). For the case of failure time distributions, the 

appropriate form of the extreme value distribution is the one containing the negative 

sign. It is shown graphically in figure E .2 (Eadie et al 1971). 



The log-normal distribution 

(from Eadie et al 1971) 

FIGURE E . l 

The extreme-value distribution 

(from Eadie et a I 1971) 

FIGURE E.2 
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Evidence for reaction at the Al-Si0 2 interface 
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Abstract. Evidence from x-ray photoelectron spectroscopy (XPS) and transmission 
electron microscopy (TEM) is presented for a solid state reaction between aluminium 
and oxidised silicon, which results in the formation of a crystalline oxide phase of 
aluminium and elemental silicon. The oxide phase has been identified as a mixture of 
•q and y phases which are less dense and have more 'open' structures than the most 
stable 0C-AI2O3 phase. We suggest that this reaction which can occur under the condi-
tions used for the manufacture of integrated circuits may be significant for electro-
migration failure mechanisms. 

1. Introduction 
The Al-Si02 interface is of considerable importance in governing the reliability of 
integrated circuits, where aluminium contact metallisations run over thermally grown 
SiC>2 on the device surface and may also be covered by a SiC>2 passivation layer. The 
properties of the Al-SiC>2 interface affect bonding and thermal contact between the 
metallisation and the die and may also control the rate of electromigration damage. 
Electromigration via the Al-SiC>2 interface is expected to be particularly important in 
the case of narrow ( < 2 /xm) metallisation line widths where a 'bamboo' grain structure 
has been shown to exist (Vaidya et al 1980). Here, the grain boundaries tend to be 
perpendicular to the direction of electric current flow and the failure mechanisms associ-
ated with grain boundary mass transport (Rosenberg and Ohring 1971) are relatively 
unimportant. 

Reactions at the Al-Si02 interface are also thought to be responsible for changes 
in the Al-Si02 work function on annealing (Hickmott 1980). Consequently, the per-
formance of metal-oxide-semiconductor (MOS) devices depends on the structure of the 
Al-Si02 interface. 

We report here on some investigations into this interface, using a combination of 
transmission electron microscopy and diffraction and x-ray photoelectron spectroscopy. 
We have identified conditions under which chemical reaction between aluminium and 
silicon dioxide occurs, i.e. 

4 Al+3 Si0 2 -^2 AI2O3 + 3 Si. 
For convenience we shall discuss the two techniques separately. 

0022-3727/81/030017+06 $01.50 © 1981 The Institute of Physics 
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2. X-ray photoelectron spectroscopy (XPS) 
All experiments were performed in a V-G Scientific ESCALAB 5 spectrometer. The 
substrates consisted of 1 jum layers of SiC>2 grown on (111) oriented silicon by heating at 
1400 K in steam for 2 h. These were used in two conditions: (i) 'clean as received', which 
showed some carbon contamination, possibly as high as 20 % monolayer coverage, and 
(ii) argon ion bombarded to remove all traces of carbon from the XPS and Auger spectra. 
Aluminium (99.995 % purity) was deposited at rates between 5 x 10 - 2 and 2 x 10 - 1 nm s - 1 

from a tungsten filament evaporator. The deposition rates and film thicknesses were 
monitored using a calibrated quartz crystal oscillator microbalance. The base pressure 
was 3 x 1 0 - 1 1 mbar, rising to 7 x 1 0 - 1 0 mbar during evaporation. The substrates were 
held at room temperature during aluminium depsition. 

After 0.5 nm of aluminium had been deposited on the ion-bombarded SiC>2, XPS 
spectra were obtained, using the Mg Ka line at 1253.6 eV. Electron induced Auger 
electron spectroscopy could not be performed because of electrostatic charging effects, 
which probably resulted from the dicontinuous island nature of the aluminium deposit. 
Figure 1 shows the XPS results. Curves A to D show that even at room temperature 
changes are occurring. Note in particular the growth of the AI2O3 features, this being 

Electron binding energy (eV) 

Figure 1. XPS spectra from 0.5 nm of Al 
on ion-bombarded SiC>2 for different 
times after deposition at room tempera-
ture: A, 30 min; B, 19 h; C, 42 h; 
D, 91 h; and then subsequent treatment: 
E, 30 min at 525 K; F, 16 h at 525 K; 
G, 30 min at 575 K; H, 30 min at 650 K; 
I, 30 min at 750 K. 

Electron binding energy (eVI 

Figure 2. XPS spectra of the 'as received' 
SiC>2 after deposition of 0.3 nm of Al at 
room temperature: A, 15 min; B, 5 h; 
C, 21 h; D, 44 h; E after 30 min further 
annealing at 650 K; F, 30 min at 750 K. 
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accompanied by a slight increase in the Si 2p peak. The feature at X is a Mg Ka satellite 
due to the fact that the x-rays were not monochromated. At elevated temperatures 
(during which the base pressure was always less than 10 - 1 mbar), the sequence is seen to 
continue with gradual growth of the AI2O3 2p at the expense of the metallic aluminium 
2p peak. Changes in the Al 2s peak are not as clear since the Si 2p plasmon loss is 
superimposed on the Al 2p peak. 

With the 'as received' Si O2 substrates the reaction was not as rapid. Figure 2 illus-
trates the results for a deposit of 0.3 nm of aluminium. Compare curve C of figure 2 
to see how slowly the reaction proceeds on the 'as received' substrate at room temperature 
However, heating did bring about reaction, although the presence of silicon is less marked 
in this case. 

In order to establish that the oxidation of aluminium was not caused by ambient 
oxygen in the vacuum chamber, 0.5 nm of aluminium was deposited on to an argon ion 
bombarded silicon substrate. Even after 160 h at room temperature followed by an 
anneal at approximately 850 K for 30 min, there was negligible AI2O3 formation as 
detected by XPS. We therefore feel confident that the AI2O3 seen in figures 1 and 2 was 
produced by reaction at the Al-Si02 interface. 

3. Transmission electron microscopy (TEM) 
Two sets of experiments have been performed in which use was made of TEM and diffrac-
tion to examine reaction at the Al-SiC>2 interface. In the first set, aluminium was deposited 
on to oxidised silicon wafers in a 'clean vacuum' coating unit which had a liquid nitrogen 
trap and used polyphenyl ether pumping fluid. The wafers were of (111) orientation and 
had approximately 50 nm of thermally grown oxide on the surface. They were used in the 
'as received' condition. 50 nm of aluminium was deposited on to the substrates at approxi-
mately 1 nm s _ 1 from a tungsten filament evaporator. The substrates were heated to 
650 K during deposition, by a tungsten strip radiative heater (Unvala and Censlive 1973) 
and radiation from the evaporator itself raised the substrate temperature by a further 
50 K. The pressure rose from 10~7 to 10 - 6 mbar during deposition. After the wafers had 
cooled to room temperature they were removed from the vacuum chamber and 3 mm 
discs were prepared by ultrasonically cutting the wafers. The silicon was removed from 
the centre of each disc by 'jet etching' with H F : H N 0 3 , 1:2 by vol. (Bicknell 1973) to 
leave 50 nm of aluminium supported on 50 nm of SiC>2. The specimens were examined 
on a JEOL 100U TEM using an electron beam of 80 keV energy. Both the direct examina-
tion of the specimens and carbon/platinum shadowed replicas of the surface showed the 
aluminium deposit to consist mainly of islands of approximately 0.5 /xm diameter and 
0.1 fim height, with some smaller islands of around 50 nm diameter covering much of 
the area between the larger islands. The electron diffraction pattern yielded rings with the 
J-spacings as shown in the first column of the table. There was no evidence for any strong 
preferred orientation, i.e. tilting the specimen did not give rise to 'arcing' of the rings. 

There is clear evidence for an oxide phase of aluminium, tentatively identified as 
polycrystalline 17 or y-Al2C>3 (Wefers and Bell 1972), and polycrystalline elemental silicon. 
We do not believe that the crystalline oxide could have resulted from reaction with 
residual oxygen-containing gases during aluminium deposition as the principal gas present 
during deposition was hydrogen. Transfer of the specimen from the evaporation chamber 
to the electron microscope must have resulted in atmospheric oxidation of the aluminium 
surface, but such oxide has been shown to be amorphous (Prabriputaloong and Piggott 
27* 
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1974). The detected silicon can only have resulted from chemical reaction at the interface 
and is easily distinguished from residual single crystal silicon on the reverse side of the 
wafer. 

Diffraction patterns taken from aluminium films deposited on to identical substrates 
at temperatures of 575 K and less exhibited only the polycrystalline aluminium rings, but 
films deposited at room temperature and immediately heated at 675 K for 1 h in vacuo 
were found to contain polycrystalline silicon and AI2O3. 

In the diffraction data described above, only one feature arising from the aluminium 
oxide was clearly visible, most of the rings being obscured either by the much stronger 
aluminium features or by diffuse background from the amorphous SiC>2. A second set 
of TEM experiments was performed in order to elucidate the structure of the aluminium 
oxide. The substrates used were again silicon wafers with a 50 nm SiC>2 layer and these 
were cut into 3 mm discs, jet etched to remove the silicon, then washed in trichloro-
ethylene and acetone, and finally vapour-cleaned in isopropyl alcohol. Aluminium was 

Table 1. A comparison of the crystallographic d-spacings (in nm) obtained using 
transmission electron diffraction with x-ray data for 17 and y-AU03 (Wefers and Bell 
1972) and the calculated </-spacings for aluminium and silicon. The first column is for 
Al deposited on to amorphous SiC>2 at 650 K; the second column refers to Al and SiC>2 
heated in the electron microscope until reaction was complete. 
Electron Calculated values X-ray 
diffraction diffraction 
Deposited Fully Aluminium Silicon y V 
at 370 K reacted AI2O3 AI2O3 at 370 K reacted 

hkl d hkl d 
AI2O3 AI2O3 

0.464 0.46 
0.33 0.313 111 0.314 
0.285 0.280 

0.238 
0.27 
0.241 

0.28 
0.240 

0.233 
0.227 

111 0.233 
0.228 
0.218 
0.209 

0.227 

0.202 
0.196 
0.192 

200 0.202 

220 0.192 
0.198 
0.195 

0.197 

0.164 0.163 
0.155 

311 
222 

0.164 
0.157 

0.154 0.152 
0.143 

0.140 
0.136 

220 0.143 
400 0.136 

0.139 0.140 
0.126 0.125 331 0.125 
0.122 

0.121 
311 0.122 

0.121 
0.117 222 0.117 

0.114 0.114 
0.112 0.111 422 0.111 

0.104 0.103 
0.101 400 0.101 
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deposited in the TEM, the background pressure being 10~6 mbar, rising to 5 x 10 - 5 mbar 
(mainly hydrogen) during deposition. The specimens were then heated at 870 K until 
reaction between the aluminium and Si02 was complete, as indicated by the disappearance 
of the Al diffraction features. The resulting diffraction pattern showed the presence of 
polycrystalline Si and 17-AI2O3; the d-spacings are listed in the second column of the 
table. 

4. Discussion 
The results establish that aluminium and amorphous silicon dioxide undergo a solid 
state reaction with the formation of polycrystalline AI2O3 and elemental silicon. Further-
more, this reaction is likely to occur under the conditions used for the fabrication of 
integrated circuit metallisations. We shall shortly consider the implications of this inter-
facial reaction for the performance of semiconductor devices. 

Our results compare well with studies reported elsewhere. Bachrach and Bauer (1979) 
investigated the reaction between thin layers of aluminium and silicon oxidised under 
controlled UHV conditions, using high resolution XPS. Their results suggested that an 
intermediate oxidation state of aluminium was formed initially, followed by the formation 
of AI2O3 after several hours at room temperature. Elemental Si was also observed. The 
reaction has also been reported by Strausser et al (1978), who used Auger electron 
spectroscopy in conjunction with ion sputter profiling to investigate the interface between 
50 and 100 nm films of Al sputter-deposited on to thermally oxidised silicon. The reaction 
products were found to be distributed over a 40 nm layer at the interface, although some 
mixing may have occurred during depth profiling. The reaction rate for our ion bom-
barded specimens was comparable to, although slightly less than, that reported by 
Bachrach and Bauer (1979). The rate for the 'as received' SiC>2 was much lower and 
suggests that atmospheric exposure of the SiC>2 gives rise to slower reactions. 

The TEM experiments, whilst corroborating the above, can also be compared to some 
studies by Prabriputaloong and Piggott (1974), who used transmission electron micro-
scopy and diffraction as well as x-ray diffraction to measure reaction rates between 
aluminium films and quartz and vitreous silica substrates in the temperature range 675 to 
1125 K. They observed the polycrystalline B-AI2O3 phase with some trace of C1-AI2O3 
and showed that the reaction was more rapid for vitreous silica than for quartz (activation 
energies of 31 ± 3 and 64 ±6 kcal m o l - 1 respectively). They also found that contamina-
tion of the substrates by water led to a lower reaction rate. 

The absence of interfacial reaction in the case of aluminium deposited on to atmos-
pherically exposed SiC>2 at temperatures less than 575 K is a possible cause for the non-
adhesion of aluminium metallisations prepared under similar conditions in the micro-
electronics industry. Such non-adhesion can give rise to local 'hot spots' which result 
in a higher rate of electromigration damage and early device failure (Rosenberg and 
Berenbaum 1968). 

The phase of AI2O3 present at the A l-Si02 interfaces may determine the extent to 
which they contribute to electromigration in the metallisation. The 17-phase is less dense 
than the most stable oxide (a-A^Os) and can be considered to have a relatively open 
structure; Lippens and de Boer (1964) state that the structure is a tetragonally deformed 
spinel lattice. It is tempting to suggest that passage of aluminium atoms along the 
AI-17-AI2O3 interface may be facilitated by this open, distorted structure. If electro-
migration is to be restricted, a close-packed oxide, i.e. a-Al203, would be desirable. We 
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are continuing our studies in order to identify the conditions for the formation of different 
aluminium oxide phases at the interface and we are performing accelerated electromigra-
tion life tests on aluminium metallisations prepared under various conditions. 

As was mentioned earlier, chemical reaction at the Al-Si02 interface has been shown 
to affect the electrical properties of MOS structures. We suggest that the phase of AI2O3 
present might also be important. The relationship between the various so-called transi-
tion aluminas is very poorly understood, and their electrical properties appear not to 
have been studied in any systematic fashion. 

5. Conclusions 
We have established that a solid state reaction between aluminium and oxidised silicon 
can occur under conditions similar to those used for the manufacture of integrated 
circuits. This can have two important implications as far as electromigration failure is 
concerned. Firstly, a reaction should help to provide adhesion and hence good thermal 
contact between the aluminium film and the substrate, thereby not giving rise to 'hot 
spots' and enhanced electromigration. Secondly, the open structure of the 7) (or y) 
AI2O3 at the AI-AI2O3 interface may provide a channel for Al ion migration which will 
be the most significant path for sub-micron VLSI circuitry. We also highlight the poor 
understanding of the general occurrence of oxide phases of aluminium and the lack of 
data regarding the electronic nature of these phases. 
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