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ABSTRACT  

The deposition of thin films has attracted much attention in recent 

years. The merits of the various deposition techniques are largely 

consequent upon the req.uirements for the film. This Thesis-describes 

the technique of D.C. sputtering as it may be applied to the growth of 

epitaxial thin films of metals and semiconductors. A review of nucleation 

theory and sputtering in general is given. 

The results presented herein are those of a structural study and 

also, for semiconductor films, a study of galvanomagnetic properties. 

It is found that both metal and semiconductor films are epitaxial at 

temperatures considerably lower than the temperature required for evapo-

rated epitaxial films. Increasing orientation. is observed to occur for 

increasing substrate temperature, increasing film thickness and decreasing 

deposition rate. The effect-is- observed for growth by both diode and 

triode sputtering, but in the case of semiconductors, diode sputtering 

appears to be less effective. 

Since one of the features of sputtering is that the ejected atoms 

have kinetic energy of -./10 eV, it is thought that this may be responsible 

for the observed epitaxy at lower temperatures. A computer calculation 

of the arrival energy at the substrate as a function of discharge gas 

pressure is presented. This shows a rapid decline in the arrival energy. 

above 10-2 torr. A semi-quantitative model is presented in terms of the 

arrival energy being - dissipated in the growing islands, the effect being 

dependent upon island size. The results are also discussed'in relation 

to modern nucleation theories. 

The results of the electrical study, made predominantly on germanium 

films, shows the galvanomagnetic properties to be considerably inferior.. 
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to those of the bulk material. It is demonstrated that the results are 

due almost entirely to defecti in the film structure. The mean free 

path of the charge carriers is found to be of the game order as the 

grain size. 
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CHAPTER I.  

INTRODUCTION  

1.1 INTRODUCTION  

This Thesis describes the preparation and properties.of thin films of 

metals and semiconductors by the technique of sputtering. The purpose of this 

introductory chapter is to examine the need for thin films in fundamental and 

applied terms, and to discuss briefly the various methods by which such films 

may be prepared. A historical survey of the evolution of sputtering as a 

technique is included and. the types of film which may be , prepared by sputtering 

are discussed. The experimental trends which determined the nature of the pres-

ent investigation are indicated and in the light of these the aims of the thesis 

are outlined. 

1.2. THE DEVRT,OPMENT OF THIN FILM APPLICATIONS  

The study of thin films per se first became necessary as a result of 

their application to the physics of optics, e.g. lens blooming, towards the 

end of the last century. Wavelengths of around 500O8 require films of similar 

dimensions to act as quarter-wave retarders, filters etc. There was thus a need 

for the study of parameters controlling film growth and deposition so that films 

of the desired properties could be obtained. 

From a physical investigation viewpoint, there was in the early part of 

this century,-much interest in the conduction process, particularly in relation 

to electron mean free path behaviour. If the conductor has one dimension 

reduced to approximately the mean free path.(typically".15005), such a study 

becomes practicable. It was in this field that the Electrical properties of thin 

films was first studied by J.J. Thompson (1901). 
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Practical requirements of modern technology have led to the need for 

electrical components in the form of small lightweight devices. Thus there 

has emerged a strong practical incentive for thorough investigations  of the 

properties of thin films as a function of the many variables involved in their 

preparation. In this new technology, application of thin films falls into two 

main classes a) passive devices and b) active devices. The former class includes 

resistors and capacitors. In these the magnitude of both resistance and capac-

itance are inversely proportional to the thickness of the film. Theoretically 

it is therefore possible to produce thin film passive devices of any required 

characteristic simply by controlling the film thickness., In practice this is 

of course not so, and it is the reasons behind this not being so which form • 

broadly the basis for the investigation of passive thin films. The first films 

deliberately prepared as resistors were made by Longden in 1900, but it was not 

until N1950 that any commercial products beCame available. The first reference 

to the use of thin films in the manufacture of capacitors, at the turn of the 

century, was not with respect-to the dielectric layer, but to:-the electrodes. 

Metallised paper or plastic capacitors were thus conceived. The use-of a 

deposited thin film dielectric was not achieved for another 50 years, one of 

the main drawbacks to the - satisfactory development of the devices being the 

technical problems of achieving good vacuum. 

Active devices broadly span semiconducting materials, particularly Si • 

and Ge suitably doped. The carrier transport action may be bipolar (current 

carriers holes and electrons) or unipolar (one type of carrier only). A 

transistor made up Of 	junctions falls into the first•category and it was to 

this that thin film efforts were directed initially. Results were.not very 

encouraging because of the need for good- single crystal growth so that minority 

carriers do not rapidly recombine with the majority carriers. TeChniques have 

therefore concentrated on the production of single crystal films. The uninolar 

action, however, does not rely upon single crystallinity and:this has led to 



much activity in the development of the field effect transistor. The first - 

• device of such a kind prepared entirely by vacuum evaporation was by Weimer • 

in 1961. Nowadays since the advent of integrated circuit techniques, it is • 

possible to form an entire circuit on a single semiconductor substrate by 

suitable deposition of metal, semiconductor and insulating film. The need to 

understand and control the properties of those films is thus of paramount 

importance. 

A further type. of film which cannot be strictly termed active or passive 

is the mgnetic film. Since these are generally metallic (elemental or compound) 

they lend themselves very readily to preparation by several of the methods des-

cribed below. Magnetic devices in thin film form are particularly useful in 

computers where a large amount of information is reauired to be stored in as 

small a space as possible. A physical study of magnetic properties such as 

coerahrity, hysterisis etc. is thus fundamental if an efficient .fast computer 

store is reouired. 

1.3. THIN FILM DEPOSITION METHODS  

The deposition of a thin film layer on a suitable:substrate relies upon 

the material being in atomic ionic or molecular form. Thus a technique is only 

suitable for a given material if that material can be reduced to this form. 

The techniques exist in two main classes, physical and chemical. Into the 

former class fall evaporation, sublimation and sputtering. The second class 

contains electro- and electro-less deposition, thermal deComposition from the 

vapour phase, etc. 

1.3.1. Physical Deposition  

In order to obtain a thin film from a bulk material it is necessary to 

give sufficient energy to the atoms in the material for: them to break away from 

thee  bulk surface into free space. Once in free space they will condense on a 

cool surface to form a film, unless they are forced back to the source, e.g. 

by back diffusion. Hence the need for reduced pressure. The energy required 
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for the atoms to leave.the surface maybe imparted thermally by heating the 

material (evaporation, sublimation) or by momentum transfer on impact with an 

energetic particle (sputtering). Whether a material can be deposited by 

evaporation or not, depends on how much energy is required for dissociation and 

upon the pressure just above the surface of the material, i.e. the process is 

vapour pressure dependent. BecauSe of this, different materials evaporate at 

different rates for a given temperature and/or pressure. Thu's most alloys and 

compounds 'do not form thin films with the same stoichiometry as the source 

material. However, evaporation does have a very important place in deposition 

techniques because a) it is a very contamination-free method, b) it relies 

only upon the provision of sufficient heat, and for most materials, a moderate 

vacuum of only :410 6-be= is reauired and c) it is often possible to overcome 

the non-stoichiometry problem in alloy by suitable technique, e.g. flash 

evaporation, three Temperature method etc. 

The second process, that of sputtering, is not vapour pressure dependent, 

since it relies only upon the transfer of energy from a bombarding particle to 

a lattice atom. The process will be discussed at greater length in Chapter 3. 

At this stage it is sufficient to say that virtually any material, elemental 

or compound, metal or dielectric can be sputtered using an appropriate technique. 

However, because it relies upon the existence of a dense ion cloud or beam for 

adequate deposition rates, it has often been described as a dirty Method. This 

description arose from a misconceived idea over the method of production of 

the ions. Nowadays, it is possible to deposit films by sputtering under cond-

itions matching those of evaporation. 

Because evaporation techniques were developed more rapidly than sputter-

ing techniques, most applications involve evaporation rather than sputtering. 

This is justifiably so since the requirements for evaporation are generally 

simpler than for sputtering though sputtering does have other advantages which 

will be discussed in Section 1.4. 
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1.3.2. Chemical p2position 

It is often possible to produce a layer of material on a suitable 

substrate by precipitation from a compound of that material. The compound may 

exist in solid, liquid or gas form and the transfer of material may be ionic or 

atomic. The chemical techniques comrrIonly used are electro- and electro-less 

deposition and vapour phase deposition, which includes disproportionation, 

thermal decomposition and reduction or oxidation. The processes are somewhat 

limited in that not all materials lend themselves to the process. They are 

used nevertheless for thin film preparation and are superior to plvsical tech-

nives in some cases. However, since those methods are not of direct relevance 

to the present work, they will not be discussed further. A recent and complete 

review of Chemical deposition techniques has been given by Campbell (1968). 

1.4. SPUT2tRIT 

1.4.1. Early Work 

The term sputtering refers to the removal of atoms from a bulk surface 

due to the bombardment of the surface by energetic particles, usually ions. 

It was first observed as a by-product of ti-e investigation of discharges in gases 

in 1352 by Grove, who noticed a metallic deposit on the walls of the discharge 

tube. At the time it was considered an interesting nuisance and no attention 

was paid to its 114ysical significance. It was not until 1877 that Wright again 

observed the deposition of a metal film during glow discharge experiments. 

Wright's observation followed the insertion of a gold foil into the discharge 

in aa attempt to eliminate mercury vapour from the discharge he was studying. 

He then saw that a gold film was depositing on the wall of the discharge tube 

and that the film was thickest near the negative end of the foil. He rec7ised 

the significance of this and was able to repeat his experiments making the 

negative electrode of the material he wished to deposit. Thus he was able to 

make qualitative and substantially correct statements regarding the relative 

sputtering efficiency of different materials. 
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The literature on the subject then increased rapidly as the simplicity 

of the technique was realized. A very moderate vacuum (42.0
-2  torr) was reqUired 

plus a suitalae high potential source such as an induction coil. It was there-

fore within most workers' capabilities to set up an apparatus for the deposit .on 

of films by this technique. The really early work was concerned with the 

interesting phenomenon of obtaining thin films and a long list of references 

dating from 1852 is given by Fruth (1932). The study of the 'physical properties 

of the films so produced was not so thoroughly carried out. The electrical 

and magnetic properties were only earnestly investigated from about 1925. The 

effects observed were not so much peculiar to sputtered films as to thin films 

in general. A review up to 1938 is given by Lewis (1938). 

All the early sputtering work, prior to 1940, cias carried out in a 

glow discharge environment. As will be discussed in Chapter 3', this results in 

the mean free path for sputtered atoms and bombarding ions being reduced by 

collision with free gas atoms in the discharge. For accurate quantitative 

studies of the sputtering phenomenon, e.g. sputtering yield, this condition is 

clearly unsatisfactory. It was shown by von Hippel (1926) that at a pressure 

of 0.1 mm Hg and with a collector placed at the edge of the cathode fall the 

back diffusion of material amounts to 90%. This effect is clearly shown in 

Fig. 1.1, which represents the results of Guntherschulze and Meyer (1932). 

(Results given in this form by Penney and Moubis, 1940.) The sputtering yield 

for poSitive ions (energy 5000") is plotted against the product pd, where p is 

the gas pressure in mm Hg and d is cathode-collector separation in cm. 

Efforts to overcome the effects of back diffusion were initially 

directed towards reducing the surface area, of the target electrode, e.g. by 

using a cylindrical wire. This was found to be unsatisfactory, however, on,  

account of geometrical differences in the nature of tho experiments. The first 

attempts to reduce the pressure in the system so that the yield did not vary 

with pd (see Vig.L1) wore made by Guntherschulze and Moyer (1932) using a hot 
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cathode. They found that the sputtering rate of silver by argon was constant • 

• at pressures below .01 mm Hg. Penney and Houbis (1940) attempted to lower 

the required pressure for the 'discharge by employing an axial magnetic field 

with a normal glow discharge. The field was coaxial with a cylindrical 

electrode arrangement. Its purpose ViTLA to increase the path length of the 

electrons, thereby increasing the probability of ionisation at lower pressures; 

Their arrangement allowed operation at current densities as high as 20mA/Cm
2 
 

and with such a current and a cathode fall of 500V, a sputtering rate of 

3000 R/min. at 0.014 mm Hg could be achieved for copper bombarded by argon! 

The major purpose of their experiments however was to determine sputtering 

yields for various materials as a function of applied voltage, gas pressure 

and current density. It is a feature of sputtering at low pressures that 

these three parameters can be separately-varied whereas in a glow 

they are interdependent. Their results compared very favourably with those 

obtained by Guntherschulze and Meyer. 

A feature of early work was an attempt to establish the lowest voltage 

at which sputtering occurred. An excellent review of these early observations 

is given by Wehner (1955). Oliphant (1928) measured tine sputtering yield and 

found that no sputtering occurred until the energy of the ions was at least 

300-400 volts. The major difficulty encountered is that near the threshold 

the sputtering yield is very low. Early experiments were simply not sensitive 

enough to detect the very small changes which occurred. Also, the yield is 

not linear with energy, which precludes accurate extrapolation. Many tech-

niques have been evolved in an attempt to establish a true starting point, 

including radio-tracers (Morgulis and Tishenko, 1956) and optical spectroscopy 

(Stuart and Wehner, 1962). Such techniques have shown that the threshold 

(v20dV) was much less than originally determined. It is an interesting result 

that the threshold is virtually independent of the relative masses of target 

atom and bombarding ion. Stuart et al (1950) have shown that tho. threshold 

energies are very similar to the displacement energies in solids. 



17 

Following Penney and Moubis (1940), it became very clear that investi- 

, gations of the sputtering mechanism were unreliable unless the pressure in 

the system could be reduced such that the mean free paths of the sputtered 

atoms and the bombarding ions were of the same order as the interelectrode 

dimensions. Thus emphasis after 194.0 was on the design and operation of low 

pressure sputtering systems purely as a means of studying the mechanisms of 

sputtering. A study of the resultant films was not made to any extent except 

insofar as they represented a measure of the :,pattered miterial. Wehner's 

review of 1955 and also that by Kaminsky (1965) give a very complete survey of 

the work up to the time of their publication. 

The growth of thin films by'sputtering, although known, was not given 

serious consideration largely because it was thought to compare badly with 

evaporation as far as film purity was concsrnea. In fact, where an inert 

bombarding gas is used, the only impurity problem arises from inclusion of gas 

in the growing film and not by chemical reaction with the film. The amount of 

reactive gas in the environment depends entirely upon the residual pressure of 

the vacuum system as is the case for evaporation. The techniques used in 

sputtering to overcome contamination will be discussed in Chapter 3. 

1.4.,2 TYPES OF FILM WHICH MAY BE DEPOSITED BY SPUTTERING  

Generally, there is no exception to the type of material which may be 

deposited by sputtering, given the right technique. Because the process is,  

basically one of momentum transfer between bombarding ion and target atom, 

there is no limitation due to vapour pressure'etc. Films of metals, insulators 

and semiconductors can therefore be produced and their properties reasonably 

controlled by control of the deposition parameters. Historically, metal films 

'were the first to be studied because of their lack of complexity, and resistivity, 

superconductivity, optical and magnetic properties were investigated. Since 

1960.these investigations have hardened in •their intent and sputtering .is ar;.. 
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viable a process as evaporation for the formation of superconducting (Fierichs, 

1962) and magnetic (Francombe and Noreika, 1961) films; particularly since 

sputtering enables alloy films to be easily deposited. Insulating films may 

be prepared by sputtering but not normally by the d.c. method. If the target 

is an insulator, charge effects are such that ion bombardment stops after a 

very short time, thereby preventing sputtering. An a.c. method is therefore 

employed in which the target is made periodically positive and negative. The 

frequency is usually>100 KHz. This technique, known as R.F. sputtering, was 

used by Davidse and Maissel (1965) to deposit glass films. The technique is 

however fairly recent and early work on sputtering insulating films was by 

reactive sputtering. Deliberate production of insulating films by sputtering 

was carried out in 1944 by Janeff (published in 1955). Bickley and Campbell 

(1962) deposited mixed oxides by sputtering for capacitor applications. 

The use of sputtering for the deposition e semiconductor films has 

been one of slow development, based again on the mistaken idea that the tech-

nique is a dirty one. Several papers appeared in 1962 which showed. that 

epitaxial films of elemental and compound semiconductors could be prepared by 

sputtering (Francombe et al, 1962, Reizman and Basseches, 1962) though the 

electrical properties of such films were not very good (Moulton, 1962). 

1.5. FACTORS LEADING TO THIS WORK 

One of the many applications of thin films described in the earlier 

section is in the field of electronics. Certainly in the case of semiconductoz 

it is an advantage to have a single crystal film deposited on a suitable 

substrate (e.g. for bipolar transistors). The need for single crystal metal 

layers is not so apparent except for cases in which certain properties are 

anisotropic. However, the value in studying sputtered metal film lies in the 

comparative wealth of information regarding the growth of metal films by 

evaporation. The interest in epitaxy by sputtering was generated by Campbell 
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and Stirland (1964.). They demonstrated that gold and silver deposited on 

to rocksalt by sputtering grew epitaxially at substrate temperatureS 	in 

comparison to evaporated films. This fact, if applicable to the growth of 

semiconductors, would enable epitaxial overlayers to be grown on substrates 

which had been previously treated (e.g. diffusion processes) at relatively 

low temperatures. Other methods of deposition, for example vapour phase 

deposition, require substrate temperatures around 1,000°C for epitaxial 

growth. Such a temperature would cause large diffusion and alter the 

characteristics of a pre-formed device. Because of the small amount of 

diffusion which would result at the low epitaxy temperature, ary junctions 

formed between opposite types of semiconductor would be very sharp. This 

would enhance the high frequency characteristics of the device. A further 

point in favour of sputtering as a deposition technique for epitaxial semi-

conductors is the observation that compound films can be grown with the 

stoichiometry of the original source material (Francombe et al, 1962). 

1.6. OBJECTS OF THIS WORK 

The above benefits which would result if epitaxial semiconductor 

films could be grown at low temperatures formed the basis on which the 1resent 

work was founded. Since the observations had been largely qualitative, it 

was considered necessary to investigate the growth of films by sputtering, 

particularly the phenomenon cE epitaxy, as a function of deposition and 

discharge parameters. 

Thus the nins of the experimental work were set up as follows: 

a) To investigate the phenomenon of sputtering insofar as it may be 

applied to the controlled growth of thin films. 

b) To investigate the experimental parameters influencing the growth 

of such films. 



c) To examine the epitaxial growth in particular in an attempt to' 

establish the reasons for epitaxy occurring at lower temperatures 

for sputtering than for evaporation. 

To establish any correlation between the growth of semiconductor 

films by sputtering and their-galvanomagnetic properties. 

20 
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CHARLER II 

NUCLEATION AND GROWTH 

2.1. INTRODUCTION 

Fundamental to any physical study of thin film phenomena is the need 

for a detailed picture of the way a film develops. It is therefore necessary 

to study the stages of development of a film on a substrate from zero thick-

ness (i.e. bare substrate) up to a finite, continuous, thickness of film. 

From such a study it should be possible to predict the nature and behaviour 

of a film according to the parameters known to be controlling its growth. It 

is therefore the purpose of this chapter to discuss the nucleation and growth 

of film6 in the light of various theoretical models. Particular attention is 

to be given to the effect sputtered atoms may have on the nucleation and growth 

process. 

2,2. HIGH ENERGY ELECTRON DIFFRACTION  

By far the most widely used tool for examination of thin films is that 

of high energy electron diffraction. ,The resolution of a good well aligned 

electron microscope is vs which enables films to be studied, if not from their 

very initial stages, then certainly from their embrY0ni0 stage. There has 

been much literature on the methods and application of electron diffraction 

to thin films and there are several reviews of note (Stirland 1966 and Pashley 

1965). The most common techniques are briefly described below : 

a) 	Bright field electron microscopy, in which the field of view of the spec- 

imen is a function of the magnification.. Typical magnification is 

20-40,000X. The image contrast depends upon the extent of diffraction 

by the specimen. 
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Selected area diffraction. In this case an aperture is placed' in the 

back focal plane of the projector lens so as to limit the area of spec-

imen contributing to the final image. The magnification is reduced to 

zero so that the final image is composed of an electron distribution 

according to the crystallinity of the specimen. A single crystal snec-

imen.will diffract electrons from discrete sets of planes to form a 

spot pattern on the final screen analogous to the reciprocal lattice of 

the specimen. If the specimen is composed of randomly oriented crystall-

ites (i.e. it is polycrystalline) a ring pattern will result. Amorphous 

films (or polycrystalline films with grain size (.5) will yield a diff-

use ring pattern. The use of selected area diffraction also reduces the 

effect of lens aberration on the final image. 

Dark field electron microscopy in which an objective aperture is placed 

so as to isolate a single diffraction spot. Then only those parts of the 

film which have contributed to that spot will appear bright on the mag-

nified image, since the direct beam has been excluded by the aperture. 

It is thus a reversal in contrast to the technique described in (a). 

The technique is useful for establishing twinning planes in crystals. 

General area diffraction in which no aperture is used. All parts of the 

film on which the electron beam is incident contribute to the diffraction 

pattern. This method allows examination of a much larger area of film 

but has the disadvantage that induced damage (e.g. tearing or folding 

of the film during the mounting procedure) also contributes to the final 

image. 

All the above techniques are for transmission microscopy and diffraction 

in which the beam passes through the film. 



It is limited therefore by the thicknesS of film which may be examined. 

The limitations for metal and semiconductor film is-,2000. It also requires 

that the film be removed from its substrate. In most cases this.is not poss-

ible without the danger of film damage. However, a reflection technique can 

be employedf  known az:glancing angle. electron diffraction, in which the elect-

ron beam is "reflected" from the first few lattice plan of the film which 

act like a reflection diffraction grating. The technique is more dependent 

upon Surface topography than the transmission technique but is more accurate 

for lattice parameter deterthination because there are no lenses between spec-

imen and image recorder (photographic plate) to distort the diffracted beam 

paths. In the work described in this Thesis all the above techniques have 

been used. 

2.3. STAGES IN THIN FILM GROWTH  

On a semi-quantitative basis it is relevant here to. discuss what happens 

when a clean substrate area is exposed to a flux of atoms from any source. 

Consider a substrate made up of a series of building blocks of unit cell 

size. If the surface is perfect, it is flat on an atomic scale. In practice 

it is imperfeCt and so has a topography resembling that of Fig. 2.1. The 

incident atom flux•can be defined in terms of the supersaturation. This is 

given by P/Pe where P is the equivalent vapour pressure at a given surface 

temperature that would give the observed imn:ingement flux and Pe is the therm.; 

Odynamic equilibrium value corresponding to bulk condensate at the same temp-

erature. If P <Pe there is:a net vaporisation from the surface, i.e. conden-

sation cannot occur. Assuming the sucersaturation is greater than unity, there 

will be a net gain of adatoms to the surface. If the atom is thermally accomm-

odated, it equilibrates with the substrate lattice and its mobility on the 

surface will be determined by the surface temperature. There are now three 
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Pigure 2.1  

Schematic representation of 

Imperfect Cubic Crystal Surface 

Fir7U1' 2. 2 
Schematic re )resentetion.of. the BehaviOur of 

Aaatoms on a Crystal Surface 



possible mechanisms governing the behaviour of the adatom : 

a) It may meet another single adatom to form a pair. Such a pair will be 

less mobile than a single atom and will also require a greater energy 

from the:Substrate in order to re evaporate, i.e. it is more stable. 

It is possible, however, for it to break up and it will require an amount 

of energy equivalent to the pair-bonding energy for this to occur. 

b) The atom may receive sufficient energy to de-sorb, or re-evaporate, 

provided it does not meet another atom or group of atoms. The probability 

of re-evaporation is an exponential function of the desorption energy 

and the temperature. This will be discussed more fully later. 

The atom may meet a group of atoms, to form a stable group, or it may 

meet an /already stable group. It is then absorbed and will lead to 

growth of the film. As in (a) there is a finite probability of it break-

ing away from the group, proportional to the number of bonds it has with 

the group. 

These three mechanisms are represented schematically by Fig. 2.2. The 

Statistics and kinetics governing the process are considered in a later section. 

The growth of a thin film depends upon mechanism (c) above. Addition of • 

atoms to a group of atoms at a rate faster than the rate of atoms leaving the 

group, leads to an increase in size of the groun. By the time they become large 

enough for resolution by an electron microscope (0.,1a diameter) they consist 

of "410 atoms and are therefore very stable. These groups or islands have a 

substrate surface density determined by the kinetics of the system as discussed 

below. For given conditions they will grow in size eventually touching. When' 

this occurs coalescence takes place which will reduce the number density of 

the islands but the average island size will increase. As the growth proceeds 

the coalescence occurs between larger and larger islands and the film becomes 

continuous but for the fissures between the coalesced areas. Eventually the 
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fissures close up so material lands in them and on the existing film, to form 

a continuous layer of deposit. A series of micrographs depicting the process 

of film development is shown in Fig. 2.3. which is for increasing thickness of 

deposit at constant rate (0.058/s) and substrate temperature (300°0),. It will 

be noticed from the micrographs that, from an early stage, the film consists 

of many defects (twins and stacking faults - evident from the diffraction con-

trast). The origin of these faults may be the substrate, but is also because 

the substrate/deposit lattice match is not perfect, so that strain exists in 

the overlayer which may be relieved by way of defects. Also, due to the lattice 

mismatch, when islands coalesce there is most likely to be a fault at the island 

interface 

2.4. ADSORPTION  

In a discussion of the formation of one phase from another, the inter-

action between molecules or atoms in the phases is of extreme importance. Since 

all such phase transformations are energy activated, the magnitude of the 

interaction determines the conditions for the transformation. It is necessary 

to know therefore the various types of force which can exist between atoms or 

molecules and the relative importance of these forces in controlling the 

behaviour of the atoms. 

The forces between atoms on the surface and atoms in the surface, though 

commonly known as adsorption forces, are of the same nature exactly as any 

other interatomic forces. The forces fall into two classes characterised by 

the magnitude of the binding energy. So-called chemical bonding or chemisorp-

tion is characterised by a binding energy of the order of 1-10eV per bond. 

Physisorption on the other hand is characterised by a binding energy of the 

order of 0.5,cV per bond. 
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Figure 2.3  
Thin film growth sequence 

Au/NaC1. Rate of deposition 
0.05R/sec. Substrate temp. 
300°C. 
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2.4.1. Chemisorotion  

Ionic, covalent and metallic bonds are all examples of chemisorption. 

Each involves the giving up or sharing of an electron 1 or with other atoms 

or molecules. Generally nearest neighbour interaction is insufficient to 

account for the large forces which in the case of ionic bonds decrease as the 

square of the distance. Of the three types of bonding in this class, ionic 

bonding is by far the strongest, ranging from 5-10eV per bond. Covalent bonds 

are approximately 1-6eV and typical of substances with such bonding are 

diamond, silicon and germanium. Often bonds are of partial ionic and partial 

covalent 	nature, e.g. SiO, HC1. Metallic bonds (typically 1-3eV per bond) 

are more difficult to analyse due to the considerable effect which can result 

from the ion core, in addition to the interaction of conduction electrons. 

2.4.2. Physisorption  

Physisorption does not rely on electron exchange in any way and is there-

fore weaker in nature than the chemisorpton bond. It may be regarded as 

interaction between dipoles, which are a result of the charge distribution 

within a molecule. Some molecules possess a permanent dipole moment and are 

termed polar molecules, water or acetone are examples. The magnitude of the 

interaction of dipoles is dependent upon whether one or both of the molecules 

is polar. There are thus three main types of interaction: 

a) Polar-polar, in which the binding energy is ,v5 kcal/mole (leH= 23kcal/ 

mole). The dipoles will tend to line up end to end and are a function of 

temperature since increased temperature destroys the alignment. 

b) Polar-non polar, in which for instance7a neutral atom of spherical 

symmetry has its symmetry distorted by an electric field so that a resultant 

dipole moment is induced, i.e. it-becomes polarised. The electric field may 

be produced I3,  a neighbouring dipole. For a flat surface the effect is small 

(typically 0.5 kcal/mole) but it may become important at discontinuities in 

the surface, e.g. steps or dislocations. 
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c) 	Non polar - non polar. These non-polar forces are the most important 

of the attractive forces. The interaction can be likened to the case of two 

simple harmonic oscillators such that the mutual polarisation of adatom and 

substrate atom dipoles fluctuate in phase giving rise to an attraction. The 

magnitude of the interaction for a dielectric substrate is ,̂10kcal/mole. 

The types of interaction above are commonly known as Van der Waal inter-

actions. For the case of non-polar forces the most favourable position for an 

adatom is when it is as close to as many highly polarisable sub-atoms as poss-

ible, e.g. at the centre of a cube face. For polar forces, generally import-

ant only on ionic substrates, adsorption is favoured directly above one type 

of sub-atom. Since the adatom is generally not ionised the former interaction 

is expected to predominate. 

If the adatom is ionised, additional interaction can occur. A dielectric 

substrate may be polarised by an ad-ion. In addition, if the substrate is 

ionic then normal Coulomb interaction betWeen charges will exist. This will 

be particularly important at irregularities in the surface and as a result 

defects will act as strongly preferred sites for ad-ions. For a metal sub-

strate image charges are also important. 

It would be expected from the above considerations that neutral and 

charged atoms would be adsorbed at different sites. This may be important in 

the sputtering environment. For a real surface there will exist many defects 

which will modify the interaction. More important perhaps, particularly when 

applied to considerationsof epitaxy, the strain energy introduced by inter-

facial misfit between substrate and adsorbate may well swamp the normal inter-

action energy and therefore dominate the adsorption. 

The review of nucleation theory which follows deals only with physisorp-

tion. As a first approximation the case of chemisorption might be expected to 

modify the theories only in the magnitude of the surface diffusion energy. 
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2.5. NUCLEATION THEORIES  

2.5.1. Introduction  

As has already been intimated the fundamental phenomenon on which nuc.. 

leation theory rests is that of single atom adsorption onto a substrate and 

the subsequent behaviour of that atom in relation to the substrate and to 

other atoms. The theories attempt to analyse statistically the dependence of 

the behaviour on such terms as impingement rate, substrate temperature, etc. 

It is useful atthis stage to define certain terms, particularly with regard 

. • to energy. 

Ea = Adsorption Energy Eb = Cohesive Energy 	Ed = Surface Diffusion Energy.  

If the substrate is considered as a periodic potential surface then it may be 

represented by the energy diagram shown below : 

	 Vacuum 

Ea 

Ea = Adsorption Energy 
Ed = Surface Diffusion 

Energy 

Single atom adsorption was first analytically considered by Frenkel (1923). 

He made two fundamental assumptions which formed the basis of later theoretical 

work on the problem. These were (a) when an atom strikes the substrate it will 

stay on the surface for a certain time before re-evaporating, dependent upon 

the surface temperature, and (b) during its time on the surface it will move 

about and may collide with another atom to form a pair which is more stable, 

i.e. it. has a much longer lifetime on the surface. Frenkel derived expressions 

for the lifetimes of singles and pairs as 
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= ToexPEa/kT 

= 14exPEa + Eb  2 kT 

where -ro .ri.)o, and 
T 	1/))1, o 	V and - are characteristic frequencies for •• 

the system and are constants ("01012) He then considered the equilibrium 

condition when du (the rate of increase of nuclei) is zero, and derived a 
dt 

critical ..impingement rate. Above this critical rate, nucleation will occur 

while below it there is no net condensation. The critical rate is given by 

Rc = 	1 	exp - (Ea + Ed) 

	

4 G-o. o 	 kT 

and the slope of In Rc against 1/T gives (Ea + Ed) which was typically 5-6 

kcal/mole. 

A criticism of this early work was that (a) it only considered the equil-

ibrium conditions, (b) no account was taken of arrival temperature, (c) a 

unique value of Ea was assumed and (d) critical states of pairs and above were 

not considered. Of these four points only (d) has been re-examined since the 

other three present quite complex problems analytically. 

2.5.2. ModernConcepts 

The basis of moderntheories of nucleation stems from the earlier work 

of Volmer and Weberi (1925) and Becker and Doering (1935) who considered the 

homogeneous nucleation in the vapour phase from a super-saturated vapour, in 

which clusters grew by the addition of single atoms or molecules. By consider-

ing the change in the free energy of a cluster: as a function of its size, the 

Gibbs free energy of formation of a cluster may be found. If one assumes these 

clusters to possess macroscopic thermodynathic properties:then, if 0-is the 

surface free energy per unit area and LiGv  is the difference in volume free 

energy between cluster and vapour per unit volume,-the free energy of formation 

is given by : 

4-fr r2  0 	G `11: r3 	Gv 	- 	2.1 

Surface 	Volume 



of the form 

G 

(This curve assumes only a single maximum of AG). 

v is given by - (kT) In P/Pe 
(.a) 

2.1(a) 

SI = molecular volume and P/Pe = supersaturation ratio as defined in an earlier 

section of this chapter. 'This expression is obtained by integration of the 

expression dGv  = Vdp where V = kT. A plot of equation 2.1. gives a curve 
4/13  

Initially, addition of a single atom will increase the free energy. When 

r = r*, AG is a maximum and further addition decreases the free energy. Max- 

imising AG gives 

-20,* zdv  

and -- 3 A,G* 	16 i i Or  
3 AG,172 

2.2(a) 

2.2(b) 

The critical radius r* thus defines the critical cluster, size, whose free 

energy will decrease on.the addition of one or.more atoms, or by the'removal 

of an atom, i.e. it has equal chance of growth and decay. A cluster one atom 

greater than- the critical size has agreater probability of growth than of 

decay' and is termed the smallest stable cluster.. 

A natural extension of the theory of homogeneous nucleation is to that of 

heterogeneous nucleation, of which atoms striking a substrate is an example. 

The problem has been approached in two ways, the capillarity model and the • 

atomistic model. The former model based on the application of macroscopic 

thermodynamic properties to microscopic clusters (Hirth and Pound, 1963) has 

now been largely discounted and will not be disCussed. 



2.5.2.1. Atomistic Model  

.By considering the adsorption of single atoms onto a surface and their.  

subSequent diffUsion about the surface, Walton et al (1963) considered a max- 

imum density of nuclei determined by the capture area of stable clusters. 

When these areas overlap, further fresh nucleation stops. Since the diffusion 

distance is defined as 

exp Ea-Ed 
2kT 

a knowledge of the saturation nucleation density should yield values of 

(Ea-Ed). 
	 • 

A general expression for the nucleation rate - is obtained frOm the 

expression : 

J.* 
	 2.3. 

whereJi*  = formation rate of stable nuclei from critical nuclei of i* atoms 

N.1* is the number of critical nuclei and is given by considering the 

equilibrium between growth and decay of the critical nucleus. By a step-by- 

step method, an equation is'obtained, viz: 

a.* 
	No (Ni)i 	exp. 7.* 	2.4. 

(No) 	kT 

where E. = energy required to break bond with cluster. 

 

i=1 

 

LI, is the rate at which single atoms join a critical nucleus and is given by 

considering the capture area of a critical nucleus. This is given by Ma/No 

where Ma = V,a = no. of sites covered by a single atom travelling at velocity 

sites per second in its lifetime:ra seconds and No = total number of avail-

able sites. The total capture rate is thus R, Ma/No where R = arrival rate. 

Thus
i  = R Ma Nix,  

No 

= R. (  R  )
i 
	e

x
p (E., + (i+1) Ea - Ed) /kT 

	2.5 
No).o 
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This defines J.  in terms of fraction of total sites filled per unit area per 

second. Walton et al considered the conditions under which i* increased from 

unity. At high supersaturation (high rate or low substrate temperature)• i* =;1 

so that substituting in the above equation : 

J1  = R ( R ) 
(NoVo) 

exp. (2Ea -Ed) 2.6(a) 

and 

2 	= 	R ( R )2  exp. (E2 + 3Ea - Ed)  - 	2.6(b) 
YoVo 	kT 

Since Waltons equations give J in terms of absolute numbers atom cap-

tured it is necessary to multiply the above equations by, the total number of 

sites, No. 

For each value of i*, one can plot in J as a function of 1/T and obtain 

straight lines of varying slope according to the energy terms. At the points 

of intersection of the various lines, a temperature is defined at which the 

critical nucleus changes from one value of.i* to another. The value .of the 

trprsition temperature is obtained by equating the nucleation rates. Thus : 

T1_2 -(E2+Ea) 	= Temperature at which critical nucleus goes 
k in oVo) 	from i* = 1 to i* = 2 

T2-3 = -(E3+Ea - E2)  = Temperature at which critical nucleus goes 
k in (R/NoVo) 	from i* = 2 to i* = 3 

Walton et al (1963) attempts to define the epitaxial temperature on the 

basis of the size of the smallest stable cluster (which is one atom larger 

than the critical nucleus). T
2-3 corresponds to a change in the smallest stable 

cluster from 3 atoms to 4 atoms, the 4 atoms arranging themselves in a square 

array. Both a triangular array of 3 atoms and a square array of 4 atoms have 
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a minimum of two bonds per atom, and the type which predominates at' a giver). • 

temperature will depend on the energies E3 and E2. If E3 = 2E
2 
then T

1-2 

= T
2-3 so that- triangles will not exist. Only if E3  >2E2 will the. triangular 

configuration occur. Walton has shown E
3 

to be -"2.1eV for silver on rocksalt 

which is greater than 2E2 
since E

2 is equivalent to the dissociation energy of 

a pair (nt0 	rding to Walton). Thus .it is to be expected that decreas- 

inc.; ViiV 
	 would result in the film going from polycrystalline 

to<lll> predominated to (001? predominated to <001> perfect orientation for 

silver or gold on rocksalt. By putting T1_2  = T2_3  = T1_3  Walton predicts an 

(001) epitaxial temperature given by 

T 
e —  E.1_-1- Ea  

k In (Novo) 
R 

Putting in suitable values gives a temperature of 250°C for silver on rock-

salt, in fair agreement with observed values. It should be emphasised .that 

the above is Waltons own interpretation and may not be correct. It is included 

here as it formed the basis of the atomistic theory application to nucleation 

and epitaxy. 

Lewis (1967) has carried the atomistic model a stage further and has 

calculated the saturation island density under various conditions by defining 

the catchment areas of a critical nucleus. 

In the case of initially incomplete condensation, the supersaturation 

is such that the formation of pairs is unlikely and most atoms complete their 

lifetime on the surface and re-evaporate. The formation rate of stable nuclei 

is given by : 

dns 	= R. Ma x Ni* x (1 - Ns Ma) 	2.7. 
dt 	 No) 

critical nucl
n 

fresh nucl
n 

rate 	area 

The final saturation density is given by : 

N3 	(Ea - Ed) ,4 
	 2.8. 
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The instantaneous condensation coefficient x = lis so that condensation 
Ns 

is complete when Os = Ns. (Is rises exponentially towards Ns with time con-

stant Na/Ji., Ji*  being given by equation 2.5 (i.e. function of R). 

When condensation is complete from the onset, then the formation of 

pairs is highly probable and there are an average two atoms in the catchment 

area 
Ma
/No. By defining another area Mc sites, such that there is one single 

atom for every Mc sites, Mc2 = No Ma/p,ra  

and 

I 

= (NoR) exp Ed 
()-5-c;), 	2kT 

2.9. 

If Ns is plotted as a function of 	from.  equations 2.8. and 2.9. the curve 

shown in Fig. 2.4. will result. 

There will be a family of curves for different values of Ea, Ed and R. 

It will be noted that only the complete condensation curve is rate-dependent. 

The above condition for complete condensation is for i* = 1 so that a 

pair is stable. At lower supersaturations i* = 2 or more. For i* = 2, Ns 

is given by : 
1/3, 

(R2  No) 
Ns = (7)7-) 

E, + 2Ed 
exp 3kT 

2.10. 

This will result in a lower saturation density than would be expected if i* 

were equal to one. Similarly if i* = 3 an even lower Ns would result. 

The fact that Ns is of the order of 1011 cm 2 even in the case of epit- 

axial films and gives an intercept of the order (R No)T  suggests that i* = 1. 
( Vo ) 

If this is so, it tends to contradict Waltons proposal that i* = 3 for epitaxy. 

There is thus some disagreement as to what exactly constitutes epitaxial 

nucleation. A stable cluster of two atoms certainly has directional properties 

and may well therefore influence the subsequent orientation of the nucleus. 

It is equally probable that while several orientations may nucleate,'the.  

growth of all but one orientation may be supressed because it involves the 
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FIGURE 2.4  

Theoretical variation of saturation island density Ns with 

temperature T for an incidence rate, of 1 sec-1  and for a 

range of values of adsorption energy Ea  and surface diffusion 

energy E. (Lewis and 0ampbell,1967) 



addition of atoms into energetically unfavourable positions. Thus there 

may be local free energy minima associated with certain values of 

which would lead to stability of'that particular "phase". This is the 

basis of the Alternate Path Theory (Halpern, 1967). The theory allows 

for clusters of size i to exist in various states, j. The proportion of 

clusters in a given state, j1, will depend upon the substrate temperature 

and the i-ate of impingement. 

• Thus the resultant orientation depends upon the nuMber of stable 

clusters in a. given state. 

The conclusion of the various nucleation approaches seems to be that, 

although useful in defining the initial stages of farmation of nuclei and 

for determining the various energy terms, they do not adequately predict 

the phetomenOn of epitay. Epitaxial nucle,ation as such is impossible 

to examine experimentally Since at the highest resolution of observation, 

clusters 	. (contd. overleaf) 

38 
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already comprise ,--10 atoms, i.e. growth has occurred. Growth concepts are 

therefore equally important, e.g. recrystallisation, coalescence, rates of' 

growth etc. 

A further basic assumption of the above theories is that atoms are. 

thermally accommodated by the substrate or they are lost completely. According 

to Cabrera's condition (1959) an atom is thermally accommodated if its arrival 

energy is <25Ea. Ea-it typicallyri0.4eV so that thermal accommodation occurs 

if the arrival energy of the atom is ClOeV. However, in sputtering, as will. 

be  shown in the next chapter, the arriving atoms may have energies well in 

excess of this and. so do not satisfy the above condition. It is a Criticism 

of the atomistic model that no account is taken of the arrival energy. While 

this may be satipfactory for films grown by pvaporation it will certainly not 

be so for sputtered films. It is possible, therefore, for a sputtered atom 

to retain a fair amount of its energy and virtually "bounce" about the surface. 

By so doing, it may move large distances and contribute large amounts of 

energy to any island with which it comes into contact. Thus epitaxy may be 

improved by virtue of this energy. The possible effect of large amounts of 

energy transfer is discussed in Chapter 6. 

Thus, while nucleation theory provides useful guide-lines in interpret-

ation of results obtained under conditions of relatively low super-saturation 

and complete thermal accommodation, its overall predictions must be treated 

with caution. 

2.5.3. Active-Site Theory  

This theory bridges the gap between nucleation concepts and growth con- 

cepts. Thp following is based on the theory proposed by Rhodin et al (1968), 

It has been shown by Stirland (1967) and others that electron irradiation 

enhances epitaxy at lower substrate temperatures. It has also been found that 

considerable orientation changes occur during the growth stages (Pashley 1965), 



Matthews 1965, Layton and Campbell 1966.) The understanding of surface'feat-

ures in the substrate is therefore of extreme importance. 

The role of point defects in the substrate surface has been largely 

ignored because of the difficulties in preparing well defined defect surfaces. 

The effect of electrondi-radiation is found to favour growth of (100) orient- 

ation of Au and Ag on cleaved NaCl, though no specific interpretation is 

given. Palmberg et al (1967) found that epitaxY of Au and Ag depended crit- 

ically on exposure of the substrate surface to an electron beam prior to 

deposition. They concluded that the incident electrons formed nucleation 

sites leading to epitaxial growth which were thermally stable only below 80°C. 

It was observed that these sites could be stabilised by deposition of a monolayer 

of metal. Thick epitaxial layers could be subsequently,grown at substrates 

from 70°C to 300°C. 

Quantitative measurements of the ions and atoms emitted from NaC1 and 

KC1 surfaces as a result of electron tcradiation at 300°C have been made by 

Palmberg and Rhodin (1968). It was concluded that' K and Cl were removed from 

KC1 stoichiometrically above 100°C. Below 100°C, bulk defects are essentially 

immobile and vacuum desorption occurs only if the initial interaction is 

localised near the surface. Occurrence of Cl depletion through ejection of 

negative Cl ions led to the suggestion that production of Cl vacancies at the 

surface is the predominant effect below "50°C. Single ion vacancies appear 

to anneal out at about 50°C. 

Rhodin observed that epitaxial growth of Ag on KC1 was not obtained un-

less the vacuum cleaved surface wasfrradiated prior to deposition. The cond-

itions are summarised in Fig. 2.5. The 45°  line corresponds to equivalent 

nucleation and growth temperatures. The plot indicates that in Rhodin's 

experiments, except for a very narrow range, two stage deposition is required. 
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FIGURE 2.5  

Range of temperatures corresponding to nucleation and to growth 
resulting in epitaxial silver film formation on irradiated 

KC1 (Rhodin et al 1968) with condition for epitaxy by sputtering 

superimposed. 

The 45o line corresponds to equivalent nucleation and growth 

temperatures. 
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Rhodins results indicate therefore that surface vacancies are effective 

in promoting the (100) orientation for nuclei formed at substrate temperatures 

up to the thermal annealing limit of 80°C. Simultaneous eradiation and depos-

ition suggests that surface vacancies are effective in nucleating epitaXial 

films at much higher substrate temperatures. 

Application of these results to sputtering, must take into acoount the 

existence of the discharge and also the existence of high energy sputtered 

particles, as discussed in the next chapter. It is possible that both phen-

omena, charged Particles and energetic particles)could produce surface vac-

ancies or defects which act as preferred sites for epitaxial growth, partic-

ularly in the case of ionic. substrates. In the experiments described later, 

nucleation and growth were carried out at the same substrate temperature. 

This theory is applicable.to the single temperature deposition when epitaxy 

is observed for low growth temperatures. On figure 2.5 this would result in the 

dotted line and shaded epitaxial area. It is shown in Chapter 5 that epitaxy 

clearly does occur at low substrate temperatures. -  However, as Rhodin points 

out, the experimental parameters such as surface contamination and impurity 

atoms may also influence epitaxy through their effect on surface structure. 

2.6. POST-NUCLEATION GROWTH CONCEPTS  

Matthews and Allinson (.l963) 	have observed an orientation depend-

ence on thickness for gold evaporated onto rocksalt. They discuss this in 

terms of a rotation of the smaller crystallites and Bassett (1960) has act-

ually observed that isolated silver nuclei will change their orientation on 

the substrate. Matthews and Allinson show that large crystallites are better 

aligned than small ones.and they contend that when two crystallites coalesce, 

the smaller of the two will rotate to parallel or twin relationship to the 

larger. There will be an increase in alignment in the film, though they did 

not discuss why the initial nuclei should appear to be oriented. Matthews 
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(1965) has shown that it is possible for certain orientations to grow pref-

erentially by virtue of their lower surface free energies. The actual crystal 

planes that are preferred and their rates of growth will depend on the energet-

ics of the system and the presence of impurities may play a considerable part. 

Indeed, Matthews finds that when there are no contaminants present the (100) 

orientation predominates. He concludes that since the observed island density 

is an order of magnitude lower for clean substrates, the (111) nucleus has time 

to grow larger than the (100) nucleus so that on coalescence the (111) type 

orientation overwhelms the (100). 

Another model of re-orientation rather than on relative growth rates, is 

based on the van der Merwe's misfit concept (1966) for the case of an f.c.c. 

material growing on a close-packed substrate plane (e.g. (111) plane for 

f.c.c.) he calculates that the energy phr atom as a function of lattice mis-

fit shows a maximum. For nearest neighbour interaction this maximum is at 

10%. Above a lattice misfit of 14% the coherent state is unstable. 

From this model, van der Merwe proposed that for a lattice misfit of 

>9% the energy per atom will be reduced by the film growing in a polycrystalline 

manner. For misfits 49% the deposit lattice would prefer to exist in a strained 

but oriented state. In an attempt to reduce the total strain the film will 

contain dislocations. Matthews (1961) work on PbS films or PbSe for which 

the misfit is <9% shows a dislocation density in agreement with this proposal. 

The suggested application to an observed increase in'orientation with 

thickness is in terms of an increase in the lattice spacing of the initial 

deposit consisting of only a few atoms. :If, in the case of growth on a (111) 

surface, the lattice spacing in the crystallite is>9% the crystallite will.  

tend to be randomly oriented. As the crystallite size increases the lattice 

parameter becomes the same as the bulk value and the crystallite .will prefer 



to be strained but oriented. To apply the concept to growth of on (100) 

faces, the energy per atom versus misfit curve must be determined in order 

to ascertain whether the change in lattice spacing would be sufficient. to 

change - the low energy state from a random to an oriented structure. 

The concepts of growth have been thoroughly reviewed by Matthews (196?) 

who has considered the orientation of nuclei and the charges in orientation 

with subsequent growth. An important stage in, the growth sequence is that of 

coalescence, mentioned briefly above. When islands coalesce a liquid-like 

behaviour has been observed (Bassett 1960),.particularly if one or both of the 

coalescing nuclei is very small. This results from the rapid diffusion of 

atoms over the surfaces of nuclei. The stage at which coalescence occurs 

depends upon contact angle, deposition rate, substrate temperature, contam-

ination and the substrate surface nature. 

A feature of coalescence is the formation of lattice defects, e.g. 

stacking faults, twins. This may be due to a variety of mechanisms but one'  

of the major factors is the misfit between the lattice of substrate and 

deposit. As a result the lattice of one nucleus may be separated from the 

lattice of another by a non-lattice vector so that on coalescence the dis-

placement may be taken up by a stacking fault. These have been directly 

observed by Jacobs et al (1966) studying the Moire fringe pattern produced 

by deposition of gold on molybdenite. Dislocations may also• result at 

coalescence due to the fact that lattices of adjacent nuclei are often rotated 

relative to one another. Twins are commonly found in deposited films, part-

icularly f.c.c. metals on NaCl. The twinning planes are the four (111) planes 

inclined to the (001) deposit.. plane. Several mechanisms have been proposed 

to explain their formation. In a way similar to that for the formation of 

stacking faults, it has been suggested that twins are formed to accommodate 

the displacement between coalescing nuclei. Hall and Thompson (1961) suggest 
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that for hexagonal substrates there is equal probability of the formation 

of nuclei having a twin relationship (double positioning) while on a cubic 

substrate lattice the origin of, twins is due to imperfect condensation on the 

(111) facets of the growing nuclei. Another mechanism suggested by Matthews 

and Allinson (1963) is that of rotation mentioned above. If coalescing nuclei 

are. nearly in twin relationship before coalescence then the formation of a 

twin is highly probable. 

Coalescence need not necessarily lead to a faulted island. Depending 

upon the relative sizes of the coalescing nuclei, the subsequent alignment 

of the deposit may be more or less perfect. Pashley and:Stowell (1963). have 

observed that the coalescence of doubly positioned gold on molybdenite may be 

followed by the migration of the twin boundary through the smaller of the 

two nuclei, the driving force being the decrease in boundary area and hence 

energy. 



CH? PTE?. III 

SPUTTERING: THEORY & APPLICATIONS  

3.1 INTRODUCTION 

In the introductory chapter some of the historical back-

ground to the evaluation of sputtering as a technique for film 

deposition was discussed. It is now a widely used process and 

there is much research into the further, perhaps more efficient, 

techniques to which it may be applied. In order to comprehend.  

fully the process, however it is necessary to investigate the 

mechanisms by which material is released from the bombarded 

target. It is the purpose of this chapter therefore to review 

the various theories in the light of experimental observation 

and to discuss their relevance to thin film deposition. A dis-

cussion of the various sputtering methods which may be employed 

precedes the theoretical section and includes a semi-theoretical 

analysis of the attenuation-by-collision of sputtered atoms 

between source and substrate. 
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3.2 SPIMPELITITG METHODS  

Since sputtering is the ejection of atoms from a material by 

ion bombardment, the most important single factor to consider is 

the production of the ions. The method used is to some extent 

dependent upon the pressure which can,be tolerated in the exper-

iment. The simplest method is that of the glow discharge (diode 

sputtering) in which ions are generated in the space between an. 

anode and a cathode and these bombard the cathode which is made of 

the material to be sputtered. The second method is to produce the 

ions independently of the region in which the sputtering is to take 

place and then to direct them onto the target (low pressure and 

triode sputtering). 

3.2.1 Glow Discharge  

The glow discharge is only part of the processes which can 

occur when a potential is applied between two electrodes in 

a reduced atmosphere. The type of discharge which occurs 

depends upon a) the pressure, b) applied voltage, and 

c) electrode geometry. A schematic of the voltage-current 

discharge is seen in Fig. 3.1 and from this it is seen that 

the discharge of interest is that in the milliamp range. 

The discharge is maintained by electrons produced at the 

cathode as a result of positive ion bombardment. Fig. 3.2 

shows the potential as a function of the position in the 

discharge, at pressures 100,I. The existence of a glow 

depends upon the energy of the electrons. Electrons leaving 

the cathode accumulate and neutralize positive ions, whose 

excitation energy decay gives rise to the cathode glow. 
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Electrons passing through the Crookes dark space gain 

energy in doing so and may excite or ionise neutral atoms. 

The subsequent decay of these atoms gives rise to the neg-

ative glow, the sharp boundary to which is due to the back 

diffusion of low energy electrons from the-  essentially field 

freb negative glow region. The opposite (anode) end of the 

negative glow is due.to electrons giving up sufficient 

energy only to excite the neutral atoms. In the Faraday 

dark space, the electrons •slowly regain energy which is sub-

sequently given up by ionisation in the positive column. 

The positive column acts as an effective anode to the dis-

charge, it being a conducting path betWeen the anode and the 

negative glow region. As the pressure is reduced, -the pos- 

itive column shrinks and the "Crookes dark space expands. The 

discharge is extinguished when the anode enters the dark 

space.• In most sputtering experiments carried out at"' 12u 

the voltage is such that the anode is. somewhere in the neg- 

ative glow region and the potential between the electrodes 

is almost equal to the cathode fall. 

From Fig. 3.1 it is noted that there are two regions in the. 

-glow discharge part of the spectrum. In the normal cathode.  

fall region, the cathode fall is independent of current and 

pressure. Only.a portion of the cathode is covered by the 

discharge and the current density remains constant. In the 

.abnormal fall region, the whole of the cathode is covered, so 

that the current density increases with current. As will be 

seen later, the rate of ejection of material from the cathode 

is proportional to the current density so that variation of 

rate is effected by altering the current density. Bence, 

the abnormal glow discharge is the method used almost univers- 

ally for thin film deposition. 
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The width of the cathode, or Crookes, dark.space is a 

function of the.gas pressure and the applied potential. 

It also depends upon the secondary electron emission co-

efficient for the ion-target combination used., 

For argon the product of pressure and dark space thickness 

is *v 0.3 to=.cm. If the electrodes are placed such that the • 

pressure x separation product is less than the above figare, 

the applied voltage has to be increased to restore the glow.. 

Empirically it is found that the following relationS hold 

between pressure, voltage and current changes : 

(di 	ve ve 
(dV11) = 	f vijV = 

i.e. 	i = f (p.17) 

ye 

Of these only pressure and voltage are independently vari-

able, and the current is directly proportional to any change 

in these parameters. 

The glow discharge system is very useful in that it can be 

very easily set up. From the quantitative point of view, 

however, it has several inherent disadvantages. Because of 

the relatively high gas pressure the mean free path of ions, 

4, is small compared to the length of the cathode fall 

region. Hence any collisions occuring within this region 

will result in a spread in the energy and angle of incidence 

of the bombarding ions. For instance, it has been shown 

(von Hippel, 1926) that for a cathode fall of 1,000v at 

pressures n/1094, the average ion energy is only 2506V. 

There is also the possibility of the form-aViola of multiply 

charged ions. 
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A second disadvantage is due to the short mean free path of 

the sputtered atoms,Xs. SinceiS '  \d the source-substrate 

separation, collisions inevitably occur and, at higher 

pressures the problem of transport becomes one of diffusion. 

Von Hippel (1926b) has calculated that for a planar arrange-

ment with the collector at the edge of the cathode fall, 90g 

of the sputtered material diffuses back to the cathode when 

the pressure is 102a. However this assumes the atoms to have 

only thermal velocities on leaving the target, which is cer—

tainly not the case. 

Although these drawbacks are not too prohibitive when dealing 

with the general production of thin filths, they are certainly 

important when depositing epitaxiai or controlled7property 

films. Also, if any auantitative data on the sputtering pro-

cess is required, the discharge process should be as well 

defined as possible. The three most important, characterising 

properties of the sputtering process are (1) Yield, 

(2) Angular distribution and (3) Energy distribution of 

the sputtered atoms. None of these can be measured unlets 

a) the angle, energy and mass of the incident ions is fairly 

well defined and b) there is no interference with the sput-

tered material between source and collector. At 10-3  tom,  

the mean free path of thermal gas atoms is ,,./5 cm. - compar-

able to the apparatus dimensions. However, the lowest press-

ure at which the discharge can be maintained and still have 

useful ion current densities 	at which pressure there 

are still sufficient collisions to make analysis of the pro-

cess unreliable. The system is also limited to higher ion 
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energies, since the voltage required to maintain the dis-

charge is,v300V. In order, therefore, to extend invest-

igation to lower energies and pressures, an assisted dis-

charge is required. 

3.2.2 Assisted Low Pressure Discharge  

Because of the limitation6 given above, it is necessary to 

provide a source of ionising radiation. This may be R.F. 

radiation, but the more common technique is to employ a, 

thermal source of electrons. Then although the probab-

ility of ionisation ner electron is low, the number of events 

is still usefully high. The source acts as a cathode and a 

suitably placed collector plate as the anode. A schematic 

of atypical assembly is shown in Fig. 3.3. The pUrpose of 

the magnetic - field arranged parallel to the electron beam, 

is to constrain the electrons.so that recombination at the 

walls of the apparatus is reduced. The target is introduced 

as a Langmuirtype probe into the system and extracts ions 

from the plasma. This mode of sputtering is often termed 

triode Sputtt.ring. The pressure at which the system can be 

operated depends upon the electron current and the magnetic 

field. For an electron current of 3A,'an ion current of 

,IdImA/cm2  can be extracted from a discharge at 1073  torrwith 

a magnetic field of"/20oe. If.the field is increased to 4000e 

the system can be used at 1074  te=or lower. 

Wehner (1962) used a slightly different method of producing 

the ions. 	no  used a modified mercury-pool rectifier in 

which electrons generated by a low pressure mercury arc drawn 

through a grid into the sputtering chamber, held at a lower 



Discharge 
gas in Water cooling 

for filament 

Anode 

Target 

Substrate 
support 

Pump 

SCHEMATIC DIAGRAM OF LOW PRESSURE SPUTTERING APPARATUS 
BASED ON TRIODE SYSTEM OF SPUTTERING. 

ANODE— FILAMENT = 50V TARGET:- UP TO —1600 V.  

Bell jar 

Filament 

53 



pressure. The system was very useful but had the dis- 
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advantage that mercury vapour was always present in the 

sputtering; chamber. 

In the case of an T.P. induced plasma, ionisation can be 

produced at low pressures without the need for electrodes 

within the discharge chamber. .A siMple set-up is shown in 

Fig. 3.4 in which the ions are produced in the upper portion. 

and diffuse into the lower portion where the target and sub- 

strate are situated. 	Gawehn (1962) has obtained deposition 

rates offy1R/sec. with a target voltage of •-500V and power 

input to R.F. field of 200T,L The operating frequency was 

"10 MCA and pressure 2.10-3  tonc'. 

Bearing in mind the requirements listed in the previous sect-

ion, the advantages of low pressure sputtering are several. 

Provided the size of the target is large compared to the width 

of the Langmuir sheath surrounding it the ions impinge on the 

target along the normal. The width of the Langmuir sheath is 

given by the "three halves" power law; (Langmuir and Tonics 

1929). 

where Eo = permittiv5by of free space. 

current density 

V = probe potential (relative to plasma) 

charge-mass ratio of ion. m 

For argon gas, singly ionised. 

d2  = 8,75 x 10 v3/2 
T cm. 

The variation of d with j at various voltages is shown in 

Pig. 3.5. At 1,500V and 0.1mA/cm2  which are typical values 

employed in the present experiments the sheath thickness is 

2.4 cm which is much less than the mean free path at 103  tom 
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(r05 cm. for thermal gas atoms, greater -for fast moving 

ions). Thus any ions finding themselves on the edge of the 

sheath will be rapidly accelerated across the gap with very 

little chance of collision. Hence.angle of 'incidence effects 

are redUced. Also, the incident ions will be monoenergetic 

by the came reasoning, though their precise energy will depend • 

upon the potential difference between the anode and. the edge 

of the Langmuir sheath. Since the discharge can be maintained 

at •lower voltages than is necessary for glow discharges, the 

probability of multiple ionisation is much reduced. 

The advantage from the thin film growth point of view is that 

there are very few collisions between sputtered atoms and 

gas particles so.that the energy of the sputtered atoms is 

largely conserved; also deposition is no longer diffusion 

rate dependent. One would therefore expect higher deposition 

rates. A further feature is that the probability of gas atom 

inclusion in the growing film is much reduced by operating 

at lower pfeessures. Contamination can be reduced in glow 

discharge sputtering by special techniques as, will be des-

cribed below. 

A further low pressure technique now gaining wider use 

experimentally is to employ an external ion source and to 

direct the ions at the target. Early attempts to use ion 

sources were dogged by space charge complications, but with 

the development of high density sources these difficulties 

have been overcome. Ion current densities in excess of 

ImAAm2 have been achieved. 
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3.2.3.1 Bias Sputtering (Maissel & Schaible, 1965) 

In this technique, the growing film is biassed -neg- 

'atively with respect to the anode. The film is con-

senuently subjected to continuous ion bombardment 

during its growth. The ion energy is sufficient to 

sputter contaminants .from the surface and hence clean 

the surface (the growing film is also sputtered to 

some extent, so that the overall deposition rate is 

.less than that without bias). This technique is 

especially usefdl when depositing in reactive gases 

and Haissel and Schaible have shown the effects on. 

glow discharge sputtered tantalum films.t  The 

resistivity of such films was found to be much 

reduced when a bias of <-100V was applied, even when 

oxygen was deliberately introduced as a - contamirPnt. 

Assymetric and a.c. sputtering is similar to bias 

sputtering. In this case the role of anode and 

cathode is periodically reversed so that in one half 

cycle the target is bombarded while in the other 

half-cycle the film is bombarded. A net transfer 

of material from cathode to substrate is ensured by 

having a larger current flowing to the target during 

its hegatiye- half-cycle. 

3.2.3.2 Getter Sputtering (Theurer & Hauser, 1965) 

This technique employs a stainless steel secondary 

enclosure within the main vacuum system. The elect-

rode system within the secondary enclosure is essent-

ially a diode arrangement. The discharge gas is 

admitted to the main "chamber but only finds its way 
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into the inner chamber by devious means through 

joints and other small inlets. The gas thus leaks 

into the chamber and because of the d.c. field inside 

a {fettering action is set up and impurity atoms are 

gettered onto the walls of the chamber. In this way,. 

Theurer and Hauser hive been able to reduce the 

partial pressure of oxygen at the substrate to as 

low as 10-1 9  tozreven with a nominal vacuum of 10
-6 

taw Thus the deposited films have a very low 

impurity content without having gone to the trouble 

of obtaining a very low residual gas pressure. How-

ever, not all gases and target materials make 

efficient getter combinations, and also the tech-

nique is restricted to diode sputtering. It has 

therefore not been used to any great advantage. 

In conclusion the type of system one uses depends 

very largely upon the results one wishes to obtain. 

For fundamental studies of the sputtering process 

the independent ion source is the most appropriate 

since it affords close control of the various para-

meters. For thin film growth, however, the method 

used depends upon the quality and type of film 

required. 

3.3 SPUITERIUG CHLRACTERISTICS  

Before discussing the theories of sputtering, it is rele-

vant to consider the experimental results of the study of the 

phenomenon. Much of the reliable early studies of the sputtering 

process was carried out by Wehner (see review by Wehner, 1955) 



and his co-workers using the mercury-pool cathode arrangement 

described above. The parameters which lend themselves to invest-7  

igation are the following 

a) Angle of incidence of the bombarding ions. 

b) Energy of the bombarding ions. 

c)Mass of the bombarding ions. 

d) Ion current density. 

e) Gas pressure. 

f) Target material and surface nature. 

g) Target Temperature 

• h) 	Angular distribution of sputtered atoms. 

i)- 	Velocity distribution of sputtered atoms. 

j) 	- Charge carried by sputtered atoms.  

Characterisation of a given sputteringexperiment is most conven-

iently in terms of the sputtering yield. This is defined as the 

number of atoms ejected for each ion incident on the target. The 

variation of the'yield as a function of the parameters a-g above 

.gives information on the sputtering process. The parameters (h) and 

(i) are also dependent upon (a) - (g) and also characterise the pro-

cess. They are also influen4a1 on the growth of thin films result - 

ing from sputtering. 

3.3.1 Angle of Incidence  

The effect of angle of incidence was first observed by Fetz 

(1942) who found that for a given material the sputtering 

yield increased with increased incidence angle away from the 

normal as shown in Fig. 3.6. Wehner (1960) has studied sev-

eral metals bombarded by H0,71.  and A+  ions. He has found that 

the effect is greater for Hg+  than for A+  i.e. higher 

incident ion mass. Generally, also the effect for a given 
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lattice type becomes larger with decreasing atomic weight, 

though at higher energies (r6/45keV) this is found not to be 

true. At low energy it is found that those materials with 

the highest yield show.  the least angular effect and vice- 

. versa. 

The effect'of angle of incidence is observed in both poly-

crystalline and single crystal targets, though in the latter 

it is modified by the lattice arrangement. Sputtering theory 

does not satisfactorily account for the effect, but Martynenko 

(1966) has attempted to fo 	Lulate a theory for the case of 

single crystals based upon multiple collisions of ions with 

atoms in the crystal. 

3.3.2 Incident Ion Energy  

The effect of ion energy has been extensively studied andmay 

be subdivided into two ranges 0-1.k6V and 1-60 keV. 

- The object of the - low energy investigations has been to est-; 

ablish the threshold energy, below which there is no ejection 

of atoms from- the target. Workers using the glow discharge 

found that DI= „a (V .•-• Vo) where M. mass of Material deposited 

on a collectori V= applied potential and a and Vo are con-

stants, Vo being the threshold voltage. Careful measurement 

of the threshold using.microbalance or radio-tracer tech-

niques has shorn the value to be similar for many different 

ionatom combinations. TyPically. it  lies in the .range 

10-40eV. HoweVer, the rate of increase of yield with in-

creasing ion energy above the threshold shows mrked.diff-

erences. Koedam (1959) and Wehner & Medicus (1954) find 

that the yield (S) varies as E2 a-1; low energies ( .(100eV). 
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to the model chosen to- explain the process at low energies, 

various authors predict a yield dependence of E2  E or E2  

each of which fits certain systems (Kaminsky 1965). It 

sloes-not seem possible, therefore,. to =edict a general 

behaviour: 

At higher ion energies, lkeV, the variation of yield with 

energy is more predictable.. In general, the yield increases 

with increasing mass of ion and increasing energy, reaching 

a saturation value - at very high energies. The saturation 

value is lower for lighter ions. The Magnitude of the yield 

is found. to increase as the d-shell fills within a given 

.period of the periodic table, so that Cu, Ag and Au have the 

highest values. Curves showing the yield-for various metals 

'as a function of ion energy are given in Fig. 3.7. 

When the incident ion or target atom is only weakly screened, 

i.e. low atomic number or very high ion energy, the ion-

atom collisions are no longer hard sphere and it is not poss-

ible to - predict readily the sputtering behaviour. 

3.3.3 Ion Current Density and Gas Pressure  

The dependence of the sputtering yield on ion current density 

has been found to be zero, (AlmEn & Bruce, 1961), provided 

the effects of secondary electron emission are taken into 

account and the target is very clean. This latter aspect of • 

cleanliness can also account for the sometimes observed var-

iation of yield with gas pressure. The effect is due to the 

contamination of the target surface by adsorbed layers of gas 

atoms, which have to be removed before the true yield may be 

attained. 



3.3.4- Target Temperature  

The effect that temperature has on the yield has been studied.  

in detail by Nelson.  (1965) for several ion/atom combinations. 

He has shown that there is a steady increase in yield with 

• temperature above .a critical temperature (n/800o  800°K .for Ag and 

Au). Below this temperature the yield does not vary. 

3.3.5 Target Structure  

The crystallographic orientation of the target plays a con- 

siderable part in sputtering. It has been found - without 

exception that a single crystal target ejects atoms.  along 

certain preferred crystallographic directions. These are the 

close packed directions in the crystal. For a polycrystalline 

target, Which is a collection of small randomly orientated 

single crystallites, the affect is smeared out to give a 

random ejection with uniform yield in all directions (neglect-

ing angle of incidence effects). This is discussed at Greater 

length below. 

3.3.6 Charge Carried by Sputtered Atoms. 

There has been little - quantitative analysis of the Sputtered 

particles with regard to species and charge carried. • Honig 

(1958) has attempted such a study using a mass spectrometer 

and has found that no less than 65 different species were 

ejected from a silver target bombarded by xenon at 300eV, 

many of which carried positive charge. However, he found 

that only approximately 1% of all sputtered particles carried 

charge. The energy of the ionised particles is found to be 

of the same order as that of the neutral atoms, though 

Kistemaker and SnOek (1962) detected particles with much 

higher energy (,,,several keV) when ion bombarding at 10-15keV. 



3.3.7 Ano;alar Distribution of Sputtered Atoms 

This topic has received much attention but the total ex-cpr-

imantal evidence for polycrystalline targets is somewhat 

conflicting. For thermal evaporation from a Knudsen type 

source a cosine distribution of atoms would result and exper-! 

iments on sputtering have been concentrated on the proof or 

otherwise of such a distribution. .Earlyresults..of Seeliger 

and Sommermeyer (1935) indicated a.cosine -  distribution, 

- independent of angle - of incidence of the ions. however, 

Wehner et al (1960) subseouently showed this not to be true 

and observed an under-cosine distribution (i.e. greater 

proportion of particles ejected parallel to substrate) for 

low energy bombardment. Experiments at higher ion energies 

showed a transition from under-cosine to over-cosine distri-, 

bution. 

For single crystal uargets however, the situation is far 

different. As mentioned Previously, preferential sputtering 

is found to occur along the close packed directions, <110 

- and K100> in-fee materials. If a collector is placed so as 

to pick up the•sputtered atoms then a characteristic ejection 

pattern for the target is obtained. The pattern - is found not.  

to vary very much with angle of incidence of the ions, but 

is dependent on the index of the bombarded surface. A 

schematic of the ejection pattern from a (100) and a (111) 

plane in an fcc crystal is Shown in Fig. 38. This phenomenon 

has been extensively studied (for example by Koedam (1959), 

Anderson and Wehner (1960), Nelson, and Thompson (1961) for a 

variety of conditions of ion energy, target plane, ion and 

target species and in all cases a characteristic distribution 

results. 

The interpretation of the various ejection patterns and their 

changes with ion energy has been.  largely based upon channel- 

.ing and focusing mechanisms within the crystal. This is 
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Schematic ejection patterns for facecentred cubic metals. 

FIGURE 3.9.  

Velocity distribution of sputtered atoms ejected at .0°  

from a polycrystalline copper target.'(Stuart and 

Wehner,1962) 
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mentioned in greater detail below. 

3.3.8 Ener,P7 Distribution of Sputtered Atoms 

• The mean energy of sputtered atoms has been investigated by 

various authors using different techniques. Wehner (1960) 

employed a torsion balance and determined the forces exerted 

on a collector. He-found the mean energy B to be/v3.60.  for 

3006V He ions• bombarding a copper target. Kopitzki (1961) • 

has made a study of a large number of metals bombarded by 

35keV Xe ions. He found a periodicity in F similar to that 

in the periodic table of the elements. Almon and Bruce 

(1961) have studied bombardment of polycrystalline silver 

with A+  ions and they have shown that the mean velocity in 

the direction normal to the target is 7.1 x 10
5  cm/sec. 

(equivalent to/4,166V). 

The study of the distribution of energy has been carried out 

in detail by Stuart (1962) _at low.energies ((lkeV) and by 

Thompson (1967)• at high  energy (1,143keV). Both methods are 

based upon time of flight measurements. The significant 

point to emerge from all the measurements of energy of the 

sputtered particles is that the peak energy of ejection can 

be several orders of magnitude higher than the energy of 

evaporated atoms. In fact for an incident ion energy of only 

6006V, copper bombarded by He-ions can have ejection energies 

in excess of '30eV., A plot of the energy distribution for 

such a system is shown. in Fig. 3.9. Thompson (1967) has 

observed ejection energies up to .10006V for high bombardment 

energy. Stuart (1962) found that the mean energy of ejection 

increased with ion energy, though the most probable value did. 

not alter very much within the range of his investigation 
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(150 - 600eV). The dependence upon angle of incidence was 

• only slight. 

For the case of single crystal targets both Stuart and 

Thompson found increased energy of ejection along certain 

crystalloraphic directions, though the greatest energy ,•gas 

not necessarily along the close-packed directions. For 

43keV bombardment of gold, Thompson found maximum ejection 

.E along tbe X100= -(93,5eV)  followed by the.,a21> and the 

Q.10). He explains his results on the basis of a) random 

cascades, b) focussing, c) channelling and d) thermal 

evaporation. 

Although a kno:•rledge of the energy distribution of atoms 

leaving the target is of fundamental importance when con-

sidering the mechanisms of sputtering, the point of interest 

as far as thin film growth is concerned is the energy of the 

sputtered atoms on arrival at the aabstrate. The next 

section is devoted to such a discussion in terms of the 

arrival energy relative to a thermal beam. 

3.4 ENhaGY OF ARRIVAL CONSIDERATIONS  

It has been shown in the previous section by reference to 

several authors that the energy of ejection of sputtered atoms is 

significantly higher than that of evaporated -atoms. In an invest-

igation of the differences between deposition by sputtering and 

evaporation it is of interest to know the relative energy of atoms 

-on arrival at the substrate. Because of possible collisions between-

sputtered atoms and gas atoms or ions, the energy distribution of - 

the sputtered atoms may be modified. Clearly this is a function of • 

the gas pressure for a given geometry. For the results to be of 
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interest from an energy viewpoint, we require to know what proort-

ion of the sputtered atoms arrive at the substrate with .an energy. 

significantly greater than that of thermally - evaporated atoms. For.  

atoms having energy comparable to thermally evaporated atoms, the 

deposition will be funanmentally the same as.it is in evanoration 

(considering energy only). An energy -distibutj.on for silver evap•-

orated from an open source at 1800°K we will assume is Mai.7.- Tellian 

with a most probable velocity of. N3 x 104  cm/sec. Experimental 

evidence for Maxwellian distributions from evaporation sources has 

been given for potassium and thallium by Miller and Xu ch (1955). 

A very small number will have velocities above 1 x 105  cm/sec. 

(i0.01). On this basis the following calculation has been directed 

at establishing the numbers of sputtered atoms that arrive at the 

substrate.with velocities above 1 x 105 cm/sec. For silver, this is 

eauivalent to an energy offv0.6eV. 

As mentioned in a previous section, sputtered atoms are 

ejected in all directions from a polycrystalline target and 'a near 

cosine spatial distribution exists. For ease of calculation however 

only those travelling normally away from the target have been con-

sidered and it assumed that all colliding target atoms continue in 

a forward direction following collision. Velocity 'distributions 

for ejection normally from a polycrystalline target have been given 

by Stuart (1962) for the case of Cu bombarded with He at energies 

up to 600eV. Their curves are approximately Flaxwellian (see Fig. 

3.9) but with a high energy tail; the most probable velocity is 

3.5 x 105  cm/sec. (Mean velocity 	X 105  cm/sec.) In the absence 

of velocity data for silver bombarded with argon at 3keV (as 

employed in our diode sputtering experiments) this velocity distri-

bution has been employed. Certainly there appears to be little 
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change in most probable velocity with bombarding energy up to 

600eV (Stuart 1962) and it seems probable that it will not vary 

appreciably up to 3keV. The high energy tail is certainly lengthened 

butAlmen and Bruce (1961a) working at'45keV show that the mean 

.velocity in the direction normal to the target is 7.1 x 105  cm/sec. 

indicating that relatively few atoms carry very'high energy. There 

is thus no large rise in the most probable velocity with bombarding 

energy  and it is therefore felt that the use of the Stuart and 

Wehner (1962) distribution can give useful information whiCh will 

be not too far from the actual distribution behaviour. 

The following calculations are for a parallel plate electrode 

system in which sputtered atoms leave one plate (the target) and 

travel towards the opposite plate. It is therefore based on a diode 

sputtering system in which the region between the plates is occupied 

by gas ions travelling towards the target, electrons travelling 

towards the anode, and gas atoms. Under the conditions of the diode 

spUttering experiMents described in chapter 4, the highest ion 

/ current density employed:was A/12;>uA/cm2  which corresponds to an ion 

impingement rate of,v5 x 1014  ions/cm2/sec. The number of ions per 

unit volume assuming a velocity equivalent to lkeV is n15 x 109 ions/ 

cc. For a gas at 300oK9 the number of molecules per unit volume is 

4'45 z 1014.  cm 3, so the ratio of atoms to ions,is A105  : 1. 

Collisions between sputtered atoms and. discharge gas ions can there-

fore be neglected. Collisions between sputtered atoms and electrons 

would have virtually no effect a) because the relative masses are 

so different and b) because the particles would be moving in the 

same. direction as the electrons. 

To simplify the calculation, the gas is assumed to be station-

ary. This is a reasonable assumption since, for a Maxwellian dist-

ribution only 0.04S of the molecules have V:- 3-TT where T= 4 x 10' 

cm/sec. whereas the sputtered atoms have V around 4 x 105 cm/sec. 
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If the sputtered atoms have velocities approaching that-of the gas 

atoms, then the stationary gas assumption breaks down. However, it 

has already been decided to ignore sputtered atoms with velocities - 

below 1 x 105  cm/sec., so the stationary gas approximation remains 

, saislac • torv. 

1P, or the purposes'of , computation let the inter-electrode 

space be considered as being made up of n slabs of unit cross- 

sectional area, each of thickness 61,c arrayed one behind the other. 

If. there are N gas atoms per unit volume then each slab contains N.6x 

atoms which will present an area NZx.q to the impingeing beam, 

where a is the. collision cross-section. The total collision area 

A presented by n slabs is then given.by the binonfia,1 expression 

A 	1 - ,(1 N.6x.g) 

Thus the number of impingeing atoms which pass through without 

collision is eaual to the "free space" area, (1-A). The error in 

(1-0 depends upon the value of n. For an interelectrode separation 

2 
ga of 10 cm divided into 100 slabs, at e s pressure 10 ton., the 

error in calculating (1-A) is 6.5%. The error is proportional to 

1/ /n, So that for 500 slabs the error is only 1.3%. The error is due 

to the assumption regarding the numbers of atoms lying behind one 

an ther in the same. slab. 

•, Since we are interested in those iprticies with final veloc-

ities /  x 105  cm/sec., regardless of what happens on the way to the 

substrate, it is possible for some particles to make more than one 

collision and still have a final velocity >1 x - 105  cm/sec. Some 

may make as many as 10 collisions before their velocity falls below 

the lower limit. It is therefore necessary to consider collisions 

in each slab y :Whence the larger fraction of atoms will continue 

with the same velocity and a small fraction will set out with a 
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velocity modified by the collision within the slab. If the fract-

ion of atoms which have had collisions is plotted as a function of 

n, a set of curves is obtained whose shape -and starting points 

depend upon the velocity on entering the slab and the position of 

the slab in which collision occurred. 

Since the collision cross-section is a function of velocity 

this must also be taken into account. From thermal beam scattering, 

q varies as V ", assuming r'6 variation of potential with distande 

(Rothe et al 1959). Assuming this law, and if a value for the 

collision diameter at 00C is taken 
	

(D1  . D2), where DI and 

D2  are the molecular diameters- of. Ag and A respectively the value 

of q as a function of velocity may be calculated. 

The average fractional energy loss per collision, 1., by a 

molecule is given by Cravath (1930) for the case of two gases with 

Maxwellian distributions corresponding to temperature T, and T
2 

respectively 

where MI, M2  are the masses of the colliding partiCles. 

For the case of sputtered silver in -Y.c,on, T1 T2 and 

f 	0.5 hence the average fractional velocity loss by a silver 

Particle is 

A computer progremTne was therefore written to calculate the 

fraction of atoms arriving at the subStrate with velocities -)1 x 105  • 

cm/sec. using the curve given by Stuart and Wegner (1962) as a- start-

ing distribution. .The results of the computation are given in 

Fig. 3.10 for various gas pressures and a target substrate separation 

of 10 cm. divided into 500 slabs. A value of 33.5 x 10-16 cm2 
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was assumed for the collision cross section, measured at 0G C, i.e. 
A 

a relative velocity of 4.10'. cm/sco 	The fraction of atoms arriving. 

at the substrate with velocities above 1 x 105  cm/sec. may be cal-

culated from the integrated areas of the distributions. 

The results indicate that at a pressure of 1 x 10-2 torr, 15% 

of all particles which set out with velocities >1 x 102  cm/sec. 

arrive at the substrate with velocities greater than this vaaue. 

Fig. 3.11 shows how the percentages change with gas pressure, for a 

cathode-substrate spacing of 10 cm. The carves can be applied for 

other spacings provided the pressure-distance product"remains the 

same. These figures represent maximum values since it has been 

assumed that all particles continue in a forward direction following 

collision, i.e. 40 back-diffusion. 

There is thus a significant difference in arrival energy 

- 
between sputtered atoms and evaporated atoms, even at 10. 

2 
 torr. 

-At 10 3  torr and below, the difference is even more marked. This 

difference may influence the growth behaviour in various ways which 

will be discussed in chapter 6. If the energy of arrival is import-

ant one would certainly expect a difference between evaporated film 

• - growth, sputtered film growth' at 10 2.  torr (diode sputtering) and 

sputtered film growth at 10-3  torr and below (triode sputtering). 

While the above results have been obtained for Ag in 	the 

same curves may be applied for other systems provided the collision 

cross-section is not widely different. For instance for Ge, 

0 = 31.9 -r 10 16  cm2  calculated from 	(D1  -I- D2).at 00C, so the 

above curves will be only slightly altered. 
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3.5 • THEORIES OF SPUITERTHG  

Early models for the sputtering phenomenon were founded on 

the belief that the energetic ion beam produced a molten zone from 

which thermal evaporation took place. From the point of vie; of 

increased yield with increasing ion energy, such a theory was 

acceptable. However more sophisticated experiments of the types 

described in section33 proved such a theory to be false. For. 

example, the effect of angle of incidence, the non-existence of a 

true cosine distribution laW for ejected - p_..rticles and the sometimes 

observed decrease in yield with energy could not possible be explained 

on an evaporation basis. The final proof of the falsity of the model 

was the previously discUssed ejection energy of the sputtered mater-

ial which corresponded to a source temperature of 050000°K. 

Thompson (1967) however has invoked a thermal evaporation process 

to explain a low energy part of their distribution. curves. 

Current sputtering models are based on collision processes 

within the crystal with a transfer of momentum initially from ion 

to atom and then from atom to atom. There are three types of Doss-

ible_interaction dependent upon the ion energy. 1) Rutherford 

collisions at very high energy (interaction through Coulombic 

repulsion of nuclear chclzrges), 2) Weakly screened Coulomb collis-

ions (partial screening' by the electron clouds), 3) Hard sphere 

collisions (no penetration of the electron cloud). The boundary 

energy for each process depends upon the ion-atom pairing but for the 

inert gases upon metal targets, hard sphere collisions occur below 

,a100 keV. Mbst models have considered only this type of collision 

therefore. 

One of the earlier modern theories of sputtering was due to 

Keywell (1955) based on a modifiCation of neutron cooling theory. 

He considered successive "knock-ons" Within the crystal until the 
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transferred energy became less than the displacement energy. He 

assumed that the number of sputtered atoms could be related to the 

number of displaced. atoms, and was able to derive an expression for 

the sputtering yield which was a function of. E2. However, this 

function is found to be true for only part of the energy range. Rol 

et al (1960) advanced a theory in which they assumed that only the 

first collision contributed to the sputtering process and they neg-

lected subsequent collisions. This resulted in a linear dependence 

of yield or energy. They claimed fair agreement With their own 

results but other authors found discrepancies over 20%. Also their 

theory fails to account for ejection patterns from single crystal 

targets in,which successive secondary collisions are important. 

The effect of the directional properties of a crystal lattice 

was introduced by Silsbee (1957) who showed that momentum may be 

focused along a line of a toms in a close packed direction. Provided 

the distance of closest approach in a head-on collision is greater 

than half the separation of atoms along a row, focussing will occur. 

Fig. 3.12 demonstrates the effect. Silsbee, and later Thompson 

(1963) defined an upper energy limit above which focussing could not 

occur. For the <110 direction in gold, Thompson (1963) obtained a 

figure of 280 eV for this energy. The proposed focussing mechanism 

of Silsbeewas able to account for preferential ejection along (110> 

directions but could not account for, the cases when 71)4R. Such 

directions are the 6.00> and '<ill> directions in fcc crystals. 

Based on computer calculations, Gibson et al (1960) showed that 

when an atom moves at a _small angle to say the (100)>direction it 

experiences electrostatic forces. due to a ring of four nearest 

neighbour atoms which tend to deflect the p it icle towards the axis 

before collision with the next atom in the <100> direction. This is 

In 	as assisted focussing and the Ting of 4 atoms acts in a way 
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analogous to an optical converging lens. The effect is shown dia--

grammatically in Fig. 3.13. Thus it is possible for the collision 

sequence to be propagated down the chain of U00> atoms even though 

geometrically the Silsbee criterion is not satisfied. 

The above theories explain with reasonable satisfaction the 

observed ejection patterns formed from single crystal targets. They 

do not however totally account for the energy distribution of part-

icles observed by Thompson (1967) at high bombardment energy. Also, 

the range of ions in crystals can be greater than that predicted by 

focussing mechanisms. This latter observation was suggested to be 

due to the openness of the lattice such that if a particle approach-

ed from the right direction it could pass along the open channels 

between rows of atoms. In an fcc crystal such channels are formed 

between <11l' and <100> planes and also between <1..10> and 4a00› 

directions. The angle of approach must be very small (<30) or 

the ion will rapidly lose energy by collision. It proceeds along 

the channel by a series of very low angle-  glancing collisions and 
0 

for an 60eV ion the range may be 2500A. This concept of channel-

ing has been successfully applied to the interpretation of ion 

ranges in solids, of preferential ejection and of dependence of 

sputtering yield on angle of incidence. 

However, focussing and channelling only apply to directional • 

properties of sputtered particles. The energy distributions obtained 

by Thompson (1967) show that even when focussed collision. sequences 

are not expected as in the <121> a high energy distribution is 

- observed. Such a distribution is consistent with a multiplication 

of random collision cascades as in the case of radiation damage in 

crystals. This occurs when there is no directional influence upon 

the collisions, i.e. when the angle of collision is fairly high. 
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The process can be analysed in similar terms to those used by 

Keywsll (1955) (neutron cooling). It is also possible to con-

sider the cascade as a disturbance in an elastic medium with sound 

—9 
•Velocii;y. The model gives an E dependence of sputtering.yield 

the range 10-104 
 
eV: Belo 106V surface binding energies become 

important and above 10.
A 
 6V the mean free path is long and certain 

basic assumptions are invalid. The model can sudcessfully account 

for ejection patterns since, when the mean collision free path is 

approximately equal to the interatomic spacing, the cascade reaches 

the surface via a collision in the penultimate layer. There is 
a om 

thus a tendency for the surface to move off in a direction close to 

that j ining.it to its nearest neighbours. 

Thompson (1967) finds that random cascades and focussing 

sequences account for ,490/0 of the sputtering in most cases (bom-

barding energy N43keV). Fe also finds that the mean energy of 

ejection where directional proserties are observed are: E = 13.06V 

for <110>, E = 93.56V for <1001',',  and E 47.46V•for (..121>. Thus the 

highest ejection energy is for the case of assisted focussing. 

These figures refer to <lea> ion bombardment. • 

SUnIARY 

The above brief outline of the sputtering theories and the 

preceding section on experimental observations demonstrates that as 

a means of thin film deposition sputterin7g is unique. Its most 

.outstandin3 feature is that the energy of sputtered atomsis very 

high and it- might be expected that this will influence the growth 

of 'thin film. By using preferred ejection directions from a 

single crystal target. it would be possible to deposit films under 



known high energy conditions. This type of experiment has been 

performed by Chapman (1968) in an investigation into nucleation 

behaviour- of gold films on rocksalt. The way in which the energy 

may manifest itself at the substrate is discussed in a later 

chanter.. 'By suitable placing' of substrates relative to the target, 

Films  may be grown under conditions where the only experimental 

variable is the energy of arrival. An investigation into single 

crystal target behaviour can be usefully applied to polycrystalline 

targets by simply summing the effect for different directions. 

81 
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CHAPTER TV 

EXPERINENTAL APPARATUS AND PROCEDURE  

4.1. VACUUM PIANT  

Two types of vacuum plant were employed, both being standard 

Edwards units. The first, an Edwards.12E3 unit, employed a 4 inch oil 

diffusion pump backed. by an oil rotary pump. A water-cooled chevron 

baffle and a liquid nitrogen trap were incorporated in order to lower 

the ultimate pressure and to reduce the amount of oil vapour reaching the 

work chamber. With liquid nitrogen trapping the final pressure was 

<1.10-6  torr. The work chamber was, for the•diode work, a 12 in. diameter 

x 14 in. high glass bell jar, of total volume 22 litres. For the triode 

system a 12 in. diameter x.12 in. long Quickfit pipesection was used also 

.of total volume 22 litres. The closure was an aluminium plate. Seals 

used.were Viton.'A' 0-rings or L-gaskets where applicable. An alternative 

chamber used where water cooling of the target was deemed necessary, 

.employed a.Quickfit 12 in. to 3 in. pipe reducer of total volumec10 litres. 

The cathode assembly acted as the:3 in. closure flange. 

The second•unit employed was an Edwards UHVM2, said to he capable 

of 10-11  torr. It used a 2 in. mercury diffusion pump, backed by a 1" 

mercury diffusion pump which in turn was backed by a liquid nitrogen cooled 

sorption pump. A Peltier cooled chevron baffle and a liquid nitrogen trap 

were again employed to prevent mercury reaching, the work chamber. The work 

chamber took the form of a 6-arm Pyrex cross, arm-diameter 3 in. manu-

factured by Quickfit. This was found to be the most convenient chamber for 

the experiments at a low sputtering pressure. The total volume of the 

chamber was 4.5 litres. The closure flanges for the chamber were of stain-

less steel or aluminium with Viton 'A' 0-ring seals. It was probably due 
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to the porosity of the seals that the best pressure achieved (A,10-8  torr) 

was considerably higher than the ultimate claimed for the unit. The unit 

incorporated a backing reservoir so that, where necessary, the backing 

pumps could be shut off. At a later stage in the work a 2 in. butterfly 

valve was added so that the pumps could be left under vacuum while spec-

imens etc. •were removed from the work chamber. This also required an 

extra sorption pump to- re-evacuate the work chamber, prior to opening the 

butterfly valve. Pressure measurement was by means of a Pirani gauge in 

the>0.3p1 range and by an ionisation gauge (Mullard I-OG 12) at lower 

pressures. Gas admission to .both the above systems was from a cylinder 

by way of a desiccant (A1203)  through a fine control needle value 

(Edwards ',poi). The gas used for -all experiments was argon of 99.999% 

purity supplied by Air Products Ltd. Prior to admission the system was 

always evacuated to4C1 x 10 5 torr. No other measures were taken to 

further purify the gas. A mass spectrometer trace, using an AEI 29D18 

head shows, in Fig. 4.1., that little or no water vapour was admitted to 

the system along with the argon. A maximum pressure of 4.10-5  torr was 

used to safeguard the spectrometer head. The A++  and A+  peaks can be 

seen in the lower trace, but the peaks lying above A+  are not identifiable. 

They appear to be spurious peaks introduced by the head itself. 

4.2. DEPOSITION TECHNIQUES  

4.2.1. Diode Sputtering  

4.2.1.1. Apparatus and Circuit 

The apparatus used for the diode sputtering work is shown schemat-

ically in Fig. 4.2. and Fig. 4.3(a). The vacuum system employed for all 

diode experiments was the Edwards 12/83 unit described above. The system 

shown in Fig. 4.2. was used for early work but for all later studies where 

high rates might have been employed, the latter system was used since it 

,incorporates water cooling . For diode sputtering, the target is made 
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VTGURE L.2 

System used for initial Diode sputtering experiments. 
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FIGURE 4..(b)  

Water-cooled target assembly used for 

Diode sputtering. 
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the cathode and the substrate is normally placed on the anode which is 

at earth potential. The target was cemented to the aluMinium cathode 

using high conductivity epoxy resin (Johnson Natthey), The water cooling 

ensured that the target did not rise much above, 100°C at any time, thereby 

preventing the cracking of the epoxy. At normal ejection rates water 

Cooling was not.necessary but the same unit was employed, thus maintaining 

electrode geometry. A photograph of the target assembly is shown in 

Fig. 45(b). Where cooling was necessary allowance had to- be made for 

the current carried by the water since the- final water outlet was at 

earth potential. 

In order to ensure uniformity of the deposit, the target should 

be considerably larger than the substrate. A diameter of 7.5 cm. was 

chosen for all experiments. Specimen sizes were typically 0.5 cm. square 

and the separation typically 10 cm. The electrode geometry was such that 

the discharge always took place between cathode and anode, other earth points 

being further away from the cathode or within the discharge dark space. 

The Circuit employed for diode sputtering is straightforward. It. 

consists of a high voltage transformer (5kV, 50m!) driving a full'wave 

rectifier the output of which is taken to the cathode and anode of the 

system. The basic circuit is shown diagrammatically in Fig. 4.4. The 

bridge rectifier used selenium diodes as these are better able to with-

stand peaks. A voltage of 45kV.was applied to the target and the current 

was varied by varying the gas preSsure by means of a fine needle valve. 

For diode sputtering a discharge gas pressure of tens of microns is 

required in order to obtain currents of the order of lmA. 

Normally, for diode sputtering, the substrate is placed on the 

anode at earth potential, but it is sometimes required that the substrate 

should not be at earth potential. For instance, where it is required to 
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FIGURE •4.4. 
Circuit used for the Preparation of Thin Films by Dioa.e Sputtorin. 
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bombard the substrate with positive ions during deposition the substrate 

must be held at some negative potential with respect.to earth. This 

technique is known as bias sputtering and the arrangement employed in 

these experiments is shown in Fig. 4.5. Anauxiliary heater is also 

shown in Fig. 4.5. whereby the substrate may be heated to above room 

temperature. A negative potential was applied to the auxiliary electrode 

and the substrate surface was electrically strapped to it by way of a 

previously deposited gold land. The bias potential was provided by an 

auxiliary d.c. supply, capable of producing up to 10mA at 1kV. 

4.2.1.2. Successive Deposition  

Where it was necessary to deposit layers having different thick-

nesses in the same experiment, a shutter system was required so that 

successive substrates could be exposed to the sputtered material. The 

two alternative methods used are, shown in Fig. 4.6. Fig. 4.6(a) shows a 

simple withdrawal type shutter which could take a minimum of four substrates 

of size 10 x 5 mm. The number of, substrates of a given size in, this 

assembly is limited by the fact that material will deposit under the mask 

however close it is to the substrate. This is because atoms' reach the 

substrate by a diffusion-controlled process so that some atoms may arrive 

almost at glancing angle. Substrates must therefore have a minimum sep-

aration. Fig. 4.6(b) is a rotatable shutter designed so that successive 

pairs of substrates could be exposed, followed by a complete covering of 

one set while the other set were being further treated, e.g. covered by carbon 

evaporation. The same substrate size and number limitation applies to 

this assembly. .Both types of shutter were operated by an arm which was 

attached to a shaft passing through the baseplate by means of a rotary 

seal. 	In experiments where only .a single substrate was "being exposed, 

a simple shutter operating from the rotary shaft was employed. 
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FIGURE 4..6  

Shutter Systems used. for Successive Deposition in Diode Sputtering. 

(A) 

Actuating . 

(15). 

Actuating arms 



4.2.2- ....111 3:2122-ITILLeriria,_ 
The triode principle was fully described in the previous chapter 

and a schematic diagram of the system employed is shown in Fig. 4.7. The 

vacuum system was again en Edwards 12E3 unit as described above. For ell 

experiments the residual gas pressure was <2 x 10 
-6

torr, and argon was 

admitted direct to the work chamber by means of a fine control needle 

valve. The apparatus .constructed employed .a spiral tungsten filament as 

the electron source. This was enclosed in a square section L-shaped tube, 

as indicated in Fig. 4.7 constructed entirely of stainless steel. In 

order to utilise the electrons produced more efficiently and to obviate 

the reed for complex water cooling, an accelerating anode was placed in 

the position shown in the diagram. The optimum size of the aperture in 

the anode was determined empirically. The size finally chosen being 0.5 

inches. The electrons were subsequently extracted into the sputtering 

region by the planar anode positioned as shown in the diagram. The mode 

of operation'of.this type of system has been described in Chapter 3. 

The discharge was found to sixike at a main-anode to filament drop 

of ^'100V and could be maintained at 60-80V drop. The actual values 

depended upon the accelerating anode potential which was adjusted to give 

maximum electron current. This was normally approximately +60V with 

respect to the filament. It was found possible to run the discharge with 

zero volts on the main anode but the ion current was lower than with 

finite volts. The discharge appeared to_have been struck between filament 

and accelerating anode and ions diffused into thesputtering region where 

they were confined by the magnetic field. It was also possible for 

electrons to diffuse out of the source assembly and for ionisation to 

occur outside the assembly. 

Fig. 4.8. is a schematic diagram of the circuit employed' for all ' 
triode experiments. All D.C. power supplies were, of the type used for the 
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SCHEMATIC DIAGRAM OF VACUUM ENCLOSURE COMPONENTS OF TRIODE SPUTTERING SYSTEM. 
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General view of triode sputtering apparatus 
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diode experiments as shown in Fig. 4.4. Full-wave rectification was 

employed with no subsequent smoothing.' Lack of smoothing is beneficial 

in fact as it supresses the tendency for arc breakdown (Hurwitt, 1968) 

though such breakdown is unlikely anyway at the power levels used in these 

experiments. 

As in the case of diode sputtering the tar&.; 	7.5 cm. in 

diameter, fixed by conducting epoxy resin to a stainless steel 	lliminium 

backing plate. At the power densities employed no water cooling was 

necessary. The back surfaces of the anode and target, and also the support 

rods, were shielded with Pyrex glass to prevent spurious discharges. The 

substrate support and heater was placed opposite and parallel to the target 

such that the main part of the electron beam passed between them. The 

substrates generally were held at one edge by a Ta strip spot welded to the 

heater strip so as to form a V-pocket and at the opposite edge by the 

measuring thermocouple. A stainless-steel shutter, close to the substrate, 

was operated from outside the system by way of a rotary seal. The substrate - 

target separation was 5 cm. All the apparatus required for a deposition, 

except for the electron source assembly was mounted on a 13 inch diameter 

aluminium flange which acted as the top plate for the work chamber. This 

enabled all the setting up to be done quite simply away from the vacuum 

system. 

4.2.3. Low-Pressure Sputtering  

The vacuum system used for the low pressure sputtering work was 

the Edwards UHVM2 unit described in Section 4.1. The discharge system is 

similar in many respects to the triode system but can be operated at a 

lower discharge gas pressure. The associated circuitry resembles that of 

the triode system and is shown schematically in Fig. 4.9. which also shows 

an elevation view of the work chamber. A plan view of the chamber is shown 



0-2000 V 
HT.I. DC SUPPLY 

0-20A 
TARGET 

HT.2. 
0-1500 V 

10V FLOATING 

	6-- IV 
20V 

q6 

F I G.49(4) 

SCHEMATIC CIRCUIT DIAGRAM FOR LOW PRESSURE SPUTTERING EXPERIMENTS. 

FIC-UR":;1 4.9(b) 

General view of low pressure sputtering system, 



97 

in Fig. 4.10. The electrodes and other inlets were introduced through 

the stainless steel closure flanges, the seals beirw made with Viton 

'0'-rings or with a cold setting low volatile resin ("Torrseal', 

manufactured by Varian AsSociates and recommended for vacuum work down 

8 to 10 .torr) . 

As in the case of triode sputtering, the principal parts of the 

apparatus are the electron source and the magnetic field coil. In this 

apparatus the electron source was based upon an electron microscope 

tungsten hairpin filament, surrounded by a screen at the same potential. 

Other potentials were tried but with detrimental results. An accelerating 

anode at earth potential was placed in front of these. The complete 

arrangement is shown in Fig. 4.11. The accelerated electrons entered an 

essentially electrostatic field-free region where they were acted upon by 

an axial magnetic field. The magnet coils were arranged in a near-Helmholz 

arrangement so as to give a fairly uniform field at the centre of the cross. 

The field could be varied to a maximum of approximately 600 be at the 

centre. The coils which were manufactured by Newport Instruments and haet 

provision for water cooling, were connected in parallel and e current of 

15 amps was required for 60006. They each consisted of 1,000 turns of 

.0.15'1  square section copper wire. Measurable ionisation could be produced 

thus at gas pressures of <1 x 10-  torr. though for useful ion currents a 

pressure
4  

''2 x 10 torr was necessary. 

In'operation the Accelerating field between filament and anode 

was typically 500 V/Om. depending upon the ion current to be extracted and 

the pressUre in the system. The exact potential was varied to stabilise 

.the discharge. The closure flange at the end of the cross opposite to the 

electron source acted as a reflector since it was allowed to float elect7 

rically And so acquire a negative potential from the electron beam. Thus 

the electrons made several traverses down the arms of the cross, being 

of 
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captured finally by the anode close to the source. The aperture, f the 

anode was deliberately chosen large, approximately 1 inch, so as not to 

present too large a collection area. With the closure flange earthed the 

ion current dropped to a low value. The value of the accelerating voltage 

was limited because of the possible sputtering of electrode materials by 

positive ions. All H.T. electrodes were shielded but where this was not 

possible they were covered by tantalum foil, a low sputtering yield 

material. 

The mode of operation was fundamentally the same as for the triode 

experiments discussed previously. The substrate, suitably mounted, was 

introduced into the system which was then pumped down to the residual 

pressure required. This was always <2.10-7  torr, If necessary, the sub-

strate was heated and the whole allowed to outgas at a temperature a few 

degrees above that finally require& The electron source filament was also 

heated to allow this to thoroughlY outgas. After outgassing, the discharge 

gas was admitted, slowly until the required discharge pressure was reached, 

generally 2 x 10-  torr, at which point the discharge was struck by applying 

a suitable magnetic field along the axis of the electron Source and a high 

potential to the filament relative to the anode. The stability of the 

discharge was a function of the operating parameters, particularly the 

electron density. The probability of ionisation depends upon the electron 

density so that the ion current which can be extracted also depends upon 

the electron density. In order to maintain a constant pressure in the 

experiments, the primary control of the ion current was the electron current 

varied by means of the filament current. The electron emission was temp-

erature limited, the accelerating anode potential remaining constant 

wherever possible, it only being slightly varied to maintain stability. 

The preferred field was 500V/cm. The magnetic field was constant throughout 

the experiments at 400oe (i.e. 10A in the coils). This was'found empirically 

to produce a visible .ion beam of approximately 2 cm. diameter. 
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Once discharge and temperature stability had.been attained, the 

target was negatively biased so as to extract ions from the plasma. The 

substrate shutter remained in position throughout the stabilising process. 

With.a negative potential on the target, sputtering occurs at a rate. 

determined by the ion current density. The. ion current density extracted 

depends upon the discharge conditions and also the relative position of the 

.target to the ion beam. The beam was approximately 2 cm. diameter and 

Fig. 4.12 shows a plot of ion current density as a function of distance 

of target from an arbitr6ry reference point (for various target potentials). 

The optimum target position was selected and maintained for all experiments. 

In this apparatus a 2.5 cm. target was generally employed and it was assumed 

that the current density was uniform over its area in all positions: This 

would not have been the case for a larger target. 

As for the previous modes of sputtering, the target was sputtered 

for a finite time prior to substrate exposure so that contamination was 

removed from the surface The substrate shutter.  was then actuated to reveal 

the substrate which was then exposed for a time selected to give a:pre-

determined thickness. The time was based on previous calibration runs in 

which the thickness as a function of time was measured. Since, in this 

apparatus, the shutter 	was irreversibly actuated, the 

deposition was terminated by removing the biaS.froM the target. The sub-

strate was removed from the systeM when it had cooled to4(30°C. The 

chamber was brought to atmospheric preasure by admitting argon. 

The gas throughput of the system during deposition was controlled 

by the gas inlet and not by the pumping aperture as in the case of diode 

sputtering. 
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4.2.4. Evaporation  

In order to compare sputtering and evaporation for thin film 

deposition it was necessary to deposit films of silver under controlled 

evaporation conditions. A high-vacuum system, custom built by Edwards 

Ltd. for the Allen Clark Research Laboratory was used for the deposition. 

A residual pressure of <10-8  torr was easily achieved and deposition onto 

two NaC1 substrates vacuum cleaved using a jig'designed and reported by 

Stirland, 1967. Quartz-iodine-laMp substrate heating was emploYed in the.  

manner described' below.in Section 4.4.-2.2. Rate of deposition was stab-

ilised before cleaving'using a disc ratemeter of a type described by 

Beavitt (1966). Rate control was by means,of evaporant temperature. 

Evaporation was from a heated tungsten spiral positioned approximately 

15 cm from the substrate. Using a shutter system it was possible to cover 

one substrate while continuing deposition onto the other. Following depos-

ition an overlayer of carbon was deposited in the manner described below 

in Section 4.3. The substrates were removed from the system when their 

temperature had fallen to 25°C and the system had been brought to atmos-

Theric pressure by the introduction of air. 

4.3, SUBSTRATE PREPARATION  

4.3.1. Germanium  

The material was provided as 1" diam. 17812 thick discs of n-type 

unpolished germanium. .These were mechanically polished to <1.142 diamond 

finished and ultrasonically degreased in iso-propyl alcohol. They were 

placed in position in the triode system which was then evacuated to 

<2 x 10-6 torr. The substrate temperature was then raised to 600°C and 

held at thi8 value for 5 minutes in order to remove oxide' layers from the 

surface. Argon was then admitted to a pressure of 1.5 x 10-3  torr and a 



103 

discharge struck. Further cleaning of the substrate was thus accomplished 

by bombardment for 5 minutes. Following this cleaning process the sub-

strate temperature was lowered to the required experimental value. 

4.3.2. Mica, Cali'?  and NaC1  

Fresh air-cleaved surfa.ces of these substrates were employed. The 

mica was cleaved using two strips - of adhesive, one on either' side of a 

sample which were then pulled apart to reveal a fresh surface. Alternat-

ively; where small areas were required, cleavage was achieved using a 

pointed instrument to separate layers. Surfaces which had visibly obvious 

cleavage steps were rejected. Calcium fluoride, which -cleaves. on a (111) 

plane, was cleaved with a sharp blade, similar conditions for surface 

selection applying. Sodium chloride substrates were also prepared by 

cleaving with a sharp blade to reveal a fresh (100)-crystal face. The 

••energy required to cleave - the NaCl • substrates was considerably less than, 

that required. for CaF2. Vacuum cleaving was also employed on NaC1 in some 

experiments. These -are detailed-in the next chapter and the technique was 

to break a pillar of NaC1 -by means of a hammer. The, exposed surface was 

relatively free of steps.• 

4.3.3. Single Crystal Sapphire (A120 c-3 

Slices of sapphire,v1mm. thick were cut to give a (1102) face. 

These were 	polished to 4-4Ia diamond finish mechanically, and ultra-

sonically degreased in iso-propyl alcohol. Bombardment cleaning in the 

apparatus was also employed. 

4.3.4. Glass  

These substrates, used for monitoring purposes, were of boro-

silicate glass and were cleaned in a soap-solution followed by deionised 

watc- and iso-propyl alcohol. 



104 

,STT2 7TRATE Try;NPERAYUPE CC1ITPOL n P.D.3ASUPE1•1;;IU  
.1!  .1 •  Introduction  

In all the experiments control of substrate temperature was essential 

as deposition temperature was .an important parameter in the .structural sari 

electrical properties of the 

In the case of diode sputtering there :is a significant contribution 

to the substrate temperature from the discharge itself. A typical discharge 

power was 30W, capable of producing a temperature rise of 50°0 in 30 mins. 

sputtering. Whether heating or cooling was required depended upon the power 

input to the system and the sputtering temperature required. A typical 

heating curve shown in Fig. 4.13 demonstrates schematically the possible 

requirements of an experiment. If temperature Tl  is required heating of the 

substrate is necessary throughout, but if T2 
 is the required temperature 

cooling is required after an initial heating period. Generally the initial 

period was that during which the discharge stabilisation and target cleaning 

was carried. out. The third temperature condition T
3 
 shows that cooling is 

required from., the outset. 

The same applies in the case of triode sputtering where the power 

input to the discharge in some cases exceeded 100W. Generally fairly high 

substrate temperatures were required so that heating was required throughout. 

In the case of low pressure sputtering, however, the power input to the 

discharge was only ,v5W and was confined to :a narrow ion beam. Since the 

substrate was well outside the beam the contribution to substrate temperature 

was negligible. 

4.4.2. Substrate Seating 

Various types of heater were employed, the major prerequisite being 

that outgassing should be minimal. The following types were those used 

most extensively.: 
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4.4.2.1. Ta Strip Heaters  

The heaters were of two main types. 

a) Those which heated a substrate mounting, 	and 

b) Those which doubled as a substrate mounting and heater. 

The first type is illustrated in Fig. 4.14(a). This was designed 

to give uniform heating to a temperature of '250°C of an auxiliary table 

outlined in the figure. The system was primarily designed for bias 

sputtering and the table could be biassed independently of the main anode. 

The material used was .004" Ta with a double thickness at each end. 

The second type of heater which was used for the deposition of Ge 

films in the triode system took the form of a Ta strip of thickness .004", 

width 1 cm. and "hot region" length 1 cm. The substrate was Mounted 

directly onto this. strip which to give,  rigidity Was backed by a tile of 

Sintex 2.5 cm. x 1 cm. x .15 cm. The heater is illustrated in Fig. 4.14(b). 

The substrate temperature attainable Using such a system was in excess of 

700°C. 

Both the above types required outgassing for some time after 

installation. 

4.4.2.2. Quartz Iodine Heaters  

The use of Ta heaters was satisfactory from most aspects but where 

minimum outgassing was required as in the case of low pressure sputtering 

they were not so suitable. For this purpose quartz iodine lamps of the 

type used in projectors etc. proved very adequate. They had the advantage 

of being very clean, of requiring little power and of rapid interchangability.. 

Their radiated heat could also be quite readily focussed. USing,a system 

of the type shown in the photograph of Fig. 4.15(e) temperatures of around 

450°C could he achieved for a power input of "100W. The arrangement shown 

in the figure was used in the low pressure system. An alternative system.  



6IGURE 4.13(a) 

Quartz-iodine substrate heater with focussed reflector. 
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as used in the triode system during nucleation density measurements is 

shown in Fig. 4.15(b). 

4.4.5, Substrate Cooling  

One of the difficulties'aSsociated with heating or cooling a sub-

strate is that of thermal contact. This is particularly so in the case 

of cooling when a constant heat source surrounds the substrate. The 

thermal contact between substrate and heat sink (coolant) is then of great 

concern. An exaggerated view of the situation is demonstrated in Fig. 4.16 

The gaps must be filled with a conducting medium or a large proportion of 

the tooling capacity is lOst. Several methods were employed as described. 

below. 

4.4.3.1. Cooled Mounting Methods  

a) 	Careful polishingof the cooled substrate mount. Not particularly 

successful since ,the substrate (NaC1) itself is stepped so that 

contact:is not ensured. 

Filling the gap with vacuum grease. Rather messy and though all 

right'in principle it was found difficult to remove air included 

in the grease. 

Pressure contact. This is unsatisfactory since only the area 

immediately under the pressure point attains a low. temperature. 

Floating on a pool of mercury. This met with reasonable success 

and temperatures of -150 C were achieved on the substrate surface 

when liquid N2  was passed through the cooling plate. The technique 

was to form a pool of mercury in a containing well and to float the 

substrate in this pool. On evacuating and cooling the plate on 

which the mercury pool resided, the pool froze with the substrate 

embedded in its surface. The drawback to the technique was 1:1,Pt Hg 
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is a rather unwelcome contaminant in a sputtering system since it 

readily reacts with aluminium, gold etc. Its contamination effect 

was noticed markedly in a pair of experiments carried out at low 

temperature and the technique was, therefor, aban 

4.4.3.2. Total Enclosure Method  

The alternative method of reducing the substrate t _emperatr 

reduce the em Sion from surrounding surfaces. By totally enclosing 

substrate therefore, by a box whose temperature Is low the desired resr1;• 

is achieved. Since the emitted radiation from a surface varies as T
4
, a 

reduction to 77°K reduces the radiant heat by 200. A simple 	~n :it 

in which the substrate was placed on a liquid nitrogen cooled ,71 

enclosed by an aluminium box resting on the cooled plate showed .nrc a 

substrate tec-parature within a few decrees 	could be achiev,=,r1. 

Such_ a system as that described above cannot be empl 

sputtering 	e the top of the enclosure must be open to 
	lion 

onto •the 	-Grate. Also the presence of a 
	

1)ox would 

discharge (..tribution. The technique therefore adopte 	tr: 

enclose the whole sputtering assembly within e. cooled vessel. 

of the assembly is shown in Fig. 4.17. It consisted of a 	(-1 

iled cylinder to which was brazed a clot- -- 	1 copper 

.)ottom of the 'can' was spot welded to the cylinder aLd 	' 

support and heater assembly was attached to this by way of ins%1Ett—li 

bushes of Pyrophyllite. The target was similarly attached to the top 

closure which was a push fit to the cylinder. The substrate support 

a Ta strip whiCh could be heated and the substrate temperatul 	C 

trolled by adjustment of the heater current and the flow rate 

nitrogen Was supplied under pressure ("6 p.s.i.) from a 2!: 1. ,-or.:sol 

wny of n low thermal conductivity seal as shown in the fiv;uro. 
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system experiments over the range -60°C to room temperature were carried 

out. The time lapse required to attain a steady substrate temperature 

was N30 mins. from beginning nitrogen flow. Temperature could generally 

be maintained to ±0.5°C near room temperature and ±1°C near -50°C. In this 

assembly the target diameter was '44 cm. and the target-substrate separation 

8 cm. The pressure in the inner vessel was assumed to be the same as in 

the surrounding chamber. The rate of deposition as a function of current-

is shown in Fig. 4.18. Such a determination was made on a series of cali-

bration runs using glass substrates. Measurement of thickness at temper-

atures from -50°C to +20°C showed the variation to be within the measuring 

accuracy of the instrument (±30R). 

In operation, temperature stability of the substrate was attained, 

in the presence of the discharge, before exposing the substrate. Film 

thickness was maintain0 the same for each experiment so that the deposition 

times were varied according to the rate curve given in Fig. 4.18. After 

deposition, the assembly was allowed to return to room temperature before 

removing the substrate. 

Deposition at tomperattoes above 25 C were carried out in the 

normal diode system described earlier. A few experiments were carried out 

in the low temperature enclosure, employing heating only, and these were 

found to produce similar results to the normal system. 

4.4.4-TEMPERATURE MEASUREMENT  

In all the experiments, thin wire thermocouples were employed. 

Where the thermocouple was required to be springy in order to ho3d the 

substrate in place, as in the case of triode sputtering of Ge, Chromel/ 

Alumel was used. For low temperature work or for other, instances where 

very small contact area was required, Pt/Pt - 	Rh was employed. The 
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Rate of Deposition as a function of Discharge Current for 

the Loa Temperature Enclosure. (Tanset voltage-- _,kV) 
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couples were formed by spot or ball-welding and were accurate to +100, 

Absolute temperature is not so important, however, as the reproducibility 

of temperature conditions. The cold junctions were at ambient temperature 

measured with a mercury thermometer. For determining the couple potential, 

a potentiometer was used, measuring to an accuracy of 10r. For the 

measurement of high temperatures a temperature indicating millivoltmeter 

+ 
was 'employed, accurate to -10

o 
 C compared against the potentiometer.. 

4.5. OVERLAYER DEPOSITION  

In cases where the deposited films were very thin, it was nec-

essary to deposit an overlay in order to support the film for examination 

in the electron microscope. The most common method is to evaporate a layer 

of amorphous carbon over the entire film to a thickness of 'NJ1150R. Such a 

film does not systematically affect the electron beam and allows full 

examination of the initial film. This technique was employed where nec-

essary in these experiments and a diagrammatic representation of the jig 

for a simple case of diode sputtering is shown in Fig. 4.19. Shielding 

of the source from the target was essential to prevent contamination of 

the target. 

In one series of experiments it was required to deposit an overlayer 

of nickel rather than carbon and this was carried out by replacing the 

carbon source by a heated tungsten spiral. The spiral was loaded with 

nickel wire and on heating the nickel was evaporated onto the substrate. 

Rate of deposition was not critical and was ,,f1518/Sec. Shielding of the 

target from the evaporant was again important. 

4.6. THICKNESS AND RATE DETERMINATION  

The apparatus used to measure the film thickness was a Talysurf 

surface probe. The principle is illustrated in Fig. 4.20 and ,typical 
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surface profile traces are shown in Fig. 4.21. The trace is-derived by 

detecting and amplifying an out-of-balance current in an a.c. bridge. 

The probe stylus is attached by way of a lever.to the slug core of an 

inductor and the movement of the core varies the inductance and hence the 

current. The accuracy claimed.. for the instrument is -20A (Campbell 

& Blackburn 1961) though the accuracy in practice was determined by the 

thickness of the drawn line. The reference for the surface probe was an 

optical flat. Calibration of the instrument is by way of prepared 

standards. 

The method was to produce a step in the film over which the stylus 

could traverse. In the case of soft films on hard substrates (e.g. Ag on 

glass) scratches could easily be made in the film to produce the step. 

For harder films, which could not be scratched readily, the technique was • 

to mask off a part of the substrate thus producing a step. In cases where 

the substrate was itself easily scratched, e.g. NaC1, mica, measurement 

of thickness was totally unreliable. In such cases thickness was determined 

from a film grown, either concurrently or during a similar experiment, onto 

glass. It is realised that such a method assumes equal condensation co- , 

efficients for each type of substrate but for thicker films 	200A) on 

which the measurements were made, the assumption is probably valid since 

it involves deposition of like on like. A plot of thickness as a function 

of time for silver films on glass in the diode system is shown in Fig. 4.22. 

The divergence from linearity at the extremes of the curves was thought to 

be due possibly to ch,Lrge effects in the film. Experiment proved this to 

be partly true. However, all subsequent experiments operated on the 

linear part of the curves. Rate of deposition was, therefore, determined 

by the division of total film thickness by, total deposition time. Extrap-

olation to lower thicknesses was assumed linear. The rate of deposition is 

proportional to the ejection rate from the target which is in turn dependent 

upon the number of incident ions, i,e. total current. 
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CHAPTER  

RESULTS OF STRUCTURAL STUDY , 	.  

5.1. INTRODUCTION  

This chapter documents the results obtained'from films sputtered onto various 

substrates under a variety of conditions. Films were grown in one-off exper-

iments except in the case of the study of film structure with thickness where 

sequential deposition was employed in a single run. Results of evaporated 

silver films grown for island density measurements are also given. 

For the case of semiconductor films, only the structural results are described 

in this chapter. The galvanomagnetic properties of the films are given in 

Chapter 7. 

The first part of the work, on metallic films, concentrated on the parameters 

influencing epitaxial growth. In the light of such investigations and follow-

ing the energy distribution calculations detailed in Chapter 3, attention was 

turned to the more practical aspect of semiconductor films. 

5.2. METALLIC FILMS  

The material chosen for deposition was silver. Being an f.c.c. metal its 

crystal structure was of a simple nature and well understood and recognisable. 

Its orientation effects have been fairly extensively studied by evaporation 

techniques. The material was obtained as fine foil (.004" thick) silver from 

Johnson Matthey and was attached to the cathode using conducting epoxy resin 

(silver-loaded Araldite). For the gold experiments .005" foil of 99.98% 

purity was obtained. 
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5.2.1. The Variation of Crystal Structure with Substrate Temperature and  
Rate of Deposition  

Films were grown in the diode system, the mode of operation being as described 

in Chapter 4. Water cooling of the target was not necessary at the power 

levels employed. The rate of deposition was varied over the range 0.028/sec. 

to 2.0R/sec. and the substrate temperature varied from -40°C to +80 C. 

Initial experiments carried out at around +.30°C showed the films to be epit-

axial. This fact determined that further experiments should be carried out 

at much lower temperatures. Determination of epitaxial temperature per se, 

i.e. the temperature below which the film is disoriented and above which it 

is oriented, is impracticable and unrealistic. The purpose of these exper-

iments therefore was to span, as widely as was reasonable the epitaxial 

temperature. 

The results are shown in Figure 5.1, which is a plot of the deposition rate, 

R R sec 1  as a function of the reciprocal of the absolute temperature. The 

points are plotted to represent the deposition conditions and the resultant 

film crystallinity. A boundary region may be drawn on the plot on one side 

of which the films were found to be epitaxial whilst on the other side the 

films were polycrystalline in nature. The films studied in this experimental 

series were all 200R - 500R in thickness. As in the case of evaporation, the 

conditions for epitaxy are low deposition rate and/or'high substrate temper-

ature. It is.evident, however, that the• substrate temperature required for 

a given rate to produce epitaxy is considerably less than that required for 

evaporated films. This is shown by comparison with the results of Sloope 

and Tiller on similar films grown by evaporation,shown by the straight line 

in Fig. 5.1. The slope of these lines and the possible implications are 

.discussed in the next chapter. 
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In Figures 5.2 - 5.7 are shown micrographs and diffraction patterns giving 

rise to the points A - F in Fig. 5.1. The micrographs for each film are 

very similar and are therefore shown for one or two films only. The diffraction 

patternE were obtained by selected area diffraction at an electron energy 

of 100 keV. Figure 5.4(b) is a-low magnification micrograph showing Bragg 

contrast contours. These indicate the extent of the perfection of the film 

since the extinction required to produce these can only result from constant-

phase diffraction. The electron diffraction results shown in the figures 

indicate the orientation changes and the difficulty in assessing the orient-

ation when close to the boundary conditions. 

5.2.2. The Variation of Crystal Structure with Film  Thickness  

In order to investigate the variation of structure with thickness it was 

necessary to produce films of varying thickness during the same pump-down 

cycle. This required the use of a special type of shutter as described in 

Chapter 4. 

The rate of deposition was chosen initially to be 0.258 /sec. which would 

yield an epitaxial 2008 film at ,250°K as shown in Fig. 5.1. Deposition 

times of i, 2 and 8 minutes to give nominal thickness values of 7, 30 and 

1208. Following deposition of the silver, carbon was evaporated over the 

surface so that the films could be examined in the microscope. 

The results of the initial experiments with carbon backing only, are shown in 

the micrographs and diffraction patterns in 5.8. - 5.10. These show that 7R' 

and 30R films were made up of discretedslands virtually circular in shape 

and reasonably uniform in distribution. Use of these results is also made in 

the island density experiments described later. The diffraction patterns 

clearly show an increase in the degree of orientation with increasing thick-

ness.. 
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Fig. 5.2(a) D.P. Point A in 
Fig. 5.1. 

Fig. 5.2(b) Electron micrograph. 
Magnification 20000x. 

AMP 

• 

Fig. 5.3. D.P. Point B in Fig. 5.1. 

Fig. 5.4.(a) D.P. 
Point C in Fig. 5.1. 

Fig. 5.4(b) Electron micrograph. 
Mag . 4000x. 

g• 5.2 - 5.4 Ag/NaC1  prflpared by diode sputtering, Growth conditions  
as indicated- 
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Fig. 5.5(a) D.P. 
Point D in Fig. 5.1. 

Fig. 5.5(b) Electron micrograph. 
Magn. 20000x. 

Fig. 5.6. D.P. 
Point 3 in Fig. 5.1. 

Fig. 5.7. D.P. 
Point F in Fig. 5.1. 

Fig. 5.5. -  5.7 Ag/NaC1 prepared by diode syuttering. Growth conditions  
as indicated. 
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Fig. 5.8ka) D.P. 
Thickness 7i 

Fig. 5.8(b) Electron micrograph. 
Magn. 20000x., 
Thickness 7i 

1 

Fig. 5.9(b) Electron micrograph. . 
Magn. 20000x. 
Thickness 30a. 

Fig. 5.10(b) Electron micrograph. 
Mae. 20000x. 
Thickness 1261 

Fig. 5.9(a) D.P. 
Thickness 30i 

Fig. 5.10(a) D.P. 
Thickness 1201 

Fig. 5.8 — 5.10 AdNaC1 prepared by diode sputtering.  Carbon  bacRing 

only. Thickness as indicated. Rate 0.25 a/sec. Temperature 300°K. 
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Matthews (1963) has found a similar effect in evaporated films of gold on 

- rocksalt and ho explains it in terms of rotation of the smaller crystallites 

with respect to the larger ones so as to be in parallel or twin orientation 

with them. 

In order to check whether crystallite rotation during the stripping operation 

or even loss of crystallites during the same process, (Stirland 1966), was 

responsible for the observed effects, a layer of nickel was evaporated over 

the silver. This has the effect of fixing the silver in position after 

deposition so that subsequent rotation is prevented. Films of silver were 

deposited at 0.128 sec-1  to produce layers of 7R to 1158. The lower rate 

was due to the introduction of the nickel evaporation jig and did not alter 

the purpose of the experiment. The jig was approximately 5cm. from the sub-

strates and evaporation of 15O8 at 1103OR sec-/  was found sufficient. Follow-

ing Ni evaporation an overlayer of carbon was evaporated though this was not 

strictly necessary. 

The results of the nickel-backed experiments are shown in the micrographs and 

diffraction patterns of. Fig. 5.11 a - d. The micrographs consist almost 

entirely of nickel as would be expected. It is interesting to note, however, 

that the nickel island size tend6 to increase with increasing silver thick-

ness, suggesting that the nickel would prefer to nucleate on a silver rather 

than a rocksalt surface. A similar effect has been noted for nickel overlayers 

on CuMn films (Campbell - Private Communication). In the micrograph of 

5.11(b) the dark spots are due to contamination which could not be identified. 

The dark-field image shown in Fig. 5.11(c), was obtained by placing the object-

ive aperture over.  a (22Q) silver spot; no tilting of the electron gun was 

employed so in consequence the image-forming beam was not axial through the 

lens system. This gives rise to streaking of the bright spots on the dark 

field micrograph, due to lens aberration. These spots are those Silver 
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D.P. 	 Electron micrograph. Mae. 20000x. 

(a) Thickness 7i • 
D.P. 	 Electron micrograph. Mae. 20000x. 

(b) Thickness 144 

Pig. 5.11(a) and (b) Ag/NaG1 prepared by diode sputterinP.  Nickel  

overlayer followed by carbon. Silver deposition rate 0.12 sec. 

Temperature ~300
oK. Nickel rate  ,-,,302/sec.I. thickness 	Silver 

film thickness as indicated. 
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D.P. 	 Electron micrograph. 	Dark field electron 
Magn. 20000x. 	micrograph of same area.  

(0) Thickness 58/ 

D.P. 	 Electron micrograph. Magn. 20000x. 

(d) Thickness 115 

5.11(q) and (p.). Ag/NaC1 preE9d  hydiode scattering. Nickel 

ovorlayor followed by carbon. Silver deposition rate 0.12//sec. 

Temperature ,-,,300°K. Nickel rate -,-'304/sec, thickness -,1509. Silver 
film thickness as indicated. 
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crystallites whose planes are contributing to the (220) diffraction spot 

chosen and they give an indication of the distribution of the silver on the 

surface. At lower thicknesses there was insufficient silver to give a suit-

able image. 

The diffraction patterns associated with these micrographs are composite, 

consisting of silver and nickel. As silver has the larger lattice parameter, 

its reciprocal lattice vector will be smaller. Both materials are f.c.c. so 

that the two patterns are identical except for spacing. . °Wing to the ratio 

of lattice parameters it so happens that the reciprocal lattice radius of the 

(200) silver group is the same as that for (111) nickel. It is thus not 

easily possible to identify characteristics from the (200) silver spots unless 

there are no (111) nickel spots or rings present,i.e. unless the nickel is 

perfectly epitaxial. The (220) silver ring, however, is not obscured by 

nickel. Observing this ring, it can again be seen that there is a marked 

increase in the single crystallinity of the 'silver deposit with increase in 

thickness. It is also observed that the orientation of the nickel overlayer 

follows that of the silver. At increasing thickness, a spot pattern emerges 

for the silver deposit. This can be seen clearly in the case of the (220) 

spots and also for the (200) spots, which can be identified by the presence 

of streaking from the primary diffraction spots at (200) to the double 

diffraction spots on the (111) silver ring. At the highest thickness in the 

series, 1158, a completely single crystal pattern is observed. From the 

micrographs of the thinner films in this series, there is no:  evidence of 

"graininess", as was observed for the carbon only films. This may suggest 

that particles were being lost in the latter case, during the stripping 

operation. 

The implications of these results will be discussed in the next chapter, but 

the mechanisms which may lead to the effect have been discussed earlier in 

Chapter 2. 
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5.2.3. Bias Sputtering 

In the experiments from which the above results were obtained, the substrate 

was placed on the anode, whose potential was zero, i.e. earth potential. There 

is thus no bombardment of the substrate by positive ions. Maissel and Schaible 

(1965) however, observed an increase in the purity of sputtered tantalum if a 

negative bias was applied to the substrate during deposition. It was proposed 

that the resultant bombarding ion beam removed contaminant oxygen from the sub-

strate surface, thus decreasing the probability of formation of tantalum oxide. 

On the basis of this hypothesis, it was thought likely that, since clean cond-

itions have been found by many observers to be influential in promoting epitaxy, 

bias sputtering should enhance epitaxial growth. 

The apparatus used was that described in the previous chapter (Section 4.2.1.2.), 

in which the substrate surface was strapped to a negatively biassed auxilliary 

electrode by way of an evaporated gold land and a phosphor-bronze clip. The 

bias was varied in 100V steps from zero to -300V. The deposit material chosen 

for this experiment was gold rather than silver. The use of silver would have 

necessitated cooling of the substrate at the deposition rate employed. The 

effect with gold was expected to occur at temperatures above room temperature, 

since the epitaxial temperature for gold at the rates employed is some 100°C 

above that for silver. The rate of deposition employed was 0.428/Sec., deter-

mined from calibration experiments as described in Chapter 4. The substrate 

temperature for each series was varied from 25°C to 120°C, and the film thick-

ness was kept approximately constant at 250A? 

The results of the experiment are shown in Fig. 5.12a d, which is a series 

of selected area diffraction patterns for films grown at 80°C at varying bias 

potential. 
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(a) Bias potential OV 
	

(b) Bias potential -100V 

• 

• 

(c) Bias potential -200V 
	

(a) Bias potential -300V 

Fie. 5.12 Au/NaC1 prepared by biassed diode sputtering. Film 

thickness 250i. Substrate temperature 3530K. Rate of deposition  

0.44/sec. Bias potential as indicated. 
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The results clearly show that the application of a bias potential changes the 

orientation of the deposit.. Whereas the film grown at zero bias shows very 

little preferred orientation, that grown at -100V bias is highly preferred. 

For a bias of -200V the film is virtually epitaxial, arcing of the spots only 

becoming apparent for the higher index planes. It is observed that application 

of a higher bias (-300V) shows a trend to disorder again. In this case it is 

thought that physical damage to the growing film is induced by the energetic 

ions. At -200V the energy is thought to be insufficient to damage. The energy 

may be sufficient to re-arrange or to clean the substrate. This is discussed 

more fully in the next chapter. The measured ion current density for these 

experiments was",22uA/Cm2 (1014  ions/cm2/sec.). The results presented in 

Fig. 5.12 were observed for each temperature employed, the extent of the effect 

being slightly varied owing to the contribution of substrate temperature to 

epitaxy, per se. The substrate temperature required for epitaxy at 0.42/sec. 

with zero bias was not precisely determined, but a film grown at 220°C and zero 

bias was found to be epitaxial. It should be noted that this temperature is 

well below that quoted in the literature for epitaxial growth of an evaporated 

gold film (1*/270°C). This is in keeping with the results obtained for diode 

sputtered silver. 

5.2.4. Island Density Measurements  

One of the essential features of the Rhodin-Walton-Lewis theory of nucleation 

(Chapter 2) is the establishment of, in the early stages of nucleation, a sat-

uration density of islands. As discussed in Chapter 2, this number is a function 

of nucleation rate and substrate temperature. In order to give an indication 

of the relevance of this theory to the case of sputtering, it was necessary to 

perform experiments in which the island density could be established. Since 

comparison with evaporation was essential, films,of silver were grown on rock-

salt, as described in Chapter 4. It was necessary to perform these experiments 

since all the Lewis experimental evidence was for gold on rocksalt. 
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Films were prepared by evaporation at a constant rate (0.1R/sec. - the lowest 

rate compatible with sputtering deposition rate) for 70 and 11+0 seconds, to 

give films of nominally 7R and 14R. A pair of films of these thicknesses were 

grown for three substrate temperatures 65°C, 90°C and 120°C. Time did not 

allow for a complete plot of island density as a function of time for each 

temperature. It was assumed that the density was at saturation. Jordan 

(private communication) had previously found for gold on rocksalt that satur-

ation had been reached by "110A°. 

Similar films were also grown by diode and triode sputtering using the apparatus 

shown in Fig.4415b.The diode arrangement was rather unconventional but was used 

in this way to preserve as nearly as possible the same geometrical arrangement 

for both triode and diode experiments. The system was calibrated in each case 

prior to the experiments to give a deposition rate of 0.1R/sec. The target 

potential was-1500V. The substrates were vacuum cleaved, and were heated by 

a quartz-iodine lamp. In the jig used, it was only possible to deposit onto 

one substrate per pump-down cycle. The deposition time was 120 secs. to give 

a nominal film thickness of 12R. 

In all the above experiments, carbon was evaporated over the deposits to fac-

ilitate electron microscope examination. The island density was obtained by 

counting an area of the resultant micrograph, at a known magnification. On 

some deposits, counting was hampered by loss of particles during the film 

removal process. However, the presence of particles was distinguishable from 

the depressions left in the overlaying carbon. Wherever possible counts were 

taken from more than one area of a given deposit, and an average value taken. 

The results of these experiments are shown in Fig. 5-13 which is a plot of 

saturation island density (log Ns) against reciprocal temperature; (c.f. the 

method of Lewis in Chapter 2). The feature of the results is that there 

appears to be no difference between evaporated and sputtered deposits, diode 



9 

013 

Saturation 
Island 
Dens ty,Ns 
(em ) 

YTEGURII 5.13 

Variation o saturation:islana density with substrate 

• temperature or Ag grown on .1141 by evaporation and by 
diode and triode sputtering. 

132 

1 	 2 	 3 

Substrate temperatUre (1000/2°K) 



133 

or triode. The points appear to lie on a straight line which passes through 

N = 1015  (this is N0  according to the Lewis theory). The slope of the line 

is 0.3eV, however the slope is fairly insensitive to changes in N of an order 

of magnitude. Also plotted on the graph is a point obtained at room temper-

ature for diode sputtered silver in the experiments designed to study the 

variation of structure with thickness. The implications of this curve are 

discussed in the next chapter. 

5.3. SEMICONDUCTOR FILMS  

The results obtained from sputtering of metals showed that epitaxial films 

could be grown at low substrate temperatures. The possibility of the exten-

sion of this observation to the epitaxial growth of semiconductor films was 

interesting. Semiconductor devices in which diffusion areas had previously 

been prepared, would not have those diffusions affected by the overgrowth of 

an epitaxial layer. Also, if layers of various dopant concentrations could 

be grown epitaxially at low temperatures, sharp junctions could be prepared.. 

This would prove particularly useful at high frequencies. Present methods of 

growth', e.g. vapour phase. deposition, require high substrate temperatures where 

diffusion does take place, so precluding sharp interfaces. 

The, growth of semiconductor films was therefore investigated with the results 

obtained from the growth of metal films influencing the investigation. The 

material chosen for the most detailed part of the study was germanium. Attempts 

were made with silicon, but oxidation proved troublesome in the early exper-

iments. The.same trouble did not exist for germanium. 

5.3.1. Germanium Films 

The germanium target used for the majority of experiments was 7.5cm. diameter.  

disc, 3mm. thick, supplied in polycrystalline form by Haldor Topsoe of Denmark. 
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The discs were mounted, using conducting epoxy, to a backing plate of, aluminium. 

Water cooling was found not to be necessary at the power levels used except in 

the case of diode Sputtering The substrates generally employed were either. 

SlliZ germanium slices, or 4111> Cr-doped GaAs (semi-insulating). These were 

prepared as detailed in Chapter 4. Single crystal A120 3, (1:3702) face, was, 

also employed, mainly for electriCal investigation but a structural study was 

also necessary and was therefore carried out. ,Early investigation in the 

diode system employed various substrates, as detailed below. 

5.3.1.1. .Diode-Grown Films  

Germanium films were grown by diode sputtering using exactly the same exper-

imental arrangement as was. employed, for metallic sputtering. A number of films 

were grown on air-cleaved rocksalt surfaces at temperatures up to 400°C. The' 

deposition rate (determined from a glass monitor slide) was,v0.7R/sec. On 

examination of these films in the electron microscope, they were found to be 

amorphous with some crystallinity appearing in the films grown at higher temp-

eratures. However, consideration of the vapour pressure of NaC1 at the highest 

temperatures indicated that the loss rate of NaCl from the, surface was of the 

same order as the deposition rate of germanium. Thus deposition was occurring 

onto a continuously changing surface. 

Single crystal calcium fluoride proved to be a more stable substrate and one 

which had been used by other investigators growing films by evaporation (for 

example, Sloope and Tiller, 1966). A cleaved <111> , surface was employed and 

deposition at temperatures ranging from 350°C to 550°C and rates of 0.9 to.  

1.4X/sec. The rates were difficult to measure, either on the substrate or on 

a quartz monitor and extrapolation from only. two successful measurements was 

therefore made. The resultant films when examined by glancing angle or trans-

mission diffraction showed increasing orientation with substrate temperature; 

however single crystal films were not observed at the highest substrate temp- 
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erature employed. This temperature (550°C) was the highest attainable with the 

tantalum strip heater being used. The results, while not being conclusive, did 

show the expected trend i.e. increasing epitaxy with increasing temperature 

and/or decreasing deposition rate. Figure 5-14 shows the diffraction pattern 

obtained from a film grown at 515°C and a rate of 1.128/sec. The films were 

generally rather poor in quality and this diffraction shows the best that was 

obtained. 

Since the results of bias sputtering of metal films showed epitaxy to be enhanced 

by application of a bias, a similar technique was employed for germanium on 

CaF2. A bias of •- -200V was applied (this being the bias found to be the 

optimum for the metal films) and films were grown at temperatures ranging from 

250°Cto 500°C and estimated rates from 0.7 to 1.4R/sec. The results obtained 

did not show the dramatic improvement observed for gold or rocksalt. Figure 

5.15 shows a series of glancing angle diffraction patterns which indicated an 

inprovement in the orientation with temperature. The rate was kept constant 

for this series, i.e. 1.1R/sec. - the same as for the zero-bias result of 

Figure 5.14. 

The above results, while following the expected trend, were not epitaxial at 

as low a temperature as was hoped. In view of the calculations described in 

Chapter 3, it was decided to investigate the deposition of semiconductor films 

by triode sputtering. 

5.3.1.2. Triode-Grown Films  

Films of germanium were grown using the triode sputtering technique on (111) and 

(110) germanium, the cleavage plane of CaF2' mica, amorphous quartz and single 

crystal (11'02) sapphire. The preparation of the substrates prior to deposition, 

and the deposition technique are discussed in the previous chpter. Since it is 

difficult to remove the films from the substrates following deposition, glancing 

angle electron diffraction was used throughout for film examination. 
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EL., 5.14. Ge&?2 	by diode sputter 

Deposition rate 1.1 

5122. 
sec. Substrate temperature 

  

(a) Substrate temperature 295°C  (b) Substrate temperature 410°C 

(c) Substrate temperature 490°C 

Fig. 5.15 GeVCaT.2, grown by biassed diode sputtering. Deposition 

rate 1. 	sec. Bias potential -200V. Substrate temperature as indicated. 
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Film deposition at several ion current densities was studied and it was found 

that the deposition rate in all cases decreased with increasing substrate 

temperature. 

5.3.1.2.1. 	Ge/(111) Ge  

Figure 5.16 represents the results for Ge deposited on (111) Ge for ion 

current densities ranging from 40 - 30911AAm2, as a plot of growth rate versus 

substrate temperature. Distinction is also made on the graph between single 

crystal, polycrystalline and amorphous films, as judged by electron diffraction. 

A boundary can be drawn between each region as shown, and also' between twinned 

and non-twinned single crystals. These distinctions between the regions of 

crystallinity are, by their very nature, ill-defined. An exact transition.  

clearly does not occur. The results show, however, that the temperature at 

which epitaxial films may be grown is rate dependent and is lower for lower 

rates. The significance of the rate and temperature effects on epitaxy in the 

triode system is dimussed in the next chapter. Typical diffraction results 

are shown in Fig. 5.17 - 5.20 for Ge or (111) Ge, for four current densities. 

The patterns correspond to the points indicated on each growth curve in Fig. 5.16. 

Some of the results do not show up very clearly in a photographic print, part-

icularly the amorphous stage where the diffraction pattern consists of a very 

bright central region with two diffuse bright bands fairly close to the centre. 

The diffraction patterns do, however, clearly show the increase in film per-

fection with increasing temperature or decreasing rate. 

Comparison of the triode results with those from diode or biassed-diode depos-

itions shows that at similar conditions of rate and temperature, the triode-

grown films are more oriented. However, more rigorous pre-deposition cleaning 

of the substrate was employed in the triode experiments. 
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(a) Substrate temperature 1500C 	(b) Substrate temperature 2000C 

t 

(c) Substrate temperature 30000 

0 

(a) Substrate temperature 1+50°0 
 

Fig. 5.17 Ge/(111)e grown by triode sputtering. Target current  
2 

density 40/U4/cm . Substrate temperature as indicated. 
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(a) 250°C (b) 550°0 

 

(c) 450°C 

Fig. 5.18 C4(111)Ge grown by triode sputtering. Target current 

density 100 	cm2. Substrate temperature as indicated. 

(a) 250°C 
	

(b) 350°C 

(0) 450°C 

Fig. 5.19 Ce/(111)leilmrn by triode sputtering.  Target current 

density 200,A1A/cm2. Substrate temperature as indicated. 



(a) 300°C (b) 400°C 
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• 

(0) 500°C 

Fig. 5.20 Ge/(111)Ce srowr3. V triode sputtering. Target current  

density 300 	m2. Substrate temperature as indicated. 

Fig,. 5.21. Carbon replica obtained from a Ge film  grown at 400°C 

on (111)Ge at a rate of 1.1g/sec. Thickness 200i.  
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Since it was not possible to remove the film from the substrate for electron 

microscopic examination, a replica of the surface was made using a PVC 

shadowing technique. This is described in the previous chapter. A replica 

obtained from a film grown at 400°C or (111) Ge at a rate of 1.1R/sec. is 

shown in Figure 5.21. The growth is similar to that observed for silicon 

grown on silicon by vapour phase deposition (Booker and Joyce, 1966) i.e. 

large triangular shaped islands. The density of those islands with crystallo-

graphic shape is found to berv5 x 108 cm-2. This is an order of magnitude 

greater than the highest observed by vapour phase deposition of Si on Si 

(Joyce and Bradley, private communication). The part of the substrate which 

was protected from the depositing atoms during growth was observed to be 

virtually featureless, apart from a few polishing scratches. 

The number of replication experiments carried out did not allow identlfication• 

of the inclined planes of the truncated tri-pyramids. However, certain planes 

could be eliminated from considerations of estimated island thickness. This 

estimate is obtained by measuring the length of the inclined plane projected 

on the interface plane and calculating the height from the known angle between 

the.planes. The interface plane is assumed to be (111) and if the inclined 

planes are also (111) then the calculated island thickness of the islands is 

A,3000R. 

Since the expected "file,thickness derived from the deposition conditions is 

2008 such a calculated thickness is extremely unlikely. However, if the 

planes are assumed to be (311), as has been suggested for Si or Si then the 

calculated island thickness is 7008. A surface coverage of one third is 

estimated from the micrograph, thus giving an overall "film" thidness of .0-230R. 

More detailed studies are obviously required to establish this beyond doubt. 
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Very little evidence of double-positioning (inversion) as observed by Booker 

and Joyce, has been observed in the replicas obtained. Such inversion would 

lead to twin formation: In the film from which Fig. 5.21- was taken, no 

twinning was observed by electron diffraction. 

5.3.1.2.2. 	Ge/(110) Ge  

Films were also grown by identical techniques on (110) germanium substrate 

faces. The study was not so extensive as for growth onto (111) Ge. The 

results from films grown at 30212AAm2  are shown in Figupe 5.22: The films 

are polycrystalline with preferred orientation, the preferred orientation being 

(110) deposit/ (110) substrate. The trend is the same as for the (111) grown 

films, i.e. increased orientation with increasing temperature. Comparison of 

these results with Figure 5.20 show that the epitaxial temperature is lower 

for (111) growth than for (110), probably due to differences in the surface 

atom arrangement and the energetics of the system. Figure 5.23 is a diffract-

ion pattern from a film grown at 2021AAAm2  at 400°C. This can be compared 

with Fig. 5.19 giving the same conclusions as for the films grown at a faster 

rate, i.e. higher orientation for higher substrate temperatures/low deposition 

rates. 

5.3.1.2.3. 	Ge/CaF  

In order to compare the results of films grown by sputtering with those obtained 

by other workers employing evaporation, (e.g. Sloope and Tiller, 1965; nikerian 

and Sneed 1965), films were grown on the cleavage face of CaF2  - (111). It was 

hoped that these films might also prove useful -for electrical measurements, but 

unless the films were'"%.1./p thick, cleavage steps in the surface (up to 1000 in 

depth) were found to preclude such use. 

Direct measurement of film thickness was not possible so the thickness was 

assumed to be the same as for.growth onto Ge substrates. The results for films 
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(a) 350°C (b) 500°C 

Fig. 5.22 Ge/(110)Ge grown by triode sputtering. Target current 

density 300 	cm
2
. Substrate temperature as indicate:. •  

7ig. 5.23 Ge/(110)Ge grown by triode sputtering. Target current 

density 200/uA/cm
2
. Substrate temperature 400oC. 
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(a) 200°C (b) 300°C 

(c ) loo°c 
• • 

 

rig. 5.24 Ge/CaF2 grown by triode sputtering. Target current 

density 100 	cm2. Substrate temperature as indicated. 

"rag.5.25 Carbon replica obtained from Ge film grown on Ca?2 at 

1.00°C and a rate of 1.1 sec. Thickness 65i. (From Fig. 5.24(c)) 
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grown at a current density of 10911A/cm
2 are shorn in Fig. 5.24 for a series 

of substrate temperatures. Fig. 5.25 is a replica taken from the film whose 

diffraction pattern is shown in Fig. 5.24(c). The island density, 5 x 109 cm-2 

is an order of magnitude greater than that for Ge on Ge, though it is still 

two orders of magnitude less than that for metals on rocksalt. 

Comparison of the results with thosegiven in Section 5.2.1.1, shows that 

the temperature required for epitaxial growth on CaF2  is lower for triode 

sputtering than for diode sputtering, even if biassing is employed in the 

latter case. 

5.3.1.2.4. Limica and Amorphous Quartz  

In order to provide a "step-free" substrate, films were deposited on 

air-cleaved mica, but only partial orientation could be obtained. Temperatures 

up to 400
o
C were used with an ion current density of 50/U/Cm

2 
 (producing a 

deposition rate of approximately 0.84/sec. at room temperature and 0.1 sec. 

at 400°C). Muscovite mica was emp;oyed as the substrate but this material was 

found to exfoliate aboVe 450°C. 

Deposition onto amorphous claartZ was also carried out, since Wolsky et 

al (1965) had reported that all his electrical measurements were carried out 

on films grown onto this material. 17olsky found some preferred orientation to 

occur. Deposition in the triode system using exactly the same techniques as 

for othersubstrates, showed that some preferred orientation could be observed 

at temperatures. above 200°C, but in general the films were not as well oriented 

as the films grown on mica. 

Since it did not prove possible to grow highly oriented films on either 

of the above substrates, further study was halted. It was felt that to correlate 

electrical properties with structural characteristics, amorphous, polycrystalline 

and epitaxial films grown on the same type of substrate were needed. 
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5.3.1.2.5. Ge/A1203  

In order to fulfil the above requirements, a crystalline substrate which 

could be obtained in a polished form and withstand reasonably high tempera-

tures was necessary. For electrical measurements, an insulating substrate 

was preferable. Single crystal A1203  was therefore employed, the index of 

the polished face being (1102). This plane is the one employed most 

successfully for epitaxial growth. of Si on Si. 

Since the main purpose of the investigation was to be an examination 

of electrical properties, films were grown at a single ion current density 

(200/Wem
2
). The growth curve is shown in Pig. 5.26: and.all films for 

electrical examination were grown according to this curve. The diffraction 

patterns shown in Fig. 5.27 (a) to (c) are for three films grown at 

increasing temperature and again show increasing orientation with increasing 

temperature and/Or decreasing rate. The temperature at which the poly-

crystalline ring pattern gave way to a spot pattern was ^.425°C. The spot 

pattern was not of single orientation but consisted of a mixture of two or 

three orientations. The temperature of 425°C cannot be considered strictly 

as the epitaxLal temperature for these conditions. It will be referred to .  

in Chapter 7, in discussing the relationship between electrical properties 

and structure, as the "ordering temperature". The diffraction patterns show 

the films to ,have a lot of twinning and double diffraction effects. 

5.3.1.2.6. 9-e/(111)GaAs 

Since electrical measurements were not possible without complicated 

analysis of the results, on Ge films grown on Ge substrates, it was felt 

desirable to deposit onto a semi-insulating material of very similar crystal 

structure. This was to verify that it was reasonable to make some correlation 

beLween general structural results for Ge on Ge and electrical results 

obtained from Ge on A1203. Semi-insulating (Cr-doped) GaAs was available 
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2IGURE .5.26  

Growth rate dependence onsubstrate temperature for Ge films 

on4:1102>A1203. Discharge conditions same as for Fig. 

Fig. 5.27 Ge/(1102)A1203 grown by triode sputtering. Target current 

density 200)Afcm2. Substrate temperature as indicated. 
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ana suitablo, and films reel'  thcrofore gromi on cut and polished (in) 

surfaces of this material. Growth curves were not established , but similar 

current densities gave similar rates as for Ge on Go or A3.2 037 The films 

were epitaxial under•conaitions similar to Ge on Ge. Glancing angle 

diffraction patterns are shown in Fig. 528, and may be compared with 

Fig. 5.19. The electrical results given for these films in Chapter 7 were 

very similar to Ge/A12  0, which was some justification for 	s the ue f A1203 
substrates. 

5.4. LOW PRESSURE SPUMIUING 

5.4.1. General  

Concurrent with the examination of elemental germanium films, it was 

felt desirable to examine compound films. For the reasons discnsea in 

Chapter 3, sputtering affords the possibility of growing compound rills 

known composition directly related to the composition of the starting 

material. 

The apparatus used for these experiments was the low pressure type 

described in Section 4.2.3. of Chapter 4. Calculation of the effect of 

residual pressure on energy attenuation of the ejected target atoms, 

described in Chapter 3, showed there to be little difference between low 

pressure (10-4  torr) and triode (10-3  torr) sputtering. The advantage of 

the low pressure system lies in the reduced rate of arrival of unwanted 

species at the substrate: Gas entrappment should therefore be reduced. 

However, the differences were thought to be few between films grown in the 

two types of system. As a test for this, a germanium film was grown on 

(1102) A1203 under similar rate and temperature conditions to those pertain- 

ing to a film grown under triode conditions. The diffraction pattern of 

Fig. 5.29 from a film grown at 500°C and 0.a/sec. indicates if anything a 

slightly higher degree of perfection than was obtained from triode 'sputtering. 
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(a) 250°C 

 

(b) 350°C 

  

  

(0) 1+00°C 

 

Fig. 5.28 Ge/(111)GaAs grown by triode sputtering. Target current 

density 200 	cm2. Substrate temperature as indicated. 

• 

• • 

• 
• 

• • 

Fig. 5.29 .Ge/(111)Ge grown by low pressure sputtering. Deposition, 

rate 0.a/sec. Substrate temperature 500°C. 
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Time did not allow a fuller investigation to compare the two techniques, 

since the exercise was intended to study the feasibility of compound semi-

conductor deposition. 

5.4.2. Compound semiconductor various substrates  

Films of InSb, GaAs, Bi2Te3, PbTe and Cd3As2  were deposited onto 

substrates of Mg0, NaC1, Ca t2, glass and mica. All the materials sputtered 

very readily and Table 5.1. shows the rates obtained for each material 

sputtered onto glass with the conditions indicated. 

TABLE 5.1. 

Substrate Temp. oc  • Ion Current 2  
Density mA/cm 

. 
Target Pot1-  

Volts 

1 
Rate 
a/sec. 

InSb 50-325 0.1-1.5 1,000.  0.13-2.5 
GaAs 250-340• 1 1,000-1,500 1.3 -1.67 
Cd3As2 25- 80 0.5-2.0 1,000 0.37-1.25 

,EbTe 200-300 1 1,500 1.7 -4.3 
Bi2Te3 100-200 0.5 1,500 5.0 -7.1 

The electron diffraction results from films grown on NaCl or MgO 

show that films can be grown whose structure and composition is that of 

the starting material. Typical diffraction patterns are shown for each of 

the above compounds in Figs. 5.30 to 5.34. The patterns for InSb and GaAs 

were obtained in the electron diffraction camera. They are therefore 

general area patterns but for plate measurement they are more accurate. 

For InSb, the results show the pattern to be due entirely to the compound 

material of the correct lattice spacing (aluminium was used as the standard 

reference to obtain the camera constant). In the case of GaAs, which was 

polycrystalline, at all temperatures, there are a number of other unidentifi-

able lines in addition to those due to GaAs which may possibly be double 

diffraction effects. They are not due to any oxide or to free Ga or As, 

ascertained by measurement of the diffraction plate. 
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• 

Fig. 5 . 30 in sbAiaci ;:(-.)-:ra by 

low pressure sputtering. Substrate 
temperature 350 °C. Rate A,  1.2 A/see. 

• 

 

• Fig. 5.31 GaAsAig0 grown by low 
pressure sputtering. Substrate 
temperature 400°C. Rate 1.5A ,v 74ec 

Fig. 5.32 C cl3As ,tgl a s s grown by.  
1c77 	essure sputtering. Substrate 
teiip rature 75°C. Rate —0.1A/sec 
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(a) D.P. (b) Electron micrograph. 
Magn. 20000x. 

Fig. 5.33 PbTe/NaCl'grown by triode sputtering. Substrate 
temperature 200°C. 

   

 

• 

 

(a) Substrate temperature 100°C (b) Substrate temperature 200°C. 

Fig. 5.34 Bi2Te3/NaC1 grown by triode sputtring. Substra'e.  

temperature as indicated. 
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The high volatility of the components of Cd3As2  led to a maximum 

temperature at which films could be deposited. There were visible differ-

ences between films grown above and below 100°C. above 100°C the films 

were translucent and milky whereas below 100°C they were metallic and 

opaque. Measurement of film resistance on the two types of film Showed 

that of the high temperature film to be several orders of magnitude higher 

( 20 M ohm as compared to 200 ohm). Because of this temperature limitation 

epitaxial films could not be grown on mica. In all cases for mica and 

glass substrates, the films were polycrystalline or amorphous. 

Lead telluride readily formed an epitaxial layer when deposited on 

rocksalt, as, it also does by evaporation. The degree of perfection increased 

with temperature as would be expected. Again there was no evidence in the 

diffraction patterns of free Te or Pb. Bismuth telluride, as Table 5.1. 

indicates, had a very high deposition rate. Even at these high rates the 

resultant films showed preferred orientation when grown on rocksalt. .The 

perfection seemed to be greater at 100°C than at 2009C but, since Bi is 

fairly volatile at the latter temperature and the growing film therefore 

unstable, this is perhaps not surprising. At 250 C no film was found on 

the substrate even after prolonged sputtering. 
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CHAPTER VI  

DISCUSSION OF STRUCTURAL RESULTS  

6.1. INTRODUCTION 

This Chapter is devoted to a discussion of the structural results 

detailed in Chapter 5. Following a discussion of the contribution of the 

sputtering environment to the growing film, the effects of arrival energy are 

discussed and evaluated. A model is proposed in terms of the possible effects 

of direct impingement of energetic sputtered particles on growing islands. 

The most likely sources of energy are then discussed. The results are eval-

uated in terms of the experimental conditions and the proposed model. Com-

parison is drawn between these results and those of other investigators. • 

By far the most detailed study of the phenomenon of epitaxy has been 

carried out on films prepared by vacuum evaporation. This was mentioned in 

Chapters 1 and 2 and the references cited therein contain an adequate dis-

cussion of the early work on the subject. It is intended therefore to dis-

cuss only the more recent work here, particularly that which has the most 

relevance to sputtering. 

Since the work of Bassett (1960) and others showed the early stages of 

growth to be an island structure (see Chapter 2), work has centred around the 

investigation of the initial nucleation of materials onto a variety of sub-

strates (generally NaC1) in an attempt to establish a relationship between 

the rate, temperature and energy relevant to the experimental conditions. The 

theories which have met with most experimental success are detailed in Chapter 

2. 

The following discussion is confined, to the growth of thin films by 

sputtering and a comparison where applicable to similar films grown by evap- 

oration. 
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6.2. FEATURES SPECIFIC TO SPUTTERING  

As has already been emphasised, the energy of ejection of sputtered 

particles is very much greater than the energy of thermally evaporated atoms. 

This energy may be attenuated by collision of the sputtered atoms with gas 

molecules as shown in Chapter 3, the degree of attenuation depending upon 

the discharge gas pressure. Also of extreme importance is the effect of 

• 
charged particles on the nucleation and/or growth of the sputtered film. A 

number of authors have shown electrons to have a significant effect on the 

crystalline perfection of epitaxial films, particularly when deposited on 

rocksalt. It has been the purpose of the present work to examine films grown 

under .conditions of varying energy and charge in an attempt to separate the 

two effects. 

• 

In the diode system, there are as many electrons bombarding the anode 

surfaces as there are ions bombarding the target. At the current densities 

employed in these experiments ( 01/4/100)2A/cm2) the electron flux was therefore 

10 	1015  /cm2  at energies up to 3keV. The effect of energy of arrival of 

the sputtered particles is shown from Chapter 3 to be the least for this sys-

tem though still significant in comparison to evaporation. In the case of,  

bias-diode sputtering the electron bombardment of the substrate is supplemented 

by positive ion bombardment. 

In triode sputtering however, direct bombardment of the substrate by 

energetic electrons is very much less since the substrate and its support are 

'introduced as an earthed probe into a discharge potential of not more than 60V. 

Also with the presence of an axial magnetic field to constrain the electrons 

away from the chamber walls, the effect is further reduced. The current density 

measured at the substrate was found to be not very informative since, depending 

upon the discharge conditions, there could be a net flow of ions or electrons 

to the substrate. Generally, however, with a discharge present and sputtering 

occurring the current density was .4.11p.A/cm2 i.e. 1012 - 1013 electrons/cm2 net. 
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Thus'the conditions were those of low density, low energy bombardment. The 

arrival energy of the sputtered particles however, was extremely significant. 

At the pressure used in the normal triode system (P11.10-3 torr) a large 

proportion of the ejected atoms arrive at the substrate with little or no 

energy attenuation. It is thought then that, rather than dealing simply with 

the same processes in each system, one being at a lower pressure than the other, 

there are two distinct mechanisms operating. The two mechanisms may be recon-

cilable in terms of Rhodins active site theory, discussed in Chapter 2. Bias 

sputtering probably combines both mechanisms. 

The effect of charged particle bombardment on a surface has been widely 

studied in relation to its effect on a film growing on the surfaCe. In extreme 

cases of electron bombardment of a rocksalt surface by electrons - as in .the 

case of electron microscopy, the surface is completely dissociated. The 

effects of low energy electronftvadiation of alkali halide surfaces and the 

modification of epitaxial nucleation and growth have been demonstrated by 

Stirland (1967) and Rhodin et al (1968) and are discussed in Chapter 2. 

6.3. ARRIVAL ENERGY EFFECTS  

The arrival energy of the sputtered atoms can manifest itself in various 

ways. Energetic particles may (1) penetrate the lattice upon which they 

impinge, (2) cause local heating of the substrate by energy transfer, (3) directly 

impinge upon islands or groups of atoms of the growing film thereby transferring 

energy to that group and (4) directly impinge upon contaminant atoms so as to 

dissociate them from the surface. 

6.3.1. Lattice Penetration 

Penetration can occur. either by direct displacement of a lattice atom 

into a vacancy or interstitial position or by way of opdn channels in the.  

lattice. In order to displace an atom from its lattice position into an inter-

stitial position a bOmbarding particle must transfer energy of the order of 

the displacement energy. For most materials this is 20-30eV. At a deposition 
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rate of 0.12/sec., the number of atoms arriving per square Centimetre of sub-

strate per second is ,../10. . If the number with energy above 20eV is only 0.1%, 

the density of such at the substrate is 1011/Cm2/sec. This figure is of the 

same order as the observed island density 	films grown on rocksalt. In the 

case of diode sputtering in which considerable collision occurs between target 

and substrate, the ratio of high energy particles (i.e.)28eV) is ^'0.1%, deduced 

from the attenuation curves of Chapter 3. Thus there is a distinct possibility 

of lattice penetration by displacement even for the case of diode sputtering. 

In the case of triode sputtering operating at reduced pressure, the proportion 

of high energy ( )28eV) particles is 41%, deduced from the same curve. The 

probability of lattice penetration is thus greater. There is at present.  

insufficient evidence to show that penetration does occur in the sputtering 

environment though it is claimed to be shown by Chapman (1968) using highly 

energetic sputtered particles from a single crystaltarget. 

The second means of penetration is by way, of open channels in the lattice 

exposed to the sputtered particles. The range of penetration will depend upon 

the ratio of size of the lattice atoms and bombarding atom. If the. ratio is 

favourable penetration could be long range. If the bombarding atom is larger 

than the channel upon which it is incident; it may be possible for the lattice 

atoms to be displaced by a small amount in order to let the bombarding atom 

through. Thus the range of penetration will depend upon the incident energy. 

For a simple cubic lattice, channels exist along the <001> and there are as,  

many channels as lattice rows. For the caae of -a bombarding atom of the same 

diameter as the'lattice atom the displacement of each atom is approximately 

0.3 'times the lattice parameter. The energy required to displace a lattice 

atom by only 0.3a(')  is approximately half the displacement energy. Thus there 

is a real possibility of lattice penetration by sputtered atoms to be at 

least the depth of one atom layer by this process. This form of penetration 

is of crystallographic regUlarity and may give rise to local nucleation 

centres, as discussed by Rhodin (1968). 
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6.3.2. Local Heating of Substrate  

When an energetic particle strikes a surface, it may transfer some or 

all of its kinetic energy into lattice vibrations in the substrate. The vib-

rations will decay with time and with distance from the point of impingement. 

.This type of mechanisms has been investigated by Nelson (1965) in relation to 

sputtering and is known as the "thermal spike." Nelson showed that for 45keV 

argon ions bombarding a gold surface, the radius of the thermal spike, or hot 

region, is-0100e, The lifetime and temperature of the spike are given as 

N10711  secs. and to600°C respectively. If Nelsons results can be extrapolated 

to lower energies '(10-100eV), typical of sputtered species, the thermal spike 

region would be expected to be very small. In nucleation theory the typical . 

lifetime of single atoms is 10-11  secs. and for pairs of atoms'410-8  secs. 

For local heating of the substrate to be of importance, temperature changes 

of '50°C would be necessary, which cannot be envisaged for incident energies 

of only 10-100eV. It is therefore concluded that this type of mechanism plays 

no part in the film growth. Experimental support for this conclusion was 

obtained using a fine wire thermocouple to detect temperature rise. At the 

rate of deposition used (1014 - 1015  atomsAm2  /sec).no temperature increase was 

observed above that due to the discharge itself. This was found to be true for 

all sputtering modes employed. 

6.3.3. Direct Impingement onto Growing Islands  

Clearly, at an island density of n1011  per cm and an atom arrival rate 

• 
from the target of 4.1014  per cm2  per sec, there is a finite probability of 

direct impingement. The outcome of the impingement depends upon the distrib-

ution of the kinetic energy of the sputtered atom through the growing atom 

cluster. When the cluster is very small, the probability of it being struck 

is very small also but the result would be one of total destruction of the 

cluster. 

The rate of increase of island size can be approximately determined from 

nucleation theory. For the case of nucleation on rocksalt, the capture rate 
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of single atoms by a cluster is initially R(Ma/No) where R is the impingement • 

rate, Ma is the catchment area (defined in Chapter 2) and No is the equilibrium 

number of sites. This assumes growth by surface migration only and is also 

only true for the case of non-saturated nucleation. For rates of impingement 

• ofnal°14 atoms/cm2  /Sec. (s 0.912/Sec.) at T = 400°K the capture rate is n.)103  

atoms/Sec. The number of atoms increases linearly until the capture areas over-

lap at which point, due to competition for atoms, the capture rate decreases.. 

.When the island size becomes significant the capture area for each island and 

hence the capture rate, will increase with island size. Eventually coalescence 

will occur and the rate of coalescence will be size dependent.(Pashley 1965),. 

A plot of the number of atoms per island as a function of time will yield a 

curve of the form shown in Fig, 6.1. The projected area of the islands will 

follow a similar curve Fig. 6.2. but the actual shape of the curve is more 

difficult to determine since it depends upon the three-dimensional shape of the 

islands - i.e. whether the islands are hemi-spherical or plate-like . As the 

island increases in size atoms will also be added by direct impingement from the 

beam, This will modify the shape of the curve for large values of t but will 

not affect the general argument. More important is the energy transferred from 

the impinging atom to the atoms in the island. 

The mean energy of the sputtered beam is E ev per atom. Stuart (1962) and 

others have shown this to bera5eV. If the deposition rate is R atoms/cm2/sec. 

(assumed equal to the ejection rate) the energy input to the receiver surface, 

is E x R eV/cm2/sec. The energy input per island is E.x R x A eV/sec., where. 

A =lir2 = the "island" area (r = collision radius of atom on island). There 

are two regions of interest in this problem.. Initially, when the probability 

of collision is small, the number of atoms per island is also small. Thus when 

a collision does occur the island will suffer severe damage and will probably 

be destroyed. The probability of collision is given by 

Ti.1  = A. . . x - R x 	where. Ai 	Area of island size i • •  
Ti• 	1 = Lifetime of. island size i. 
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4 Assuming R = 101  atoms/cm2/80c., the probability can be evaluated for islands 

of various size. 

When i = 2 its lifetime is A,10-.8  secs .(Chapter 2) giving a value of 

P. of A.10-9. Thus normal nucleation can proceed with 9nly a very small number 

of islands being destroyed by direct impingement. 

When i = 10, the lifetime is long (approximately given by the inverse 

of the capture rate, 410-3  sec). The probability is ",10-3  which means that 

one island in 1,000 will receive a pulse of energy E. The energy per atom is 

f-'0.5eV - sufficient to destroy the island. Thus the number of islands of size 

i = 10 is reduced by 0.1%. 

At i = 100, the lifetime again approximates to 10-3  secs. giving a value 

of pz  .-010-2. The energy per atom is ,only 0.05eV which is unsufficient to 

destroy the island but it may be sufficient to damage the island, due to var-

iations in atomic binding with position within the island. 

Thus as the island size increases the probability of it being struck by 

an impinging atom increases. Initially the probability is very low and nuc-

leation and growth can proceed to the stage where the probability becomes 

appreciable and may result in the loss of islands by destruction. The number 

,of islands o.f a given size will thuS be less than that if the impinging beam 

were of low energy.. At still larger island size, the probability is increased, 

almost to unity, and the energy per atom falls to a value too low to cause 

dissociation though atomic displacement may occur leading to defects. 

The second region of interest is due to the relatively small energy 

required to move an island as a whole in relation to the substrate. Evidence 

for rotation has been given by Pashley (1965) and also Matthews (1965). Thus, 

taking the above arguments a stage further, the energy perisland will increase 

with island size. The energy required to cause an island to rotate is difficult 



to estimate but one might expect it to be fairly large initially, when atoms 

are located in potential troughs in the substrate. As the number of atoms in 

• the island increases the atoms will tend not to sit in potential troughs. If 

it is proposed that epitaxial island orientations are the low energy states 

then the island will tend towards this state. At large island sizes the lowest 

energy state of the island may not be the epitaxial state. This'is because the 

misfit is such that, while some atoms may be in an epitaxial state other 'atoms 

are not with the net result that the energy is not a minimum. The proportion 

of islands receiving a pulse of energy increases with island size as the 

probability of collision goes up. As indicated above, at I = 10 the number of 

islands directly impinged upOn is only 0.1%. At i = 1000 approximately 1 in 5 

will be struck. This is an island diameter of 1508. It may be concluded that 

reorientation Of the growing islands will occur and may be significant in 

promoting epitaxial growth. The condition is that in which the probability of 

an island of radius r being struck by an energetic particle is a function of 

the rate of arrival of the energetic particles and the lifetime of the island of 

radius r. Figure 6.3. is a plot of the mean energy per island as a function 

of island radius. The mean energy per island is defined as 

(r) . = No. of islands of size r receiving energy, E x E 

Total number of islands of size r 

Also plotted is the energy required to move the island relative to the 

substrate. This will tend to decrease at first and then increase as the island 

becomes very large: The shape of the curves in the figure is for illustration 

purposes only. 

The interpretation of figure 6.3. should be that as the island size 

increases, the proportion of islands receiving sufficient energy to move to an 

epitaxial position increases. The overall orientation of the film would thus 

,be expected to be initially polycrystalline at a given rate becoming increasingly 

epitaxial as the thickness increases. The results shown in Figs. 5.8. - 5.11. 

show that orientation does indeed improve with thickness. 



7,nerey to 
move island 

• Lean energy 
per island 

164 

Variation of Dean Enerfr/ per Islqnd as a function of 
Island Radius for Atoms condensing from a SPuttored beam. 

Island rr:dius 



165 

6.3.3.1. Rate Dependence  

The effect of increasing rate of deposition is to both increase the 

energy density at the growing film and to decrease the lifetime of the island 

of radius r. Since the capture area increases with island size, the.capture 

rate will also increase at a rate faster than linear. The effect of increasing 

deposition rate is thus to displace the energy per island curve in Fig. 6.3. 

towards high island radius, as shown. In extreme cases, the probability of 

the island of size r receiving sufficient energy to move to an epitaxial 

position may be zero, i.e. the film is growing too rapidly. At low rates, 

the mean energy per island is'higher and the islands have a higher probability 

of moving to an epitaxial position. low rate behaviour is a little more diff-

icult to predict since other mechanisms such as contamination, re-evaporation 

etc. become involved. However, from the above argument it would be expected 

that at low rates the epitaxy would be observed in thinner films. 

6.3.3.2. Temperature Deperdence  

The effect of temperature is of secondary importance in the above arg-

ument. Its main effect is to determine the initial orientation during the 

nucleation stage. At the temperatures employed in sputtering the nucleation 

is largely non-epitaxial. The effect of substrate temperature would be greatest 

at the nucleation stage in determining the lifetimes of clusters of a certain 

size. At the later stages the contribution of temperature to the energy required 

for island motion is small. However, if the initial nuclei are in .epitaxial 

positions, the probability of the resultant film being epitaxial is greater. 

High substrate temperatures will also encourage the annealing out of defects. 

It is thus seen that epitaxy will be enhanced by increasing the substrate 

temperature but the mechanism is not that normally associated with epitaxy by 

evaporation. 
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The above model therefore accounts for the observed trend of increasing 

orientation with increasing thickness, increasing substrate temperature and 

decreasing rate. It is proposed therefore, particularly for the systems in 

which there is little attenuation of the particle energy between source and 

substrate, that epitaxy by sputtering is fundamentally a groWth phenomenon. 

The effect of direct impingement onto groups of contaminant atoms is 

discussed below in Section 6.6. 

6.4. SOURCES OF ENERGY  

The above discussion assumes the impingement of energetic particles onto 

the growing islands. There are several possible sources of energy and the 

relative importance of each type is dependent upon the probability of their 

occurence. 

(a) Energy from the sputtered beam. 

Already this source of energy has been widely discussed. The energy 

distribution of the sputtered particles is a "longtailed Maxwellian" with a 

mean energy of 5-10eV and a maximum energy of:up to 50eV. The maximum is 

dependent upon.the incident ion energy and may be several hundreds of electron 

volts at ion energies of 50keV. However, at the ion energies employed in 

these experiments (1.5 - 3keV), 50eV is thought to be a reasonable estimate. 

The figures employed in the section above are based on E = 5eV, though clearly 

the argument is to orders of magnitude only. The effect of attenuation by the 

gas environment is fully. discussed in Chapter 3. 

(b) Recombination Energy 

In the presence of a glow discharge, be it thermally assisted or not, 

the ions in the region of the substrate do not experience high accelerating 

fields away from the substrate. There is thus a probability of ions, moving 

:with thermal velocities, bombarding the substrate and the growing film. The 



thermal energy of these ions, would notof itself produce any effects such as 

those described above. However, if an ion were to recombine .with an electron 

at the substrate or, more importantly at a growing island, then the ionisation 

rir 
energy would be given up to the island. The flux of thermal ions is 	per 

unit area per second. For argon gas.  at 10-3  torr there are 101$  atoms/cm3. 

Calculation ICk0 hown (Chapter 3) that the ratio of gas atoms to gas ions is 

.,104:1. Thus there are ,1011  ions/cm3. Assuming a mean thermal velocity of.  

"4.104cm/sec. this results in a flux of 1015  ions/cm2/sec. at the substrate. 

There is also, in the diode case, a flux of electrons bombarding the substrate 

of similar magnitude. It would be reasonable to expect therefore that there will 

be:charge recombination The extent of the recombination however is difficult 

to determine. Recombination within a growing island relies upon the island 

being negatively charged. The probability of the island being negatively 

charged is not easily calculated but is expected to be fairly low. Thus the 

effect due to recOmbination is not thought to be of major importance. This 

view is supported by the fact that in triode sputtering the ions and electrons 

are constrained by the magnetic field so that the flux of ions and electrons 

at the substrate is much reduced, yet epitaxy is still promoted at lower 

temperature. 

(c) 	Metastable States 

In a glow discharge environment, there is a distinct probability of 

there being a large number of excited but not ionised atoms of the discharge 

gas. These are non-charged particles which have an excitation life-time and 

their energy is in the form of potential energy. They may decay on the sub-

strate giving up this energy to the substrate lattice or to the growing film. 

The excitation energy for the metastable state of argon is 	clearly. 

sufficient to affect the growth. The number of metastables can be calculated 
of excitation 

from the probability/ which is a function of the excitation cross-section. The 

flux of metastables towards the substrate may be of the same- order as.:.the 

sputtered atoms. However, owing to their short life the number actually 
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reaching the substrate and giving up their energy is much lower. Work is at 

present in progress (Cozens. 1968) in order to determine the precise effect of 

metastable states in growth by sputtering. 

(d) High Energy Neutrals 

The concept of high energy neutrals is based upon energy exchange whereby 

an energetic charged particle transfers its energy by exchange interaction with 

an uncharged particle. There is some evidence to show the existence of such 

particles in the sputtering environment ( 	) but it would be - 

expected that the energy of the particles,:which may be as high as 1000eV, would 

cause severe damage in the growing film or the substrate itself. Thus while 

recognising the existence of the mechanism, its application to the process of 

film growth must be treated with caution, since insufficient is known about the 

relative numbers-and the energy distribution of these particles. 

6.5. DISCUSSION OF RESULTS  

The characteristics of the various methods of deposition can be summarised 

as follows : 

(a) Diode 
	

High gas pressure, therefore attenuation of energy 

by collision. 

High flux of'energetic electrons at substrate. 

High thermal ion flux. 

(b)  

Triode and low - Low gas pressure, therefore sputtered particle energy 

pressure 

(c) Biassed Diode 

virtually unattenuatecU. 

Magnetic field reduces electron and ion flux at 

substrate. 

As normal diode, plus relatively high flux of energetic 

positive ions at substrate. 
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6.5.1. Semiconductor Films 

The results given in Chapter 5 show that for the case of germanium grown 

on germanium the epitaxial temperature is lower by triode than by diode sputter- 

ing. Indeed epitaxial films could not be grown by diode sputtering below about 

550°C. A good deal of work on the growth of diode sputtered germanium films 

has been carried out by Krikorian and Sneed (1965). An interesting fact to 

emerge from their work is that, for a given growth rate, the epitaxial temper- 

ature decreases with increasing bombarding ion energy. High incident ion energy 

increases the number of high energy sputtered particles thus increasing the 

possibility of island movement due to direct impingement. Secondly decreasing 

current decreases the epitaxial temperature. Since the means of lowering the 

current was to lower the gas pressure, the result was to lower the degree of 

attenuation of the sputtered particles. Krikorian and Sneed observed that none 

of their sputtered films were epitaxial, for a given rate of deposition, at a 

lower substrate temperature than those grown by evaporation. This would seem to 

contradict the hypothesis of the energy being the important factor since evap- 

orated atoms are of low energy. Krikorian concludes that it is the gas pressure 

at depos2ion which is important However the triode results show that a lower 

epitaxial temperature can be obtained even at a gas pressure of 111. Also, 

Winters and Kay have shown that in fact the percentage gas incorporation in a 

growing film decreases with increasing gas pressure. This unexpected result 

contradicts Krikorians conclusion that the epitaxial temperature is a function 

of gas pressure per se. The point about Krikorians work is that epitaxy is 

enhanced by increasing the arrival energy at the substrate. The apparent 

anomaly of the lowest epitaxial temperature,occurring for evaporated atoms may 

Possibly be explained in terms of the residual pressure, i.e. contamination. 

The evaporation pressure was "/10-8 torr while for sputtering it was only A,10-6  torr. 

Fig. 6.4. shows the results described in Chapter 5 superimposed on the curves 

given by Krikorian. It is clear that evaporation is not the ultimate even 
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though it is a. lower background pressure. The activation energy for epitay.v, 

defined by Krikorian as the slope of the lines in Fig. 6.4 is lower 'in the case 

of triode sputtering than for all others. This would imply that, since the 

activation energy is defined in terms of substrate temperature, energy is supplied 

from another source in order to overcome the epitaxial energy barrier. However 

this again disagrees with Krikorians findings that the activation energy is lower 

for higher discharge gas pressures since high pressures would result-in lower 

energy of arrival at the substrate. There appears to be consistent discrepancy 

between the results obtained for diode and triode growth of germanium films which 

leads one to the conclusion that there are different mechanisms at work in the 

two cases. In the diode case, the arrival energy is probably not so important. 

The effect of charge has to be considered as mentioned previously though its 

precise effect on a semiconductor surface is difficult to analyse. Also the 

precise nature of the surface is Unknown. Both germanium and silicon readily 

form an oxide which can only be removed by heating the substrate to well above 

the deposition temperature ( 650°C for germanium). The oxide growth is certainly 

dependent upon the background and discharge pressure (i.e. oxygen content of the 

atmosphere) and may conceivably account for Krikorians results. There appears 

to have been no provision for removal of the oxide prior to deposition in 

Krikorians work. 

The results reported here for triode sputtering have been substantiated 

by Wolsky et al (1967, and private communication) ho find their growth points 

fit precisely on the curves shown in Fig.5.16 of Chapter 5. Both the present 

experiments and those of Wolsky do not confirm the findings of Krikorian that 

there is a triple-point in the growth of germanium films. In all cases increasing 

from low to high. deposition temperatures yields films of all three crystalline 

phases, i.e. amorphous, polycrystalline and single crystal. 

Germanium films, grown by evaporation have been studied by Sloope and 

Tiller (1965, 1966) both on Cili> germanium and CaF2 substrates. They find that 



for CaF2 a substrate temperature of at least 45.0°C is required for -epita.xy. They 

also disagree with the triple point findings of Krikorian. However, the epitaxial 

temperature is lower than that observed in the present diode work which supports 

Krikorians observations. It must be said however, that the work reported herein 

on CaF
2 substrates was very limited. The results obtained again showed the need 

for triode sputtering. 

The structural results of the triode -sputtering of germanium onte<11I› 

germanium described in Chapter 5 and represented graphically in Fig. 5.16 demon-

strate the relationship between film crystallinity, growth rate and substrate 

temperature. As has already been shown, the epitaxial temperature at a given 

deposition rate is considerably lower for triode grown films than for any other 

means of deposition. It is concluded from these results that the energy of 

arrival is playing a significant role in the growth possibly by way of the mech-

anism described in Section 6.3.3. -It is noted that there are two single crystal 

regions distinguished by the presence of extra diffraction spots due to faults 

such as stacking faults and twinned regions in the film. It is observed that 

the faults are reduced at higher growth temperatures. This would indicate that 

the faults are growth induced and are not continuations of faults in the sub-

strate lattice. At lower rates Of deposition, the "fault free" films are formed 

at a 10Wer temperature consistent with normal annealing kinetics of defects. 

This is consistent With the model proposed in the earlier section since lower 

rates would result in islands of a given size having a longer lifetime thus 

allowing defects caused by incidence of energetic atoms to grow out before the 

island increases in size, freezing the defect in. It is impossible however to 

completely remove all defects since the rate of growth of islands is such that, 

owing to lattice misfit, there are faults included due to coalescence which do 

not have sufficient time to anneal out. 
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6.5.2. Netal Films  

The results of the diode sputtered silver films show that the - epitaxial 

temperature is considerably reduced by sputtering. The points plotted in Fig. 5.1 

indicate that the growth behaviour for epitaxy is the same as for evaporation, 

i.e. the epitaxial temperature decreases with decreasing deposition rate. The. 

computer analysis of energy attenuation was carried out as a result of these 

Observations and showed that the energy of arrival was greatly reduced .at pressures 

greater than 10-2  torr. Since deposition rate was controlled by the ion current 

which was in turn directly related to gas pressure, the energy attenuation was 

a function of deposition rate. By using Fig. 3.11 of Chapter 3 a-curve of the 

percentage of atoms arriving with energy>0.6eV could be plotted as a function 

of deposition rate. This curve isshown in Fig. 6.5. It shows that the percentage 

drops rapidly above a deposition rate of 0.5?./sec. The results shown-.in Chapter 

5 however indicate that the relationship between epic axial temperature and 

deposition rate does not alter drastically above-  0.5R/sec. as would be eapected 

if arrival atom energy were responsible for the epitaxial growth in this case. 

It would be expected that the_curve would revert to that for films grown by 

evaporation. That this does not occur can lead to two possibilities - one that 

there is some other source of energy or alternatively, that the existence of 

energetic electrons at the surface is having some effect. For KC1 substrates - 

it has been shown that there are mechanisms which will yield Cl-  ion vacancies 

in the surface of the KCl (nick, 1960 and Hersch, 1966): As has been discussed 

in Chapter 2, Rhodin et al (1968) have suggested that originally the metal atom 

occupies the Cl vacancy and that when four more atoms have joined it, the lowest 

energy state is that of (100) (110) Ag/1/(100)(110) NaCl. The effect of the 

electrons is thought to be at saturation (since there are ..1015  electrons/cm2  /sec. 

at energies up to 3keV) so that the relationship between rate and temperature 

would follow a normal growth curve, i.e. higher rates, shorter lifetiMes of • 

clusters. One must be careful in attributing too much significance to the slope 

of the line in Fig. 5.1. since it was, subsequently shown that the epitaxy was 

thickness dependent. However the slope of the line (,v0.3eV) is of the 
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same magnitude as the energy required to move an atom from one site to another, 

or indeed to move a group of atoms from one position to another (re-crystallisation).  

6.5.3. Bias Sputtering Results  

The observation was made that the epitaxy of gold on rocksalt was enhanced 

by application of a bias of -200V with respect to the plasma. The models dis-

cussed in previous sections are considered to be of direct application to the case 

of biassed growth.. Since the bombarding particles are of high mass, high energy .  

and are charged, the energy transfer to the growing film would be significant. 

The flux of the incident ions is of the same order as the sputtered atoms but their 

energy may not be as high as-the bias potential value. This is due to collisions 

between ions and neutral gas atoms and also repulsion forces due to image charge 

existing in the metallic islands, 'since they are insulated from the electrode by 

the substrate, at least initially. thUS the precise nature .of the bombarding ions 

are not known. However the result of the bombardment is consistent with the arg-

uments outlined earlier. At low bias potential, the energy transfer, whether 

it be to the growing film or to the surface contaminants, is effective but 

insufficient to produce an oriented overgrowth. At high bias potential, the 

energy transfer is sufficient to damage the film, the damage not having sufficient 

time to.anneal out. 

The effect of'charge might be:supposed to be entirely analogous, with that 

of electron bombardment, the only difference being the sign of the charge. 

The growth of germanium films under similar bias conditions did, not have 

the same degree of improved orientation. The reason for this is not clear but it 

is possible that the energy transfer was insufficient to remove contaminants 

from the surface of the Ge substrate. The surface was almost certainly largely 

oxide since no measures were taken to pre-clean the surface prior to deposition 

in the diode experiments. 
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6.6. CLEANING EFFECT OF ENERGETIC ATOMS  

The effects of cleanliness of the substrate on epitaxy has been demon-

strated for the metal/rocksalt system by several authors. It has been clearly 

shown (e.g. Ogawa 1963) that when the subStrate is contamination free, i.e. 

ultra-high vacuum and cleaVage in vacuum, the observed orientation of the.  

deposit is predominantly (111). Matthews (1965) has shown that in very thin 

deposits the preferred orientation was parallel to the salt lattice whether the 

surface was contaminated or not. He concludes that it is in fact the relative 

growth rate of the (111) and (100) orientations which determine the final 

orientation of the thicker layer. On very clean surfaces the (111) nuclei grow 

rapidly, swamping growth of (100) nuclei. The succeeding mechanism of coal-

escence of large (111). nuclei with (100) -nuclei leads to the (100) nucleus 

rotating into twin orientation of_the-(111). On.a contaminated surface it was 

found that the (100) nuclei were more numerous.than the (111) nuclei. On 

coalescence the grain boundary migrates through the (111) nucleus leading to its 

elimination. An- alternative mechanism is the rotation of amaller (ill) nuclei 

into twin orientation with the (100) nuclei. The existence of these twins of 

which there are four equal energy planes, are consistently observed in f.c.c. 

metals grown on aircontaminated rocksalt. Matthews therefore concludes that it 

is the number of (100) nuclei formed on the-substrate surface which is important. 

At high nucleation rates, coalescence occurs at an earlier stage thus precluding 

the (111) nuclei from outgrowing the (100) nuclei. Matthews - has also shown that 

the essential contaminantis moist oxygen. The exact mechanism for the increased 

nucleation density of (100) nuclei has not been made Clear. It is possible that 

there - is charge exchange between the substrate ions and the contaminant which 

leads to preferred (100) nucleation sites. 

The argument' applied to the case of sputtering may be in terms of substrate 

cleaning or in terms of supplying the energy required for migration of grain 



177 

boundaries or nuclei rotation. In the results shown in Chapter 5 for silver 

on rocksalt, there was no evidence for (111) orientation at any stage. Since 

all the experiments were carried out on air-contaminated substrates it is to 

be expected that the (100) phase would predominate. The arrival energy of the 

sputtered atoms may have been responsible for removing loosely bound contaminants 

from the surface while being insufficient to remove strongly bound contaminants 

such as water or oxygen. The removal of loosely bound contaminants would 

facilitate surface migration while the presence of water or oxygen contamination 

would aid nucleation of (100) at those sites. This would be consistent with a 

lowering of the epitaxial temperature and also the observation of twinning on 

the (111) planes. This hypothesis suggests a good deal of future work which is 

discussed in the final chapter. 

The need for clean surfaces in the case of semiconductor films grown on 

like substrates (homoepitaxy) has been demonstrated by Widmer (1967). He has 

obtained epitaxial Si films on Si at 520°C by evaporation in ultra-high vacuum 

of 10-10  torr, the surfaces being carefully pre-cleaned. The emphasis in the 

case of Si on Si, or Ge on Gei  is on the removal of the oxide layer which forms 

even at relatively high vacuum. In the case of sputtering the energy of the 

sputtered. atoms may be sufficient to remove the oxide in which case, proVided 

the rate of formation does not exceed the rate of removal, surface cleaning 

will take place. More precise investigation, Possibly.using LIED apparatus, is 

required. 

The results of the nucleation density measurements would seem to indicate 
• 

that for the case of diode and triode sputtering, the density of islands is not 

significantly greater than the density of islands formed by evaporation. The 

curve'shown in Fig. 5.13 in Chapter 5 indidates that the points all correspond 

to incomplete condensation, defined in chapter 2. It was not intended in these 

experiments that they should substantiate any particular theory. The main 
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purpose was to determine whether the island density was larger than for evap-

oration, since Matthews proposed that high nucleation density led to lower 

temperature epitaxy, as discussed aboe. The conclusion from .the results 

must be therefore that there is no difference in the nucleation behaviour of 

sputtered and evaporated films, insofar as' numbers are concerned. It should 

not be concluded however, that the ratio of (ill) nuclei to (100) nuclei is 

the same in all cases. In order to establish this ratio under the various 

conditions of deposition, experiments of a similar nature to those of Matthews 

(1965) are necessary. 
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CHAFTFIR VII 

ELECTRICAL PROPERTIES OF SPUTTERED  

SEMICONDUCTOR FILMS  

7.1. INTRODUCTION 

Preceding charters have dealt with the structural aspects of the growth 

of thin films on a variety of substrates. However, in the case of emiconductors 

it is important that the electrical properties of the films also be examined 

since a good deal of information with regard to structure can be obtained in this 

way. When examining a film by electron diffraction, only a very small area of 

the film is subjected to the beam of electrons, which are of very high enerey 

(75-100 keV). Scattering centres such as impurities, grain boundaries etc., do 

not have a profound effect on the resultant diffraction image because of their 

relatively low density. When, however, one tries to pass a current along the 

length of the film, the effect of the scattering centres becomes more evident 

and more can therefore be learnt of the detailed structure. It is the Purpose 

of this chapter, therefore, to describe the ealvanomagnetic properties of the 

semiconductor films as well as the structural properties. Since the germanium 

substrates used for much of the structural study are themselves conducting, the 

interpretation of galvano effects from films crown on such is extremely complex. 

Insulating substrates (Al2  03  ) were therefore employed for all electrical .710 

ments. Semi-insulating (Cr-doped) GaAs was also employed in a number of cases 

to further observe the effect of crystallinity on the electrical properties. 

However, these films turned out to be largely degenerate so that direct comparison 

was not justifiable. 

The electrical results' are discussed in terms of possible scattering mech-

anisms, particularly in relation to the structural properties of the films. 
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.7.2. •ELECTRICAL EX ETUATIM  

Electrical assessment of the layers was made using a conventional geometry 

Hall effect technique. The substrates*were, where possible, in the form of 

rectangular slices of length to width ratio 3:1. Electrical contact to the film 

was made using indium solder and silver wire (rv5 thou diameter). A five point 

method was employed; the circuit and the sample geometry is shown in Fig. 7.1. 

All measurements were in terms of voltage, as indicated by the circuit, which 

were measured using a Solartron 1450 digital voltmeter. A low current (25,?uA) 

was used to reduce heating effects and the magnetic field was produced by a 

permanent maanet giving a field of 3170 oe. Measurement over a temperature 

range 77-293or: was accomplished by sealing the specimen in a copper can in liquid-

nitrogen and allowing the nitrogen to boil off. Measurements were carried out 

during the decrease. and increase temperature - cycle to eliminate any problem due 

to temperature differences between specimen and thermocouple. The thermocouple 

used was copper-constantan. In general, four measurements of each parameter Were 

taken, for two directions of current flow and two directions of magnetic field. 

An average value was then used for calculation. To•caleulate values of resist-

ivity, the film thickness is required and this was measured using a Talysurf 

instrument (as described in a previous chapter). 

In cases where the specimen .geometry was less than 3:1 corrections have to 

be made to allow for the shorting effect of the end contacts. A curve given by 

Putley (1960) was used and all values of mobility etc. given in the results are 

corrected on the basis of this curve. 

7.5. RESULTS  

7.3.1. ce/A1  

Films of Ge were Grown on alumina at substrate temperatures ranging from 

room temperature to 600°c, and rates ranging from LVs 	5R/S. In all cases 

the thickness was measured of the actual films, not of a monitor. The curve 

3houn in )?1 	5.26 represents the growth cendiLions. The .results 
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of the electrical measurements on a number of films are Plotted in Figures 

7.2. to 7.9. These show Hall mobility,/al;, Hall coefficient, RF conductivity 

o- or resistivity,r, and carrier concentration. Rillel , as functions of the 

measuring temperature Tm. or deposition temperature TD. The films in all cases 

were p-type, determined by•the hot-probe. method. Only a few films were measured 

over the full temperature range 77°K to 293oK. All films were measured at 77°1: 

and at 293°K. 

The plot of/ua  against 1/Tivi  (where T. is the measuring temperature) shows 

that for films grown at low substrate temperatures, the room temperature mobility 

is greater than the value at 77°K. HiTh sUbstrate temperatures however, show 

the reverse to be true. If the mobilities are plotted as a function of the.  

deposition temperature, - as shown in Fig. 7,6. then the region in which the change-

over .takes place can readily be seen. This change is found to occur at approx-

imately the ordering temperature previously referred to.in Chapter 5. 

Curves showing the variation of the Hall coefficient, the conductivity 

and the concentration of excess carriers as a function of deposition temperature 

follow the expected trend, i.e. higher temperatures yield more nearly intrinsic 

films.. (The films are extrinsic over the temperature range measured. This is 

discussed in a-later section). 

7.3.2. Ce/Ge4s  

In order to investigate whether the substrate was having a profound effect 

upon 	galvanomaf,netic properties of the Ge layers, it Was desirable 

to measure some layers .grown on a substrate very similar to that of germanium. 

Suitable high resistivity (Cr doped) Gatis substrates were therefore obtained and 

Ge layers snuttered onto them using the.triode system. The electron diffractinn 

results are described in Chapter 5 showing that the films grown at 350°C and 

above gave a good spot pattern indicative of epitaxial growth.. The films grown 

at 300°C wore not so perfect. These results were similar to Ge on Ge. 



FIG 172 
THE VARIATION OF HALL MOBIUTY41 , WITH MEASURING TEMPERATURE,Tm FOR Ge FILMS GROWN ON< IT02> A1203  
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FIG 1111 73  
THE VARIATION OF HALL COEFFICI ENT, RH,WITH MEASURING TEMPERATURE,Tm, FOR Ge FILMS GROWN ON <ITO2 > Al  203  
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FIG 174  
THE VARIATION OF CONDUCTIVITY  P o',  WITH MEASURING TEMPERATURE, TM FOR Ge FILMS GROWN ON <IT02) A1203  
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FIG 11117.5 
THE VARIATION OF MAJORITY CARRIER CONCENTRATION YR lel  

WITH MEASURING TEMPERATURE  4,4 FOR Ge FILMS GROWN ON <IT02>A1203  
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THE VARIATION OF HALL MOBILITY/J.4 WITH DEPOSITION TEMPERATURE TD 

FOR Ge FILMS GROWN ON <IT02> A1203_ 
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FIG 11117 7 
THE VARIATION OF HALL COEFFICIENT,RH WITH DEPOSITION TEMPERATURE  ,TD , FOR 

Ge FILMS GROWN ON <I TO 2> A 12Q3, 
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FIG 111 78  
THE VARIATION OF RESISTIVITYrp WITH DEPOSITION TEMPERATURE TD 

FOR Ge FILMS GROWN ON<ITO 2> A1203 
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FIG 1117.9, 
THE VARIATION OF MAJORITY CARRIER CONCENTRATION,1/Rle11WITH DEPOSITION TEMPERATURE TD_ 

FOR Ge FILMS GROWN ON <IT02, A1223 _ 
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Galvanomagnetic properties of the films were measured as for Ge on 1.1203. The 

	

results for two of the films are shown in Fig. 7.10 	and 7.10 (b). In 

calculating RH  and or , the film thickness had to be estimated from Ge/A12  0_ data 

as it was not possible to measure film thickness on the actual substrate. The 

results show that the films are largely degenerate having an unexpectedly large 

carrier concentration. Thus, although the.  Hall mobilities are similar to those. 

obtained from films grown on Al203, direct comparison in terms of structure is 

not. justifiable. The reasons for the higher carrier concentration in this case 

• is not clear and more definitive experiments are required. 

7.3.3.. Cd,An2/Various Substrates  

The target material of bulk n-type Cd3k s2  was obtained from R.R.E. Malvern. 

Films were deposited under the conditions indicated in Chapter 5 onto various 

substrates indicated in Table 1, properties were measured as for GeAl2  0_ from 

room.temPerature down to 77°K and are shown in Figures 7.11 - 7.14. The results 

are tabulated 'Overleaf. 

From these results it can be seen that the electron concentration is 

very high, as one might e:cpect from a low band gap material (Hg '="0.13 eV for 

bulk Cd3As2-at room temperature). The resultS of annealing show the mobility 

to have decreased with annealing with an associated decrease in the electron 

concentration. The effect of deposition' rate on carrier concentration (as 

indicated by-1/h1e1) is found to be insignificant over the range stu',Ied. 

The f4lms are e:;:trinsic and degenerate. The bulk properties of the Cd-As, 

target material are unknown but, from the work of Lovett (1967), it should 

have a bulk mobility of around 20000 cm2/V.sec. 

InSb, 	GaAs PbTe/Various Substrates. 

The galvanomagnetic properties of InSb were found to be very poor indeed. 

The measured mobility of a film grown on mica or•alumina at 325°C and a rate 

of 1.6 R/s was found to' be only 50 cm2 V s-1 A room temperature deposition 
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TABLE 1 

• Galvanomagnotic properties -of Cd3As9  films duosited onto various 

substrates - measured  at,300
o

C  

Specimen 
No.' 

Substrate 
Material 

Temp. 
°C 

Rate 
.2/s. 

Thicki- 

PH 
., - 	-1 cm kr is 

RH 
cm3/ 
coup. 

.--1 fl cm 
1/111e/ 
cm 3 

nrs  
Tm = 300°K 

LX1 mica 25
. 

? 1875 78.8 1.28 61 4.9 

LX1/ann'd " tt it It 564. L8 310 . 3.5 

1,X4 " n tt 1690 861 l',.1 630 5.5 

LX5 glass " st 840 583 0.72 800 8.6 

LX6 It 63 0.7 1250 661 0.43 1500 14.3 

LX6/ann'd " n U tt 153 4.2 365 1.5 

LX7 it 68 0.7 1330 669, 1.4 500 4.5 

LX7/ann'd " " It It 215 5.2 500 1.2 

LX8 n 80 0.6 920 611 0.9 680 6.9. 

LX9 	. it 25 0.4 670 506 0.85 595 7.4.  

LX10 n 30 1.25 750 448 0.91 500 6.9 

LX11 NaC1 65 1.0 60 260 0.69 - 	375 • 9.1 

LX12 Mica tt n n 272 0.92 295 6.8 

Note: .Specimens Tall and LX12 arc not corrected for specimen electrode 

geometry (as detailed in SectiOn 7.2). They are included for 

comparison with each other since they have similar geometries. 
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FIG. •7.12 

THE VARIATION OF HALL COEFFICIENT, RH, WITH MEASURING TEMPERATURE ,1N, 

FOR Cd3  As2  FILMS  
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THE VARIATION OF CONDUCTIVITY, Q, WITH MEASURING TEMPERATURE ,TM, 
FOR Cd  3 As2  FILMS  
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2 -1 -1 
onto mica at the same.rate produced a mobility of only 10 cm V ." 	dad 

onto glass a value of 35 cm2  1r-1 s-1  (deposited at 1/10 the rate). Annealing 

• 
the films increased the mobility to 130 cm2 V

-1 -1 . None of the films were 

Measurable at 77°K as the resistance had increased too much. The results 

of.the measurements are tabulated below. 

TABLE 2 

Galvanomagnetic_properties of InSb films deposited onto various 
substrates - measured at 300°K 

No. 
Sub- 
strate 

Tem pc  vp. sec.  
Thick - 
n ss Rate  /UH  

2....-1 s -1 
cm v 

21H 

cm-51  
coul. 

c)-- 2. 
Si cm-  

SIR Qet 
m c' 

LY4 A1203  325 1.6 4200 43 12.6 3.4 5 x 1017  

LY6 mica 25 2.0 3500 10 4.4 2.3 1.3 x 1018 

LY6/ann'd n U n n 140 50.6 3.6 1.3 x 1017  

LY7 if 300 48 thickness unknown 

LY8 glass 25 13 850 34 1.03 34 6.1 ' 1018 

The conclusions to be drawn from this table are that higher substrate 

temperature and deposition rate produce films nearer to intrinsic and that 

annealing is also a definite advantage. 

The other films which were sputtered, apart from Cd3As2, also showed. 

disappointing galvanomagnetic properties. Bi2Te7 films produced no measur-

able Hall effect. It was found, however that from the p-type target used, 

films of both conductivity type could be produced depending upon the 

substrate temperature. Films produced at 100°C were n-type, while those 

produced at 200°C Were p-type. The film thickness and deposition rate 

were approximately constant. 
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Electrical measurements on GaAs films were not successful. This was thought 

to be due to the oxide content in, and on the surface of the films. PbTe films 

also showed only limited success. A 2600R film' grown at 4Vs onto a• 20000 alumina 

substrate produced - a room temperature Mobility of only 70 cm2 V
-1 

s
-1
. 

7.4. DISCUSSIM OF RESULTS  

7.4.1. Germanium 

The results of the measurement of galvanomagnetic properties in the germanium 

films proved interesting and valuable. From the- curVes'shown in Fig. 7.5. it is 

clear that the films are very extrinsic in nature. The impurity level is not so 

high as to render the films degenerate. over the teramerature range considered, as 

is indicated by the degeneracy condition curve of Fig. 7.5. This curve is derived.  

from the expression given by Pearson and Bardeen (1949). 

( h:. 	2/3 	2
/3 

To. • (--) 	P 	(7.1) 

where h = Plancks.constant k = Boltzmann constant 

m . mass of hole 	p = hole concentration 

To = temperature for which the energy of a hole corresponding to the energy 

at the surface of the Fermi distribution is equal to kTo . Putting 

m, 	m . free electron mass. n 

- 	x 10 -11 -11 2/3  
0 

(7.2) 

The films can be shown to be extrinsic by consideration of the equation: 

9 	2 	r M3 	(-E7) Ti  ni  = (7.5) 

(A full - discussion of. this equation is given by - R.1. Smith (1964) p.76) 

The value of T for which pi  is of the same order as the imnurity concen-

tration can. be .found by graphically solving the above eouation in which 

pi  . = P, Nc  , Nv  and E are known. This is done in Fig. 7.15 for various values k 
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ofn.snd 2 . The values of Ne  and -Nv  are assumed ecual (i.e. m. 	ra
h = m)e  	an(1 

E has been assumed constant with temperature. The solution of the ouations 
t.) 

are not precisely accurate therefore, but since m rt and E are unknown for e n g • 

our particular ,pecimens to do otherwise would be unjustified. The curves show 

that the Intrinsic temperature is considerably higher than the upper temperature 

limit of our experiments (3000K) unless the'band gap of the material is very low. 

This- is unlikely. Thus we are safe in assuming the conduction processes to be.  

extrinsic and need. consider only a single charrfe carrier - namely,- holes. 

The degree of electrical conduction in a material depends upon the amount 

of scattering present. In a semiconductor there are two Train types of scattering 

processes, assuming negligible surface effects, thermal  vi bration scattering 

and ionised impurity centre scattering. As might be 	the former 

predominates at high temperatures. Associated with each of these processes is 

a relaxation time lj(or mean collision time). Theseare generally not the same, 

but when both types of scattering are operating, the two may be combined to -,give 

an average Pi ... given by (Shockley 1950). 

1 
	

1 + 1 	 ( 
tl 	t i  

where 7- 	lattice scattering relaxation time. 

impurity 

(N.B. 	'this assumes 17' to be independent of velocity) 

Prom consideration of the current density and the average drift velocity, 

it can be siloWn th-A the conductivity mobility for holes is given by 

/ttc 

(e = electronic charge) 

= ea 
mh 

(7 5) 

so that. 	1 	= 	+ 	1 
	 (7.6) 

Jul 	/11i 
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It may be further shown that: 

For-thermal - vibration (lattice) scattering 	T 
3/2  

For impurity scattering 
	

T 

We can therefore write 

I" 
	a T 3/2  • 

	
b 	(7.7) 

where the first terra represents impurity scattering and the second term thermal 

vibration (lattice) scattering. Manipulation of this equation gives 
3/2 

a 	b T3  

3/2  
• so that a plot of I"— against 3 should yield a straight line of slope b and 

intercept a, 

Pis. 7.16 is such a plot for .a series of different specimens.. It will be 

seen that the slopes and intercepts are not the same for each film. From these 

curves and resultant values for the constants a and b, it is possible to calculate 

the expected-variation of mobility with temperature,based on just the we scatter 

inE processes. Pig. 7.17 is a repeat of Fig. 7.2 With the addition of the cal-. 

culated curve for each specimen. The .agreement is very good'in the upper temp-

erature region - but in the low temperature region the measured mobility remains 

fairly constant as the _temperature decreases while the calculation predicts a 

steady decrease. -However the calculation neglects the variation of tat with 

temperature which will have the effect of increasing fah  at low temperatures. The 

relaxation time for scattering on neutral impurities isindependent of temperature 

and carrier energy, so that the mobility due to this mechanism is also independent 

of temperature. Grain boundary effects may also predominate at low temperatures 

where the grain-size is small. 

The full expression for/ui  and/u1  can be obtained for a non-degenerate 

semiconductor by consideration of the appropri te wave eouations for71  and from 

the theory of Rutherford scattering_ for/ui  Shockley.(1950) and Smith (1964), for 

example, derive these expressions and give 
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DETERMINATION OF COEFFICIENTS a AND b OF EQUATION7.7 FOR Ge FILMS  

BY PLOTTING EQUATION7.13  
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VARIATION OF HALL MOBILITY, /4 , WITH MEASURING TEMPERATURE,TM, FOR Ge FILMS  
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j(02. Li 1/3  )) in 1 

And 
212-77-7f. 	e 
3 

cll 	r1-3/2  
E1n2  m5/20/2 

free -oath, 1, is given by Shockley (1950), p.269. 
4 	Cl 

1 
n
2 h. T m2  

mean 

I = (7.12a) 

2 K2 (kT)3,/2  
/ui it 	N1  e..) 

8.4 x 1017 T
3/2 

 /N 

where x 	x 104  TAT ;12  

in (1 +. x2) 	for germanium 

and N = impurity concentration 

k = dielectric constant 
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(7.9) 

(7.10) 

where CII = elastic content 

Ein =  change in band edge per unit dilatation of crystal 

(constants for a given material at NTP) 

The constants a and b are. therefore given by 

1 	8.4 x 1017 _ 
 

a 
	in (1 4. x2.) (7711a) and 2 27i" _ 	.3  

4 
011  

E
ln m

5/2 k3/2  
(7.11b) 

The graphical values of. 1/a agree fairly well with the value calculated 

from the above quotation as demonstrated below in Table 3. 

TABU: 3  

Spec. No. 209 219 220 221 222 223 224 .225 226 

111 2.2x1017  81  3.8x101  3.7x10
1
9.8x101 .9x10-t .3x10

1 
1.2101 3.3x10

17
,).1x1017  
_ 

- graph 
a 

1.25 0.04 0.30 0.37 0.20 0.53 1.16 9.33 0.34 

1 - talc. a 3.80 0.22 2.27 0.85 2.90 1.95 7.00 2.55 1.65 

The constant 1/b is related to the mean free 'path of the carriers in 

the thermal scattering region. The above equations have assumed a semi-

conductor with spherical constant energy surfaces and for such a system the. 

1 x  3T 
2e (7-.12b) 
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Hence the "mean free path" as a function of temperature may be determined for 

each film. The value at 300°K, calculated from eouation 7.12b are given in 

Table 4 below for the specimens indicated. Also shown is the measured -Lail 

mobility for each specimen at 500°K. The mobility is observed to increase as 

the value of 1 increases 

TABLE 4 

Spec. No. 	J 209 219 220 221 222 225 224 225 226 

b x 106  1.03 3.14 1.67 0.83 2.62 ,1.1 0.66 1.2 1.27 

1 	9 
I- 	tl. 1350 440 830. 1670 530 1260 2270 990 1180_ 

60.2 vl s-1 100 50 105 215 65 160 270 120 140 

By comparing the above table with Fig. 7.2. it is immediately apparent that 

the highest room temperature mobility is observed for these films with the "1.rgest 

"mean free path". From bulk behaviour this is as expected. The most interesting 

feature is that the values of 1 in the films:is.very much lower than.tht found 

for bulk at the same temperature. There would thus seem to be a direct correl-

ation between structure and electrical properties. 

One of the features of thin film growth is that the layer grows initially 

as an island structure. The islands increase in size as the deposition continues 

eventually joining up to form a continuous layer. The film consists then of a 

mosaic structure of crystallites which may or may not be oriented with respect 

to each other, dependent •upon the temperature. A typical value for island size 

is 500- - 2000E dependent upon substrate temperature. In a perfect single crystal 

there will be no grain boundaries to act as traps for the carriers but in a thin-

film, epitaxial or not, such boundaries will exist. It might be expected there-

fore that the effective mean free path of a carrier might be reduced by the. 

presence of such .boundaries. The mean island size increases with deposition 

temperature and film thickness. 
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Comuarison of the "mean free n.ath" values given in Table 4 with the growth 

conditions shownin Fig.5026 shows that the trend is for the higher mobility 

films to occur under growth conditions conducive to large grain size. 

A further point, particularly relevant to sputtering, is that the arriving 

atoms have considerable energy at all stages of the growth period. A fair degree 

of damage may therefore be induced in the ,Trowing film. At high substrate temp 

eratures such damage has a higher probability of being annealed out. One would 

therefore expect a film with low defect density and/or large crystallite, si?,e to 

have ,a larger mean free path and hence a higher mobility. This is shown to be 

the case by Marucchi (1965) who examined Ge layers of varying thicknesses deposited 

by evaporation. 

It is interesting here to note'the results of Sloope and Tiller (1963) on 

evaporated germanium films on CaF. They found that substrate temp.,,rature 

profound effect upon the measured mobility, it increasing with temperature, and 

also that increased film thickness showed an increase in mobility. They found 

that decreasing rate produced a lower defect density. Bearing in mind the fact 

that the, films grown-by sputtering are subject to a flux of high energy particles, 

the conclusions of Sloope and Tiller are very similar to ours above. They con-

clude that defects such as dislocations, stacking faults and microtwins appear 

to dominate the conduction nrocesses. The defects have been suggested (Trampo.-!ch, 

1966) as acting as acceptor states in the material. The mobility of Slope and 

Tiller!s films is very .4milar to the present ones .?roam under like conditions. 

They, however find a T-2.3  variation in mobility as the magnitude of the mobility 

increases. Fig. 7.2. chows our curves to follow a T-1.5.  law - typical of pure 

phonon scattering. 

The suggestion of defects 'acting as acceptor states is strengthened by the 

fact that the plot of Hall co-efficient as a function of 1/T yields an ionisation 
, 

energy value of",0.03 &T. This value is obtained by plotting log (:1T-s)•against 

1/T derived from the expression (see Blakemore (19 ) p. 135). 



R = 	1 	= const. x T 	exp. (-q,d) 

	

De 	 (kT) 

teL- = const. x exp. 

4ance 

then (7.14) 

1_ 
• v1:1•71)''.  .,, 

( kT)  
for impurity cenduction 
when r A 
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2) 

Iry = 2TT mlr M 3/2  Const. x T 
9 
h- . 

p = const. x 	exp. (-7d) 
(kT ) 

(7.13b) 

This equation is plotted in Fig.7.16 for typical specimens. The measured value 

of 0.03 eV is high for is purity levels in Ge which are typically x0.01 ev. aaly 

impurities which can trap more than one electron (e.g. Au, ha, Zn) have levels 

as high as this. Such impurities are extremely.unlikelyin our system and it 

is therefore a reasonable conclusion that the acceptor states are indeed due to 

structural defects. 

Wolsky (1966) has.  deposited Ge onto fused quartz substrates by sputtering 

and his results are very similar to those reported here. He observes the mobility 

to decrease with decreasing measuring temperature, this tendenCy being less for 

increasing deposition temperature. This is precisely as the present findings 

and is undoubtedly due to a decrease in scattering centres (lattice defects) as 

the deposition temperature increases in association with an increase of grain 

size. His plot of 1/Rlel as a function of l/T gives a crude estimation for 

acceptor ionisation energy - of 0.1 eV leading him to similar conclusions to those 

given above. It should be mentioned that Whisky's deposition was carried out at 

a 
a residual gas pressure of 	which, by comparison with these results, would 

suggest that oxygen does not play a significant role in determining the 
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electrical propert:ies. Volcky also found th't the nobility increased u'nd the 

l '. le  concentration decreased as the film thichness increased, reching const-nt 

values atrv2.5/z from the interface. 

Cadmium Arsenide  

AtheroughinvestigLtionoftheelectricalpropertiesofed,A-, was not 

intended as part of the project. The main purpose was to determine whether such 

a material could be grown in thin film fore by sputtering and, if so, what were.  

the general electrical ch-racteristics. Films were grown as described in 

Chntrrs 11: and 5. The overall electrical behaviour was rather similar to the 

germanium films as regards the form of the curves, e.g. mobility increasing as 

tenp?ratul'e decreased, carrier concentration decreasing as temperature decreased. 

Application of the same type of analysis as for the germanium films did not yield 

successful results however. This was due to the fact that the films were dozen- 

is shown by consideration of the degeneracy equation given earlier. 

I2r.rett (1'7'67) has examinA. bulk CdAs2  and finds 3an 	(e) effective mass ratio c„D 

of approximately 0.05, which is the figure used in calculating the degeneracy 

condition. Because of the low band gap of this material (N0.15.eV).the con- 

ductivity 	almost.certainly both intrinsic and extrinsic over the temperature 

range-employed, which again makes analysis difficult. It is- not possible to 

determine an energy-value from th slope of the Hall co-efficient against 0.  

curve since the-films are never wholly extrinsic nor .wholly intrinsic. However 

the following general conclusions can be drawn from the experiniental results. 

1) Films can be grown on amorphous substrates. (glass) at low temperatures 

o
c) with mobilities between 500 and 1000 cm2 IT 

-1 
s
-1 

(<100 . 

2) Over the range of rate of deposition used, NTr  is independent of rate-

5)-  Mobility increases with increasing substrate temperature. The increase is 

approximately proportional to T -1/3  which is lower than would be expected 

from impurity scattering. Grain size effects may again be predominatin 

crate, as 
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if) Carrier concentration decreases with increasing substrate temperature. 

., 5) Films have high conductivity (400 - 800 (Ohm.cm) ) indicative of a 

low band gap material. 

6) Annealing the films decreases the film carrier concentration but 

decreases the electron mobility. 

This latter conclusion is somewhat anomalous since it was e::pected 

that annealing would increase the grain size and reduce structural defects. 

Annealing was carried out with a deposited Overlayer of SlO to prevent loss 

of one or -both of the constituents. It mey be possible, therefore, that 

SiO reacted with the Cd3As2  in some way. Further examination of the effects 

of annealing in a way similar to that carried out on InSb by. Juhasz ana 

Anderson (1965) is required before.cenclusions can be drawn from this 

observation. 

The reasons why CdJs2  should produce films of usable mobility values 

on amorphous substrates.at low temperatures, while other comeound semi-

conductors grown at elevated temperatures on crystalline substrates have 

very low mobilities, is not clear. One obvious difference between Ca-As 
2 

and the other compounds studied is that of crystal structure. InSb etc. 

have a cubic structure-whereas Ca-.)As2 is tetragonal 	the—,tacking fault 

energy were higher, or if the dislocation density were lower for a tetragonal 

material than. for a cubic.material grown under similar conditions, then 

the overall defect density would -be lower. This would yield a highel- 

mobility since there would be fewer scattering centres. T4though there 

is no e::Perimental evidence to support this s/..igestion, Seeg 	1955) 1:ias 

shown that the stacking fault energies in hemezonal materials  rc highe-

than in, for instance, cubic noble metals. The stacking fault enerr:v apes 

not depend only on crystal structure, however, so the above must be 

considered only as a possible explanation for the observed result. 



CHAP= VIII 

The investigation of epital::ial growth by sputtering has attracted a 

good deal of attention in recent years and the work described in this Thesis 

has provided further information on the manner by which thin films may be 

grown by the sputtering technique.-  The results of the study may be summarised 

as follows: 

(1) Epitaxial films of both metals and semiconductors (elemental and 

compound) may be grown by sputtering in an inert atmosphere at temperatures 

considerably lower than the temperature required for epitaxial growth. by 

evaporation. 

(2) There is evidence to suggest that, over the range of deposition 

conditions studied in this work, the films are not epita:dal from the 

onset of nucleation, i.e.-  the film orientation increases with thickness. 

(3) The relationship between deposition rate and epitaxial temperature 

follows the erected trend of an energy-controlled phenomenon, i.e. increased 

orientation with increased substrate temperature and/or decreased deposition 

rate. 

(Lb) The application. of a bias to the substrate so as to 	 energetic 

ions to its surface, increases the degree of orientation, particularly for 

metal on rocksalt. The orientation improves with bias potential up to a 

certain value, then deteriorates. 

(5) Computer calculation has shown that the energy of arrival of sputtered 

atomS at- the substrate may be considerable even in a glow discharge. Under 

triode sputtering conditions there is virtually no attenuation of the 

ejected atom energy distribution. 
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(6) By triode sputtering, the epitaxial temperature is even lower than 

that by diode sputtering. The apparent activation energy for epitaxy, -

derived in. terms of substrate temperature and deposition rate, is lower 

than for evaporation. 

(7) Tentative Observations of island density in the early (saturation) 

stages of growth indicate no difference between nucleation by evaporation 

or by sputtering. 

(8) The island density of Ge grown onto (111)Ge shows similarities to  

vapour phase growth, but the density is approximately an-order of magnitude 

higher. 

(9) In all films, there is less twinning at higher substrate temperatures 

(as observed by electron diffraction). .This is as expected since annealing 

.•out - of defects is an energy:dependent . process. 

(10). The galvanomagnetic properties of the semiconductor films show that 

in electrical terms the films are far from perfect. The MaximuM Hall 

mobility observed for hole conduction in p-type germanium films was 

approximately 20% of bulk value. 

(11) Analysis of the variation of galvanomagnetic properties with temperature 

showed that impurity scattering, was a predominant process. The high 

impurity concentration in the films supports this. 

(12) All galvanomagnetic properties were improved at increased substrate 

(deposition) temperature. The variation of property with measuring temper-

ature was also found to be dependent upon deposition temperature. 

(13) Compound semiconductor films could be readily deposited apparently 

without loss of stoichiometry, though their galvanomagnetic properties were 

generally very poor. 

One of the overall conclusions to be drawn. from this work is that the 

mechanics of the growth of thin filMs by sputtering is not widely different 
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from that by evaporation. Both processes are activation energy dependent, 

the major difference between the two being the source of the energy required 

to overcome the various energy barriers. The energy analysis of the sputtered 

beam shows that the arrival energy of particles at the substrate is signifi-

cant even by diode sputtering, and the discussion presented in Chapter 6 

attempts to demonstrate how this energy may be dissipated on arrival.  at 

the substrate. One of the criticisms of the accepted nucleation theories 

is that they do not allow for arrival energy in their predictions. Complete 

thermal accommodation is assumed, whereas Cabrera has shown this to be true 

only for energies below ,/5 eV. 

That the energy of arrival appears-to-be of greater importance'than 

charge is-supported by the evidence of thickness dependence of orientation. 

Since it has been proposed by various authors that charge, particularly on 

alkali.  halide substrates, influences the nucleation stage,. differences in 

nucleation densities as well as initial orientation might have been expected. 

It should not be concluded, however, that charge plays no pert. In the 

case of diode sputtering, in which the electron flux at the substrate is 

considerable, the possibility of preferred nucleation sites or charge 

trapping within the initial islands must be considered. The latter 

phenomenon, particularly, would provide energy additional to the target 

atom arrival energy, by way of recombination with thermal ions. 

The conclusion to be drawn from the results of the electrical 

measurements is that defects such as grain boundaries and stacking faults 

(and dislocations, though the evidence was not so apparent for these) 

contribute strongly to the scattering mechanisms so as to decrease the 

mean free path and hence the nobility of the carrier compared to bulk. 

It is thought that such defects may act as acceptor states, but a detailed 

description of the nature and effect of such acceptor states is not available 
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in the literature for p-type germanium, bulk or films. Thus good epitaxial 

semiconductor films may be produced by sputtering at relatively low 

substrate temperatures, buy the structural analysis shows the films to 

be full of defects unless the sUbstrate temperature is raised or the 

deposition rate lowered. The electrical results are consistent with the 

structural findingsinsofar as the properties approach bulk properties as 

the sUbstrate temperature increases, 	. defect density decreases. The 

Properties are probably also related to gre±n size, so that annealing, 

high temperature depositions or any other method of increasing the grain 

size, should improve the characteristics. 
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Computer Calculation of Velocity Attenuation of Sputtered. Particles 

as a Function of Pressure 

(Assistance of 	Allen is - acknowledgea) 

TY7OUT Ow 41?0B.121, 6  

     

 

Cathode 

 

Anode 

      

      

      

:Enter7electrode spacing - 1) cm. aivided into IT. slabs each of width g: 

Cross-sectional area - 1 cm2 
 
. 

Cas density NA  atoms,
/cm3. 

Collision cross-section a = C /V where x is some power. 

= a V where ao 
= measured collision cross-sebtion at relative 

o o 

velocitv . - 

P = area occupied by the gas atoms in a single slab. 

.= no. of atoms x colliSiola cross-section at velocity V. 

= TT. D 	a V 0 o 
ii 	art: 
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.4: 0 computation purposes 

Put x = B 

= Z 

NA 	. ao o = 	D C = C 



If V(J) = loglo  (velocity (4) 

then 
Z(J) = 
	e 	

x log_. 10 x V(c7) 

Velocity before collision"= VBc  

Velocity after collision = v AC 

From the Cravath equation for average energy loss, the value for 

Ag/A is 0.5. Thus, in terms of velocity 

1 V 	V 
V2 BC 
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P.  
L°"10 .C. lo = '10 V  BC -  

If log10  V = V(K), then log V BC 	10 AC 

where L =logio,i2 

= V(K - L) 

chosen increment for log10  V 

In first slab: 

U(J) = no. .of atoms with velocity V(J) entering 

U(J) x Z(J) collide in slab and leave with velocity V(J L) 

U(J) x [1.-z(JA - do not collide and continue with velocity V(J) 

In the second .slab: 

LU(J) x Z(J")] x Z(J-I) collide for second time and leaVe with V(J-. 2L) 

[U(J) x (1-7.3(0"))] x Z(J) collide for first time and leave with V(J-L) 

[U(J) x Z(J)3 x [1-7,(J-14)1 do not collide for second time and leave 

with V(J-L) 

[U(J) x (1-Z(J))) x [1-Z(J)] do not collide and continue with V(J) 

and so on, throughout the slabs. 

If (J-L) < 0, these particles are no longer of interest and are 

ignored in further slabs. 

.The computer prograMme sums at the receiver electrode over the 

volocity rtingo for all the atoms in each group. 
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omPuna PROG-R01.2 

CECK01 	EFN 
	

SOURCE STATEMENT 	 IFN(S) — 

C SECCNC COMPILATION MODIFIEC FORM nF•PIRST 4 MARCH 66 
REALU(100),V(100)7F(1C0)7Z(100)7 M1C0) 
iNTEGER S 

1 REAC(5,20)N,C22,L,M 7 NCATA 
20 FCP.MAT(147F8.4,F3c,27127 I3,12) 

IF(N.LE,0)GCTOIO 
C=0/FLCAT(1\) 
IF(NCATA.LE,O)GOT06 
READ(5721)(U(I),V(I):I=11 M) 

21 FCRMAT(F6.3,F503) 
6 0C11.)=1,;" 

Z(J)=C*EXP(—B*ALCG(10.)*V(J)) 
11 F(J)=0 

READ(5723)1- A7R,EYY?0,C,0 
23 FORMAT(SA6) 

IP. PITE(6,24)H,A,R,E,Y 7 01 0,G 
24 FORMAT(1H1,8A6) 

INRITE(6,30)N7C7BI L 
30 FCRMAT(1 HC,2FN=,1422X72HC=1,F7,472X,2HB.-- ,F3.27 2X 7 2HL= 7 12) 

FC=0. 	- 
0012J=11 V 
C=0. 
CC13K=1,J 

13 	V.)-.=00 
M(J)=U(J)- 
I=1 

2 K7J 
3 P=7.(K)*W(K) 

S=K—L 
IF(S.LE00)COTC4 

CCTO5 
4 leC=1,4C4LP 
5 'A(K)=14(K)—P 

K=S 
IF(K.GE.1)CCTC3 
1=1+1 
IF(N.CEOI)GCTC2 
EC14K=17 J 

14 F(K)=F(K)-N(K) 
FC=FC+WO 

1 2 CCNTINUE 
1'.RITE(625) 

25 FORMAT.(1H0,1X,6HLOCIOV,6X,7HN(INIT)16X 7 8HN(FINAL)) 
MUTE.(& 7 26)FC 

26 FORMAT(1H0791-TCO SVALLT5X7.41-17ERC,7X,F9.5) 
te;RITE(627)(V(I):U(1)$ F(I),I=1,M) 

27 FORMAT (1H ,F7.3,F135,F14.5) 
GCTO1 

10 STOP 
ENE) 
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PRESSURE=1CMTO 	1..=:%0C:..iC/A . B=0.4 	CUING 	DISTN 

N=•500 	C= 	2.920 	E=&40 	L=. 3 

LCG1 CV 	N ( IN IT ) 	• •N ( FT 	) 

TCC 	SVALL ZERC 	• 932.35130 
5.000 2.64900 8.55719 
5.050 12...5C00 8,0E1322 
5.1CC 16.:I.C6C0 7.6C858 
5.;.5C 21.52C0C 6.78342 
5.200 29.03600 6.22028 
5.250 33::4600 5..66757 
5o3C0 49.423C0 4.80494 
5.350 60.6700 4.23693 
5.40C 75.37100 3.69699 
5.450 .C7.52100 2.91 762 
5.50C 99.15600 2.44C1 6 
50550 102.8(2200 2.00826 
5.600 98.43500 1.42303 
5.65C 87.00602 1.10432 
5.700 73.CC200 0.23789 
5.750 56.8370C 0.49751 
5.800 40.15700 0.34362 
5.850 2594700 0.23138 
5.9C0 12097400 009746 
5.950 6.42700 0.;0533.7 
6.000 2.33300-  0.02947 
6.050 0.30900 0.00389 

FRESSURE=. 1MTORR D=10CM. 	B=0.4 CU/} G DIST. 

N= 500 C= 0,2292 B=.40 L= 3 

LCC1OV 	N(INIT) 	'e(FINAL) 

TCC 
5.GC0 
5.050 
5.100 
5.150 
5.2C0 
5.250 
5.300 
5.350 
5.40C 
50450 
5.500 
5.550 
5.600 
5.650 
5.700 
5.750 
5.8C0 
5.850 
5.9C0 
50950' 
6 GC0 

ZEPC 	6/: .651 C3 - 

	

8.6450C 	22.52107 

	

7.2.115000 	. 27.68461  

	

16016:602 	32.10729 

	

52C0C 	40..27924 

	

29.0360C 	47.44273 

	

33..46400 	53.65598 

	

49..42300 	62.95230 

	

60.647CC 	69.34658 

	

75.37-“-30 	75.99430 

	

87.5210C 	78.76164 

	

.99.15600 	79.73104 

	

10_,862C0 	76,32495 

	

c.?2,,435C0 	60.54534 

	

87. 600 	59.03946 
73.0020047003E45 

	

56. F3 -7CC' 	35.80449 

	

40 	 25.05100 

	

5.9 70 	(:.1.6857 

	

12097400 	7.94950 

	

%.4t:7- /. 	4.02223 

	

. 	F!  

	

;c! 	 1 0,7  



PRESSUPE=.aMTCPR D=1CCM. AC/A E=C04 CU/HG 01ST. 

N= 5CC 	C= 0.0229 	B=.40 	L=.• 3 

LNDRFLC4., AT 04344 IN MC 

LNDRFLCV;' AT 04367 IN VC, 

LCG1CV N(INIT) N(FINAL) 

TED SMALL ZERG 4.2'237 
5.000 8.64900 9.84520 
5.050 '2.15.CCO 13.61589 
5.1C0 i61.(;600 17.5E056 
5.150 21.52C0('. 7'3.65999 
5.2C0 29.0::600 31,28056 
5.25C 3Fi.464CC 36,30402 
5.3CC 40.4='300 51.6724 
5.350 60.647CO 6).63491 
5.400 75.37100 76.36306 
5.450 87.52100 87.28697 
5.500 9'3.75600 97.42497 
50550 102.86200 1C0.15248 
5.600 98.43500 95.2")•i23 
50650 - 	87.00600 83.77967 
5.7C0 73.00200. 70.02845 
5.750 56083700 54.27958 
50800 40.15700 3-8.30785 
5.85C 75.04700 24.74793 
5.90C 12.(37600 12.35373 
50950 6.48700 6.1.8435 
6.000 2Q88300 2.75441 
6.05C -0o3C9CC 0.29582 
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