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ABSTRACT 

The optical and electrical effects of gas adsorption on poly- 

crystalline and single crystal gold films have been observed 

simultaneously. 

The bombardment of such films with low energy inert gas ions 

has been studied, in an attempt to relate ellipsometric parameters 

to the damaged layer. 

Gold and inert gases were chosen to eliminate the possibility 

of changes in the optical constants due to oxidation or any chemical 

reactions between substrate and ambient. 

Polycrystalline films were prepared on glass slides held at 

room temperature in an ultra-high vacuum system. Single crystals 

were prepared on sodium chloride crystals of <110> and <100> 

orientation held at 350-400°c and 2-6 x 10°? torr. 

The optical constants of the polycrystalline gold films were 

determined in the wavelength range 0.39 - ly and compared with 

published results. 

The sensitivity of the gas adsorption measurements was investi- 

“gated over a wide range of wavelengths for two gases, argon and neon, 

and was found to be higher at wavelengths corresponding to an emission 

line for the gas used.



Gas adsorption was found to depend on the surface structure of 

the films, the smount of adsorption on polycrystalline films being 

approximately the average of those found for <110 > and <100 > 

orientations. Argon and neon were found to be optically absorbing 

at some wavelengths. 

Low energy ion bombardment (surface held at room temperature ) 

gave similar effects to gas adsorption for ion energies below a 

critical value corresponding to the onset of damage. These critical 

ion beam energies were 100 eV for argon ions on<100>gold, 110 eV 

for the <110>surface and 130 eV in the case of polycrystalline gold. 

The thickness of the damaged layer was calculated from the results 

and found to be in reasonable agreement with the range computed from 

the stopping power of the material in accordance with the theory of 

Lindhard et al. (1963), Changes in residual resistivity, measured at 

4°K confirmed the order of magnitude of damage layer thickness. The 

degree of damage was related to the surface structure, and ion type. 

Annealing experiments showed that the damage produced was not 

only simple Frenkel pairs, but also dislocations resulting primarily 

from injected interstitial atoms or from substrate atoms displaced by 

energetic ions.
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1.1 Introduction 

The subject of studying surfaces and thin films covering them is 

becoming increasingly important in several fields. Among these are 

the physics and physical chemistry of adsorption., in metallurgy where 

care has to be taken with oxidation and corrosion processes, and in 

solid state electronics where surface phenomena are very important. A 

great many phenomena exist which can only be described in a satisfactory 

way by considering the details of the atomic and electronic structure in 

the surface region. Examples of such phenomena are electron emission, 

adsorption and oxidation, adhesion, friction, nucleation and epitaxial 

growth and heterogeneous catalysis. 

The properties of solids may be modified to a shallow depth by ion 

implantation. The requirements of understanding the effects of radiation 

damage in materials has led to a considerable investigation of atomic 

collision processes and the bahaviour of defects introduced by radiation. 

Most of the early work concentrated on the ‘application of ion bombardment to 

sputtering and ion-bombardment cleaning. Recently, however, injection 

of material into a target to change its physical properties has become 

of more interest. 

The development of experimental techniques for the study of surfaces 

has been considerable during the last decade. Facilities are now quite 

commonly available for the production and maintenance of uncontaminated 

surfaces because of the availability of ultra high vacuum apparatus, 

Each of there many techniques tends to be limited by the type of infor- 

mation they provide. Ellipsometry proved to be a very sensitive and 

versatile optical method for analysis of the reflecting surfaces or of 

films deposited on them. It provides information concerning optical



constants and average film thickness, and may be used on surface areas 

as small as one square millimeter. In addition, it is not theoreti- 

cally limited to any particular range of optical constants and it is 

non-destructive. 

1.2 Physical adsorption: Background and Review 

The phenomena now designated as adsorption and desorption of gases 

or vapours were first recorded by Scheele (1777), who found that a 

mixture of nitrogen and a little carbon dioxide was expelled from 

thoroughly dried wood charcoal when heated in a glass retort to a dull 

red heat. On cooling, the gases were re-adsorbed by the charcoal., The 

first quantitative theory was proposed by Irving Langmuir in 1916, 1918. 

Langmuir considered a dynamic equilibrium between the gas and the adsorbed 

film, and then, to bring this theoretical model to a convenient stage of 

development, made a number of simplifying assumptions about the mechanism 

of the process and nature of the solid surface. His assumptions were: 

1. The surface contains a number of sites of low potential energy, 

each of which is capable of immobilizing a molecule of adsorbed gas. 

2. All sites on the surface are equivalent. 

3. No interaction occurs between the adsorbed molecules. 

4. Adsorption is restricted to a single layer of molecules. 

The first of these assumptions ignored certain experimental facts that 

indicate that adsorbed molecules are not always localized on specific 

sites but may be free to move about the substrate in two dimensions. In 

1929 Langmuir himself investigating tungsten filaments in an atmosphere 

of oxygen, found a localized layer (a two-dimensional solid phase) of 

Oxygen atoms is attached to the tungsten surface, and that a second layer 

of mobile oxygen molecules moves freely on top of it. An equally 

favourable approach was made by Polanyi . (1916). Polanyi's theory,



essentially thermodynamic rather than kinetic, made fewer assumptions 

about the mechanism of the adsorption process. For more than fifty 

years the potential theory received no further development. It now 

offers too little in fundamental understanding to be an attractive 

approach, although its usefulness in allowing experimental data to be 

extended beyond a rather limited range of temperatures and gases other 

than oxygen has been exploited. Taylor (1950) was for a long time 

the most prominent of those opposed to this primary assumption of the 

Langmuir theory. He rejected any theoretical model of an adsorbent 

surface that postulated it as energetically uniform. However, with 

the introduction and subsequent success of the B.E.T. theory of multi- 

layer adsorption (Brunauer et al. (1938)), Langmuir's theory was given 

a new lease of life and usefulness. The B.E.T. theory accepted all 

the Langmuir assumptions, both explicit and implicit, excepting only 

the one that restricts adsorption to a monomolecular layer. The 

postulate that the substrate is energectically uniform was still retained. 

In spite of these faults, the usefulness of the B.E.T. method for deter- 

mining the specitic surface area of a powdered solid remains undisputed. 

More realistic models become too complex to be of use in the interpre- 

tation of experimental results. Most of this complexity arises from the 

attempt to take into account the actual heterogeneity of the substrate. 

An S-shaped isotherm is obtained, which cannot be described by the 

Langmuir equation. For more heterogeneous substrates, which are 

certainly by far the more common, the observed adsorption isotherm con- 

sists of a number of superimposed S-shaped isotherms, each one weighted 

by the relative frequency of its corresponding adsorptive energy compared 

with the whole distribution of energy levels of the substrates. The 

observed isotherm is the sum of all these individual isotherms. So 

complex a result obscures the S-shape of each term in the series, and



the Langmuir equation, because of its simplicity of form, reappears as 

an empirical description of the final summation. But while this may 

be useful as a first approximation, the basis of the theory is open to 

question. Opinions are sharply divided. Stebbins and Halsey (1964) 

wrote: “The Langmuir equation occupies a central position in the 

theoretical discussion of monolayer adsorption because of its simpli- 

city of form and directness of derivation. At about the same time 

Polanyi (1963) wrote: "That the Langmuir isotherm is theoretically 

false still seemsto be insufficiently appreciated today..eeereeeeeeTO 

present (it) as a proper approximation to the adsorption equilibrium 

is therefore misleading. The formula should be dropped altogether." 

The properties of solid-gas interface regions depend on the ambient 

atmosphere. Such properties, which are of considerable technological 

importance, may differ physically and chemically from the bulk phases 

which they separate. Different techniques have been applied to study 

physical adsorption of several gases on different materials, e.g. LEED 

(Lander et al. (1967) , Steiger et al. (1969), Bootsma et al. (1969)), 

field emission and field ion microscope (Gomer (1959), Ehrlich (1960), 

Ehrlich (1964)), surface conductivity (Bootsma et al. (1969)), gas 

volumetric measurements (Bootsma(1969) ), ellipsometry (Bootsma et al. 

(1969 a,b,c), Steiger et al. (1969), Morgan (1974 ) ) and others. 

Several recent studies of physical and chemical adsorption using 

ellipsometry have been reported.



Claussen (1964) on studying vapour adsorption of water and some 

lower monohydric alchohols, acetone, benzene and hexane on single crystal 

silicon found a marked difference in the amount of water adsorbed after - 

various surface treatments. He attributed the difference to change in 

both structure and composition of the adsorbent surface after etching. 

He assumed that the values of the indices of refraction of adsorbed 

layers were constant and equal to those of the bulk liquid phase. 

Archer (1964) studied physical adsorption of water, carbon tetra- 

chloride and acetone on variously treated silicon surfaces. He 

calculated monolayer thicknesses from ellipsometric measurements using 

the refractive indices of the bulk liquid phase. He found that the ad- 

layers were comparable with the diameter of the adsorbed molecules. He 

(1965) claimed a precision of + 0.02 monolayers of oxygen adsorbed on 

freshly cleaved (1) faces of silicon. The degree of submonolayer 

coverage Was obtained from a two dimensional theory. 

Bootsma et al.(1969) reported changes in the ellipsometric 

parameter p~ much larger and of opposite sign to theoretical prediction 

upon chemisorption of various gases on silicon and germanium. This was 

ascribed to a transition layer of different refractive index to that. of 

the bulk. 

Similar results are observed by Corroll (1969) for oxygen on tungsten 

(110), 

Steiger et al.(1969) found good agreement between ellipsometric 

information and LEED when studying physical adsorption of sever'al gases 

on single crystal silver surfaces. LEED measurements show the degree 

of ordering.of the adsorbed phase .on the silver single crystal surface 

used and the appearance of surface structure as a function of coverage.



They used ellipsometry to study optical properties of clean silver 

surface and their variation as a function of time. Isothermg,in the 

pressure range ome to ioe Torr and temperature range 0°c to -195°C, 

measured by ellipsometry yielded information about heat of adsorption, 

the cross sectional areas and coverage ratio of the adsorbed gases. 

Smith (1972) studied chlorine adsorption on aluminium and titanium 

with combined ellipsometry, Auger electron spectroscopy and surface 

potential measurements. Monolayer thicknesses of 10°A and 4.5°A on 

aluminium and titanium respectively were calculated using a refractive 

index h of 2.4 for chlorine. 

Disagreement between the interpretation of the ellipsometric 

measurements in the submonolayer range is found in the literature. 

Linear dependence of the relationship between the ellipsometric signal 

and the degree of coverage is reported by Bootsma et al.(1969), Steiger 

et al. (1969) in agreement with the measurements of adsorption of long 

polar organic molecules [Bartell et al. (1960), Miller (1966) j or 

tritium on metal substrates [Stromberg (1964) ], studied simultaneously 

using ellipsometry and radio tracer methods. Hayfield and White (1964) found 

that ‘ the change in ellipticity is proportional to the average thickness. 

of the film. They used controlled vacuum evaporations of calcium 

fluoride on aluminium and metal oxide surfaces to obtain partially covered 

surfaces. Jackson et al.(1949) also found a linear relationship when 

studying helium creeping on stainless steel mirrors. On the other hand 

Hall (1966) concluded that the ellipticity of the reflected light from 

covered surfaces varies as the square root of fractional coverage.
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1.3 Low energy ion bombardment: Background and Review 

The bombarding ions may be captured for a certain length of time 

in the target lattice (Almen et al.(1961) ) to arrive later at the surface 

via diffusion or "burst" processes and there once again produce impurity 

(contamination) layers and either desorb or result in chemical heter- 

ogeneities on the surface. Brown and Leck (1955), Varnerin and 

Carmichael (1957) and Carmichael and Trendelenburg (1958) have made a 

detailed investigation of the re-emission of such ions shot ‘into a target. 

Carmichael and Trendelenburg were able to observe the re-emission of 

noble gas atoms which were originally shot into a nickel target as ions 

and then were driven out of the lattice as a result of bombardment with 

another type of noble gas ion. Their results lead to the conclusion 

that, at the ion energy employed (about 100eV), a nickel target can 

absorb up to the equivalent of 15 atomic layers of helium before satura- 

tion begins, whereas the absorption of other noble gases is equivalent 

to only about one layer of atoms. Their explanation is that the helium 

ions are more easily incorporated in the interstitial spaces than are 

the other noble gas atoms. 

Another effect that can occur during the ion bombardment of the 

target is the development of physical heterogeneities on the surface. 

Thus, for example Trillat (1956) showed that bombarding a gold single 

- crystal layer with 12 keV ions converted it into a polycrystalline layer. 

Ogilvie et al.(1959) found a similar disturbing effect in the bombardment 

of silver single crystal layers with argon ions in the energy range from 

12 to 4000eV. The original single crystal layer is split up after the 

ion bombardment into a number of small crystallites (around 100 R in 

length), the crystallites being oriented with respect to the original 

single crystal layer as if a rotation had occurred around the (112) axis.



Farnsworth et al.(1955) found that bombarding titanium, nickel and 

platinum surfaces with argon ions likewise produced disturbances of the 

crystal lattice at the surface. Guntherschulze and Tollmien (1942) 

observed that bombardment of metals such as platinum, aluminium, bismuth 

and magnesium with ions induced the development of submicroscopic cones 

on the surface (but gold, platinum, iron and nickel did not show the 

effect). The development of physical heterogeneities as a result of 

ion bombardment of surfaces can be regarded as well established for many 

systems. Some macroscopic results of bombardment may be observed even 

in the case of non-crystalline materials, since the implanted ions can 

cluster to create precipitates. Naturally, the effects of damage are 

most evident when the target possesses an initially ordered structure. 

The removal or reduction of radiation damage is a most important 

aspect of ion implantation, since otherwise the properties of the material 

are likely to be dominated by the many defects that each ion will produce 

in coming to rest. Only when the damage is minimized do the properties 

of the embedded ions themselves become observable and usable. Occasion- 

ally the properties of the defects themselves may be beneficial, for 

example in the production of high-resistivity silicon by irradiation 

(Messier et al.(1964)) or the generation of colour centres. However, 

in such cases a more uniform distribution of damage is required than 

would result from ion bombardment, 

In recent years, the injection of material into a target specimen 

in the form of an accelerated ion beam has been utilised as a most 

valuable tool for altering its physical properties in a controllable 

manner. This is particularly the case for semiconductors, in which 

the electrical behaviour is determined by extremely small concentrations



of certain impurities. It is feasible that magnetic properties, 

mechanical hardness and optical transmission may be usefully modified 

by ion implantation. In 1955 Cussins, bombarded germanium with twelve 

types of ion and in each case observed an increase in the acceptor 

concentration. 

Interest grew rapidly at a number of laboratories after 1963. At 

about that time the phenomena of ion chanelling became recognised. The 

study of this subject formed a basis. for the development of the ion 

implantation techniques and also gave rise to new ways of locating the 

positions of ions implanted into a lattice. 

Comparison of conventional techniques of introducing doping 

material by diffusing at high temperatures with ion implantation revealed 

that the depth of diffusion and the degree to which the impurities 

diffuse laterally are not very controllable in practice, while the 

possible concentration profiles are limited by the nature of the diffusion 

process. By contrast, ions entering the solid as a directed beam come 

to rest with very little lateral spreading. The range distribution is 

highly reproducible and may be controlled by variation of the ion energy; 

the ion species, and dose as well as by the crystal orientation and 

temperature. Although thermal annealing is necessary in most cases after 

implantation, in order to reduce the effects of radiation damage, the 

annealing temperatures are substantially lower than those required for 

diffusion. The relatively low temperature involved in ion implantations 

_ removes the tendency, present in diffusion technology, for impurities to 

migrate during successive stages, but they do require that, if both 

techniques are employed in the fabrication of a device, the diffusion
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must be carried out prior to implantation. At other times, implant- 

ation may be a convenient method of introducing material as a source 

for diffusion (Roughan et al.(1968) ). 

Several different investigators using different techniques studied 

radiation effects on different materials. All studies lead to the same 

qualitative conclusion which is in agreement with the present ellipso- 

metric measurements. Using LEED, Jacobson et al.(1965), Farnsworth et 

al.(1967) and Henzler (1970) showed deterioration of the LEED pattern 

as a function of ion dosage and energy. MacDonald et al.(1966) 

estimated the depth of damage induced in germanium by low energy ion 

bombardment by monitoring the changes of the sputtering yield. Optical 

techniques have been used by Mayer (1970) and Hart et al.(:1969) to detect 

surface change induced by high energy ions. Bowden et al.(1963) studied 

radiation damage in gold, copper and nickel by bombardment with 100 eV 

argon ions using transmission electron microscope. They found a high 

concentration of damage close to the surface in a short time. They 

estimated the depth of damage to be 100 : below the surface. Kelly et 

al.(1970) using transmission micfoscopy- gave evidence for a type of 

structural evolution following ion impact. Bombardment of amorphous 

Zr0, leads to complete crystallization. Also Merkle (1970) demonstrated, 

by bombarding single crystal gold films with protons and xenon ,that the 

damage rate does depend strongly on the orientation of the beam relative 

to the crystallographic directions by measuring the change in resistance 

on bombarding the film at low temperature. Venables (1970) discussed 

a selection of phenomena associated with low energy ion bombardment of 

solids, with particular emphasis on information obtained with the trans- 

mission electron microscope and on techniques which give specific infor- 

mation about the processes which take place in the surface layers of the 

solids.
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Ibrahim et al. (1972) reported lattice damage in silicon induced 

by 400 eV argon ions. They interpreted their ellipsometric results 

in two ways. In one the model consisted of residual surface contami- 

nation and the partially damaged substrate. In the other case, the 

damage was analysed by a three layer model consisting of residual 

surface contaminant, the damage layer and the underlying substrate. 

Nomura et al.(1974) studied the change of electrical resistance of 

metal films bombarded with helium ions of energy 4-10 keV. They found 

an increase of resistance with ion dose without saturation. 80% of 

the resistivity changes induced in copper and 60% in gold were recovered 

after annealing to 453°. K. 

1.4 Ellipsometry 

1.4.1 Background and Review 

Ellipsometry is the name applied to measurement and analysis 

of elliptically polarized light in the broadest sense irrespective of 

the cause of elliptical polarization. Elliptical polarization may be 

caused by reflection from a metal or dielectric surface with or without 

a surface film. In ellipsometry two angles are measured the ratio 

of amplitude vectors, and the phase differences. Methods of analysing 

elliptical polarization arecredited to Senarmont in the middle of the 

nineteenth century. Ellipsometry is based on the Fresnel formulae which 

indicate that when light is reflected at any two interfaces, the two 

components vibrating in and perpendicular to the plane of incidence, 

Pp 
generally called r° and r’, respectively, undergo a phase shift of 1g0° or 

p 
0°, and furthermore, that r° vanishes at a certain angle called the 

Brewster angle. Freshel, postulating transverse vibration, was able to 

account for the existence of polarization by reflection.
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In the early Toea century, there was a great deal of interest 

fundamentally concerned with the analysis of reflected polarised light. 

Since ellipsometry is essentially based on the analysis of reflected 

polarized light, it can be said that its history began in 1808 with the 

detection of polarization by reflection by Malus. 

In 1815 Brewster published a paper in which he formulated the 

analytical relationship between refractive index and polarizing angle 

(the angle of incidence at which the reflected light is plane polarized). 

Airy in 1833 studying Newton's rings formed between a convex lens 

and flat surfaces of diamond and of metal, observed and analyzed tne 

nature of the non-vanishing p-component reflected at the Brewster angle. 

He arrived at expressions similar to those which are now called fundamen- 

tal equations of ellipsometry by applying Fresnel's coefficients to the 

multiple reflections in the gap between glass surfaces and introducing 

the phase difference due to passage through the air layer. 

In 1840 although the nature of elliptically polarized light was 

well characterised, it had not been clearly established at that time what 

was the origin of elliptical polarization by reflection 

In 1850 Jamin, in his extensive experimental studies on reflection 

of light from many solids and liquids, examined the relative phase change 

with angle of incidence. He found, that for angles near the Brewster 

angle, the reflection of light deviates sensibly from Fresnel's law and 

he found an appreciable amount of ellipticity was present. He distin- 

guished between two types of ellipticity, and coined the expressions
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positive and negative ellipticity. The presence of a thin film at the 

solid or liquid-air interface was responsible for the failure of 

Fresnel's law as explained later by Drude (1890) and Rayleigh (1892). 

Also Jamin(1851)was unable to suggest the quantitative relationship 

between ellipticity and refractive index and indeed consider them as 

independent constants. 

The earliest statement connecting optical and surface phenomena was 

achieved by Lorenz (1860), he concluded that the calculations of 

reflection and refraction of light on the assumption of an abrupt trans- 

ition from one medium to the other, and then the sudden change in re- 

fractive index at the boundary cannot exist in nature. He suggested 

that the calculations would be more accurate and more valid if a gradual 

transition was assumed over a certain region, which may be made arbi- 

trarily small. He was also able to show that Jamin's results could be 

accounted for by the existence of a film of thickness between a hundreth 

or a tenth of a wavelength. Lorenz explained the tendency of surfaces 

of low and high refractive index to exhibit nej2tive and positive ellip- 

ticity. 

Van Ryn Alkemade (1883) attacked the Lorenz problem using the new 

electromagnetic theory. He treated the longitudinal vibration and 

transition zone equally, and came out in favour of the latter. Van Ryn 

showed that the ellipticity observed at the polarizing angle might be 

caused by a film of molecular dimensions. 

In 1886 Maxwell showed that the Fresnel formulae for the reflection 

coefficients could be simply derived from the electromagnetic theory of 

Light.
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Before the end of the last century, Lord Rayleigh in England (1892) 

and Paul Drude in Germany (1890) found a correct explanation for the 

failure of Fresnel's law. Rayleigh found that light reflected from 

water at the Brewster angle had a small negative ellipticity which was 

contrary to the Fresnel equation. He concluded that the effect was due 

to a contaminating film of grease on the water surface which he estimated 

to be less than one micrometer-in thickness. Between 1890 and 1908 he 

studied reflection from many liquids and solids and showed Jamin's data 

on water to be affected by surface films, and confirmed Drude's confidence 

in Fresnel!s equations as a limiting case. At the same time as Rayleigh 

was investigating the optical properties of the light reflected from the 

surface of liquid, Drude was testing the optical properties of the light 

reflected from solids. He was able to correlate quantitatively the 

optical thickness of a film and the optical constants of the material 

upon which the film was deposited. In two fundamental articles published 

in 1889 and 1890, Drude derived the fundamental equations of ellipsometry 

from Maxwell's equations with suitable boundary conditions. He was able 

to correlate quantitatively the optical thickness of a film and the 

optical constants of the material upon which the film is deposited with 

two parameters characterizing the ellipse representing the reflected 

light. The two parameters were the ratio: 

tany = p/p 

and A =6P -8 

where oP and io are the reflection coefficientsof the components in 

and perpendicular to the plane of incidence after reflection 

respectively. 

6? and 6° the absolute phase shifts of the same two components 

brought about by the reflection. 

Drude obtained a most general equation, valid for films of any thickness 

deposited on metallic surfaces.
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Voigt (1888) derived*nearly the same fundamental formulae as 

Drude's formulae, but for dielectric systems. 

Parallel to the development of the theory of ellipsometry the actual 

apparatus used for ellipsometric measurements slowly evolved to the 

present instrument. Hauschild in 1920 and Skinner 1925 were the first 

to describe instruments very similar in principle to those of the present 

day. 

From late 1920 onward, ellipsometric studies of film formation 

in both liquid and gaseous environments have been made mostly with visual 

instruments. 

In 1927 Ives and Johnsrud were able to determine the thickness of 

spontaneously deposited photoelectrically active rubidium film deposited 

in vacua on glass and platinum surfaces making use of calculations of 

Ery (1927) of the relationship between thickness of alkali metal upon the 

uruerlying glass base and the resulting changes in optical behaviour. 

In 1934 Blodgett was the first to develop a technique for depositing 
° ° 

thin films of known thickness. With her appardtusa film 10 A to 20 A 

in thickness could be deposited with a precision of about 3 + The 

thickness of the film was measured by means of the interference of mono- 

chromatic light reflected by the film. 

In 1934 Tronstad and Feashem investigated the optical constants of a 

mercury surface which they used as a standard surface for the calibration 

and adjustment of the ellipsometer since it was found to give more re- 

producible results than any surface produced by mechanical polishing.
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In 1935 Tronstad, by using the technique of deposition of thin 

films of known thickness, was able to verify Drude's formula and its 

modification. He used a monomolecular film of fatty acids deposited on 

a mercury surface. He found close agreement between calculated values 

and length of fatty acid chains. 

In 1933 and 1936 Murmann suggested that the optical constants could 

be determined by measuring the intensity of the light transmitted and 

reflected from both sides of the film, although this requires a separate 

determination of the thickness. 

In 1945 Rothen was thé first to determine the thickness of films 

deposited on metal slides by an apparatus which was modified from that 

of Hauschild and coined the name ellipsometer. In 1948 Rothen and 

Hanson gave practical information concerning the calibration of an ellipso- 

meter. The instrument was provided with a half shadow device to facili- 

tate setting the crossed polaroids. Fig. (1.4.1.a) shows a schematic 

diagram of the basic components of an ellipsometer. 

Additional developments in ellipsometric instruments and methods 

have been achieved by the addition of many auxillary services, but ~~ 

the principle of operation remains unchanged. Such additional 

developments lead to more sophisticated instruments. The following are 

examples of these auxillary services: 

a) More sensitive photoelectric methods replace the classical visual 

procedures. 

b) The modulation and compensation of the instrument to use the Faraday 

effect.
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Fig. (1.4.1la) Basic components of an ellipsometer 

P= polarizer Q= compensator A= analyser D= detector 

Two different methods can be used to measure the ellipsometric 

parameters ) and A. 

(i) Beattie method 

(ii) Compensator method 

The Beattie method was used in the present work and is explained in 

section (2.6). In the compensator method, plane polarized light, 

produced by the polarizer P, is incident on the specimen with its plane 

of polarization inclined at an angle to the plane of incidence. 

Generally, the reflected light is elliptically polarized. Then ellip- 

tically polarized light passes through the compensator which consists 

of a bi-refringent material. The thickness of the compensator is 

such as to produce a 90 degrees phase difference between the ordinary 

and extra-ordinary ray for the particular wavelength of light used. 

If the fast axis of the compensator is arranged to be parallel to the 

major axis of the reflected ellipse, the vibrations along the major and 

minor axes of the ellipse are brought again into phase and plane polar- 

ized light results. Finally the light passes through the 

analyzer to the photomultiplier. 

Two geometrical arrangements of the ellipsometer may be used. One 

with the retardation plate Q following the sample and the other with it 

preceding the sample.
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1.4.2 Computational techniques 

The use of Drude's exact equations for the calculations of 

optical constants was very tedious until the advent of the modern high 

speed computers in the last two decades. The use of the exact equat- 

ions is necessary to correctly interpret the results of ellipsometric 

measurements for the optical parameters of the systems of interest. 

When polarized light is reflected from a surface, the state of polar- 

ization of the light is changed. This change of polarization may be 

represented by the ratio of the reflection coefficients xP and r° for 

light polarized with its electric vector parallel and perpendicular to 

the plane of incidence respeciively. In general, these reflection 

coefficients are complex numbers, so they determine the change in both 

amplitude and phase of the light and they are given by Fresnel co- 

efficients: 

zr =(n, cosp)~ ny cosh, )/(ny cos, +n, cost, ) 1.4.24 

—— 2 Tio =(n) cosh, ny cosh, )/(ny cos, =n cos?) 1.4.2b 

a) and n, are the refractive indices of the medium above the surface 

and the surface itself respectively. For absorbing materials the 

refractive index N is complex. %) and $, are the angles of incidence 

and refraction. o, is complex in an absorbing medium. 

The parameters measured by an ellipsometer are related to the ratio of t 

reflection coefficients (p) by 

A 
p= rP/2S = tanyp me 1.4.2¢ 

which represents the relative attenuation, tan¥, and the phase shift, 4, 

for the components of the electric vector in and normal to the plané of 

incidence. If a film is placed on the surface, these reflection co- 

efficients of the composite surface are changed. For a very thin film,
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appreciable changes in the reflection coefficients result, making the 

ellipsometer a sensitive instrument, since these changes can be detected. 

For a film covered surface, the exact Drude equations for the 

reflection coefficients are: 

P _ (,P p Pp op RY = (rig + 25g exp D)/(1 + rf rhq exp D) 1.4.24 

Soh pes s Ss .s R° = (Tio +25, exp D)/(1 + Tip Tog eXP D) 1.4.2e 

Where 

Dis ~4n'in,cost,d,/d 

Where do is the film thickness, 4 the wavelength of light and the sub- 

scripts 1, 2 and 3 are used for the medium, film and substrate respec- 

. ae p s p s tively. The Fresnel coefficients Tip? Tio and P59? P53 

reflection between medium and film, and film and substrate respectively 

refer to 

and the ratio of the reflection coefficients is: 

p = RP/R® = tanyer4 

For a particular angle of incide~ce, film thickness and refractive 

indices of surrounding medium, film and substrate, the ellipsometric 

values W and A may be computed. The film thickness of known re- 

fractive index may be determined from these calculations by comparison 

with the experimentally measured values of W andA . If the refractive 

index is not known, both the film thickness and refractive index may be 

determined from ellipsometric readings. Values of the refractive index 

and different film thicknesses are assumed. The correct values are 

those for which nearly zero error in 6A and 6 are found (smallest error). 

In the case of absorbing material (complex refractive index), if either 

the real or imaginary parts or the film thickness is known, the other 

two parameters can be determined as previously explained by searching for
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the values which give the least error in the calculated values of 6A 

and 6). However, the complex index of refraction and film thickness 

are very difficult to determine from a single set of ellipsometric 

readings since a set consists of only two values,¥ and A , By increasing 

the number of ellipsometric measurements, all three values can be 

determined. The following are possible ways of increasing the elli- 

psometric information. 

1. A series of ellipsometric measurements for films of the same 

refractive index for different but unknown thicknesses or of 

thicknesses in known ratios. 

2. Different ellipsometric measurements on a single film for 

different surrounding media of known refractive index. 

3. Different readings for the same film on different substrates. 

4, Changing the angle of incidence, different readingsfor the 

same film being taken. 

Because of the complexity of the exact equation, the application 

of ellipsometry was limited to materials covered with films very thin 

relative to the wavelength of light. 

The fundamental equation of ellipsometry is: 

P 78 tan 
Cr ret sig 
tRP/R® ine non Vine 

= cn tanp 1.4.2f 

  

exp( H(A, 26) ~ Dane )) 

where 

= (RoR): tanb. oe) = (RY/R ieey 

= (PL. 2 
Arofl =a =6 \refl
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Similar definitions hold for the incident wave. 

In general, the incident light is plane polarized with the plane of 

vibration of the electric vector inclined at 41/4 with respect to 

the plane of incidence, so that 

= (pP/p z tanb, ., = (R/R Menge e= 

A 
* =O 
inc 

and ef tan¥ = (R°/R®) 
refl 

and since generally 

Ree Re 
s 

and ge #6 

the reflected wave is elliptically polarized. The ellipsometer measures 

experimentally quantities that allow p and A to be determined. The 

Fresnel coefficients R can be expressed in terms of the optical 

constants of the media bounding the reflecting interfaces and the angle 

of incidence as in equations (1.4.2a,b). If all the Fresnel coeffi- 

cients are substituted in equation (1.4.2f) and the real and imaginary 

parts of the resulting equation are separated, there results -ne equation 

for and one for A. 

For very thin films d<<A Drude expanded the exponential term in 

equation (1.4.2f) in a power series of d/A and, neglecting terms of 

higher order than the first, obtained: 

=f ed 1.4.29 

eb ee 1.4.2h 

where : 

ne 2 1 cos sin@$ (cos$,-a)(— - hk) 
a= (41/A,) reese 2 é aL   ones 

(cos $ a) + ay



SD 

Sense 2 2 ole cosh sinzsin $5ayQ-ny cos oe) (54-1) 

  

B = (al/A, ) By 

2 2 2 
(cos o. -a)> + ay 

2 2 
mp 7k 
  

Seo Do 
(np + Kk) 

ie 2n, ky 

Satay a 2,2 (ny + k5) 

For filmsof thickness large compared withAthe exact theory must be used. 

More details can be found in the books by Vasicek (1960) and Heavens 

(1955 Je 

These linear approximations (equations 1.4.2.9,h) are commonly known 

as Drude approximations. Tronstad (1935) modified the Drude approxima- 

tions to include more terms, and such equations are known as Drude- 

Tronstad formulae. On the other hand Archer (1957) modified the Drude- 

Tronstad equations by including first order terms and found them to be 

significant in many cases. Burge and Bennett (1964) comparing these 

approximations with the exact theory, concluded that Drude's approxi- 

mations could cause errors for films as thin as 10 Ay and the difference 

might be as high as 10 - 30% in some cases. Saxena (1965) derived a 

new generalized equation for ~ and Awhich is valid in the thin film region 

(<100 4) and also in certain ranges of the thick region, and showed that 

Archer's equation for pis not valid in the thin film region. 

In 1962 Archer was the first to develop a computational programme io 

calculate the thickness and optical constants of silicon surfaces using 

the exact theoretical equation without the limitation of the approximate 

theory.



eae 

McCrackin et al in 1963 gave a critical survey of the potentiali- 

ties and limitations of ellipsometry for the determination of the 

optical properties of solids. They developed a numerical method which 

allowed the calculation of the variation of ellipsometric parameters as 

a function of the optical parameters of the system of interest. They 

also discussed the variations in ellipsometric readings with different 

film thicknesses, different surrounding media, various substrates and 

variation of angle of incidence. McCrackin's -programme has a numerical 

computational method for determining only the optical constants of an 

absorbing film and its thickness provided the optical constants of the 

absorbing substrate are known. 

Burge and Bennett (1964) and Archer (1964) have shown that optical 

constants of substrates can be determined only if the values of n, d 

of the film are known even though the thickness of the film is as thin 

as 10 - 50 i. They demonstrated this in detail for a special case using 

silicon. Burge and Bennett (1964) concluded that the variation in 

ellipsometric parameters and A with angle of incidence cannot be used 

to determine the presence of a thin surface film, since calculations 

show that the variation of these parameters with angle of incidence 

for a partially covered surface is practically identical with that for 

a fictitious surface with appropriate optical constants. 

Vedam et al (1969) have developed an ellipsometric method for the 

determination of all the optical parameters of a transparent film on 

an absorbing substrate system from a series of measurements on different 

film thicknesses or with different incident media. The method is based 

on the constancy of the normal reflectance, R, at small film thickness.
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Ellipsometric measurements of A and Ware performed on the sample with 

two or more different film thicknesses or in two different ambients. 

The final results are obtained by a computer search which finds those 

values of ny and ny which yield, on computation, values of A and yin 

exact agreement with the experimentally measured values. Then since 

ny is now known, ko is automatically specified from the value of R. 

Film thicknesses are also obtained in the process. This method is 

applicable to materials with a large ratio of Ny to Ko such as silicon 

or gallium arsenide. 

The range of surface film thickness over which the normal reflect- 

ance is constant is very small. In other cases different experimental 

techniques have to be used for the precision measurement of the normal 

reflectance before the method is applicable. 

1.5 Aim of the present work 

The production and maintenance of atomically clean surfaces in 

ultra high vacuum is a necessary first step in the investigation of 

many surface phenomena. However, there is not general agreement 

concerning the most acceptable method to be used in individual cases. 

This situation may be due to several factors. 

1. A lack of sufficient experimental data to completely characterise 

the required conditions. 

2. To insufficient understanding of many determining factors whicn 

must be controlled or taken into account. 

3. To the variation of requirements for different surfaces. 

4. To a lack of a suitable method of testing the surface in question.
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Ellipsometry proved to be a sensitive, non-destructive method 

for examining surfaces, in addition to there being no restriction on 

the size of sample to be investigated. 

The purpose of the present work was to continue the study of 

the relationship between optical constants and structure already 

initiated in this laboratory by Fane and Neal (1970), and Neal et al. 

(1970). The aim was the improvement of the detection system to 

increase the sensitivity of the ellipsometer to facilitate the 

detection of fractional monolayer of adsorbed gas. 

Measurements were also made on ion bombarded surfaces in an 

attempt to correlate ellipsometric parameters with the damage 

produced. Such a correlation is important in the interpretation of 

optical constants, known to depend on preparation of the material and 

structure. Possible methods of calculating the thickness of the 

damaged layer from and Ameasurements was investigated to assess the 

usefulness of the instrument as a monitor of damage produced in the 

first few hundred Angstroms of a metal or semi-conductor surface.



CHAPTER 2 

EXPERIMENTAL ARRANGEMENTS AND PROCEDURES 
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2.1 Experimental chamber and vacuum system: 

A conventional vacuum system similar to that described by Fane and 

Neal (1970) was used. The experimental chamber (stainless steel) was 

pumped by a four-stage diffusion pump, filled with D.C.705 oil, which 

was backed through a liquid nitrogen trap by a rotary pump. A water. 

cooled baffle and liquid nitrogen trap separated the pump system from the 

chamber. The flange between the chamber and the cold trap was sealed 

with aluminium wire (0.625 mm diam.) and that between the trap and the 

diffusion pump with indium wire, all other flanges used copper gasket seals. 

Fig.(2.la) shows a schematic diagram of the vacuum system and the experi- 

mental chamber. Fig.(2.1b) shows the optical arrangement. 

The substrates (glass to produce polycrystalline gold film and 

sodium chloride single crystal to produce single crystal gold film) were 

supported on a stainless steel block, welded to the stainless steel central 

tube inside which was a second tube with the heater welded at the end. The 

substrates could be heated to 500°C using a nichrome heater tape insulated 

by mica sheets and fixed in position with a glass tube. 

The experimental chamber was connected to the gas admission system 

through a bakeable leak valve, type MD6 (Vacuum Generators Ltd.) which 

allowed the total pressure to be varied and accurately controlled during 

the experiment. A quartz crystal thickness monitor was mounted beside 

the substrate holder so that the distances between the evaporation filament 

and both the substrate and the quartz crystal were the same. Two quartz 
° 

windows permitted the use of light to a wavelength of 1800 A.
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Fig.(2.1.b) Optical arrangement used in the present experiment. 

A= 

c 

m Mt 

monochromator 

polarizer 

Analyser 

B= light chopper 

D = Quartz window 

F Photomultiplier 

G = Experimental chamber
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The electrical contact areas were evaporated onto the substrate 

before the films were prepared and the size of the sample films were 

defined by evaporation masks. For most of the optical and electrical 

measurements, the shape of the film was as shown in Fig.(2.1c) while 

for electrical measurements at liquid helium temperature, the arrange- 

ment for preparing two pairs of films each of the same thickness is 

shown in Fig.(2.5.2a). After deposition, all four films were trans- 

ferred to the holder as shown in Fig.(2.5.2b) for annealing. 

Electrical connections to the specimens were made through an eight- 

way ultra-high lead-out and nickel wires insulated with ceramic beads 

and pyrex glass tubes. The final connections to the specimens were 

made with pressure contacts using thin copper strips. 

2.2 Gas admission system 

The arrangement for the gas admission system is shown in Figs. 

(2.2a,b). All gases used were stated to be spectroscopically pure 

(British Oxygen Company). The system was pumped to a pressure of 

10°*torr with a rotary pump through liquid nitrogen traps before the 

gas bulb seal was broken. The gas admission system was connected to 

the experimental chamber through a bakeable leak valve and a stainless 

steel cross tube as shown schematically in Fig.(2.3b). 

fo Ue 

fe =] 

Cts 
Fig. (2.1c) Shape of the films used for optical and 

  

      

electrical measurements
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Pirani gauge 

t Valves 

| /\ 
To the leak 

valve 

Mr 
Liquid niltrogen traps 

    To gas bulb   

To rotary pump 

Fig.(2.2a) Schematic Diagram showing the gas side. 

2.3 Ion gun 

The ion gun was a type AG1, (Vacuum Generators) similar in 

construction to the hot cathode ion gauge with additional electrodes 

to extract and accelerate the ions in the form of a beam. In this 

type of gun any contamination effect due to electrons is minimized, 

as the filament is enclosed in the outer electrodes which are only
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Fig. (2.2.b) Gas admission system 

A = Gas bulb B= Pirani gauge head
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perforated from one side to permit the ions to emerge. The structure 

of the gun is shown schematically in Fig. (2.3a). 

& 

Fig.(2.3a) Construction of ion gun 

The principle of operation of the gun is similar to that of the 

ionization gauge. Electrons make several traverses before being 

collected. During these multiple traverses, the residual gas is 

ionized. Gy which is slightly negative, attracts the positive ions 

.-twards and suppresses the electrons. The meshed apertures in Gy 

and the earthed screen S allow a beam of ions to emerge into the field 

free region. Ions of energies from 200 to 500 electron volts can be 

produced. 

The ion gun is connected to the system with a bakeable valve 

type MD6, (Vacuum Generators) through a cross tube as shown in Fig. 

(2.3b). 

A tungsten filament is connected as shown in Fig.(2.3b), for 

evaporation of the gold film.
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Fig.(2.3b) Construction of the ion gun and the gas side 

  

Fig.(2.3¢) Mask to protect the leak valve from evaporated metal
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Two shutters are positioned in the tubes carrying the ion gun and 

the leak valve. The upper one protects the leak valve from the metal 

evaporated. Its shape is shown in Fig.(2.3c) with two side gaps to 

allow the gas to enter the system with a metal sheet in the middle to 

stop the evaporated metal from closing up the valve. The other shutter 

is magnetically operated to stop the ions from reaching the substrate 

surface, 

2.4 Optical arrangements 

The ellipsometer used in this study is schematically illustrated 

in Fig. (2.4a) and consisted of the following parts: 

2.4.1 Light source and monochnomator 
  

Two types of lamp were used. A 150 watt ordinary pro- 

jector lamp and 75 watt Wotan high pressure xenon arc type XBO (AEG- 

Telefunken (U.K.)) which produces a continuous spectrum and is water 

cooled. The xenon lamp was supplied from a 60 volt battery. 

The selection of the wavelength at which meecurements were to be 

taken was made by means of the monochromator,(H & W D323). The width 

of the spectral lines produced could be defined by the width of the 

monochromator input slit which was varied by means of a micrometer screw 

from zero to a few millimeters. Similarly the radiation leaving the 

monochromator by the exit slit could be varied in width. The light 

was focused onto the monochromator entrance slit by means of a condenser 

Jens which can transmit light to 2500 i All the lens systems used 

were the same,
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2.4.2 Polarizer and analyser 

Again two types of polarizer and analyser were used: 

a) N22 polaroid, for which the minimum intensity of the light was 

extended over an angle of 0.5 degree and which increases the error 

in determining the ellipsometric parameters wand A, Also, the 

range at which it is transparent is limited. 

b) Two calcite nicol prisms (Bellingham & Stanley) were mounted onto 

graduated circular vernier scales. The minimum for these prisms 

was quite sharp (about 0.05°) which allowed accurate determination 

of Wand A, 

The vernier scale was modified in the departmental workshop to read to 

0.02 of a degree. 

2.4.3 Detection system 

The monochromatic radiation passed through the variable speed 

light chopper (Type 9479 Brookdeal Electronics Ltd.). The radiation 

could be chopped at different selected frequencies from 0.5 hz to 3 khz. 

The light chopper also provides a synchronous square wave signal to 

drive the reference channel of a lock-in-amplifier. The chopped light 

emerged from the polarizer, falling onto the sample and then after trans— 

mission through the analyzer, was detected by a photomultiplier tube 

(EMI 9526 B), The response of this photomultiplier tube to incident 

radiation is at maximum at the blue end of the spectrum as may be seen 

from the response curve shown in Fig.(2.4.3a). The tube was used in con- 

junction with a stabilized power supply (Type 532D Isotope Development Ltd). 

The control circuit of the tube, is shown in Fig.(2.4.3b). The signal from 

the photomultiplier is then fed into an amplifier and phase sensitive 

detector, the output being indicated by a digital voltmeter. Fig.(2.4.3c) 

shows the detection system used in these studies,



eS ies 

Quantum 
efficiency 

16 

14 

12 

8 

4 

0 
0.10.2 0.3.0.4 0.5 0.6 0.7 Wavelength y 
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Fig. (2.4.3b) Control circuit of the tube 9526B
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Fig. (2.4.3c) Detection system 

A Photomultiplier 

B= Phase sensitive detector 

C = Power supply to photomultiplier 

D = Digital voltmeter
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2.5 Experimental procedure 

The experimental chamber was baked with heater tapes to 250°C. 

The trap adjacent to the chamber also was baked and allowed to cool 

earlier than the system. While the system was still hot, the trap 

was filled with liquid nitrogen and after the system was cooled down 

the pressure reached 2-6 x 10? torr. A polycrystalline and single 

crystal gold film \were prepared and measured in situ. During 

evaporation, the substrate was held at room temperature (for poly- 

crystalline film) and the pressure in the system rose to 2 x 10° ‘torr. 

The glass substrates were cleaned, by boiling them for several minutes 

in dilute detergent (5%) and washing with hot water. They were 

wecned again in distilled water and the substrates were then cleaned 

in isopropyl alcohol in an ultrasonic vibrator for 15 minutes and 

finally boiled in isopropyl alcohol and withdrawn through the vapour. 

On the gas side, to maintain the purity of the gas which entered 

the chamber, the following precaution was taken. The tube connecting 

the experimental chamber and tiie gas buib was evacuated to 10°2torr 

through a liquid nitrogen trap, to remove water vapour. “Then oh was | 

flushed with the gas and again pumped down. The procedure was re- 

peated several times before introducing the gas to the chamber. 

After preparing the film, it was annealed to 300°C for five hours 

and left in vacuum to settle down. After that the film was stable 

and reproducible results, within the experinental error, were achieved.
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2.5.1 Single crystal preparation 

Epitaxy is the phenomenon of the oriented growth of 

one substance on the crystal surface of a foreign substance. The 

epitaxial growth stongly depends on the deposition conditions. In 

the present work, single crystal gold films of orientations (110) and 

(100) were prepared. Sodium chloride single crystals (Cock Light 

Company) were used as substrates... Two different orientations of 

(110, 100) enabled single crystal gold films of similar orientation 

to be prepared. Films prepared in poor vacuum (5 x 10° torr ) 

required the substrate to be heated to over 500°C and contained 

impurities of other orientations and gold chloride as shown from X-ray 

diffraction patterns, while for films deposited in 2-6 x 10? torr 

the substrate needed heating to only 350-400°G, 

2.5.2 Preparation of several films in the same run 

Two pairs of polycrystalline gold films could be prepared 

in the same run. ach pair of these films were of the same thickness. 

The sample holder is shown in Fig. (2.5.2e) in which films 1, 2 were 

of the same thickness and films 3,4 were also of the same thickness 

but different from the other two. After preparation all four films 

were transferred to another sample holder shown in Fig.(2.5.2b) to 

be annealed. After annealing, one film from each pair was exposed 

to ion bombardment. The others were used as monitors.



a: a 

  

Fig.(2.5.2a) Sample holder for preparation of two pairs of 

different film thickness. 

  
Fig.(2.5.2b) Sample holder for annealing the four films.
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2.6 Experimental details- ‘ 

+ Attempts were made to correlate ellipsometric measurements and 

electrical resistance measurements made on films after low energy ion 

bombardment with argon and neon ions, or after adsorption of the same 

gases. Gas adsorption measurements were made at both room temper- 

ature and liquid nitrogen temperature. With the system held at a 

pressure of 2-6 x 109 torr neon or argon gases were introduced in 

steps up to a pressure of 5 x 100° torr. Each time after introducing 

the gas a period of ten to fifteen minutes was allowed for equilibrium 

to be reached and then measurements were carried out. Measurements 

were taken over the wavelength range 0.39 to lu. In measuz ing y and 

A values, the Beattie method (Beattie 1955) was used to overcome the 

difficulty of changing the quarter wave plate and to eliminate errors 

arising from using only one quarter wave plate over a wide range of 

wavelengths. In this method and A can be determined in two ways: 

1. Either by fixing the analyser at 45 degrees from an azimuthal 

position (y,) and measuring the intensity of light at four ; 

polarizer settings, or 

2. Fixing the polarizer at 45 degrees from an azimuth position 

(yp) and measuring the light intensity at four analyzer settings. 

Method 2 was adopted in this work and the light. intensities 

Tos q3 and I, were measured at analyzer settings of 90°, 0°, +45° and 

-45° with respect to an azimuth. Thus i (+9/4, +n/2) indicates the 

light intensity with the polarizer at 1/4 i) and the analyser at 1/2 

with respect to an azimuth. A similar notation is adopted for the 

other intensity values.
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The intensity measured may be expressed as: 

eee. ae ree 2 z : 
L(Y 4) = 1 (sin vein V, + pcos uy cos ,* Bpsin2p sind) cosh ) 

(2.6a) 

where 9 =2r°/r° = tanW 

For metals of high conductivity, (x8)? differs little from unity so 

that it can be incorporated into an intensity 3 such that 

I= eae )e 

° 

where E is the electric vector. 

From equation (2.6a) the four intensities are: 

1, (40/4, +1/2) =41 
° 

N 

2 
1,(+1/4, 0) B1,P 

1,(4/4, +1/4) = 2 1,(1 + p? + 2pcosh) 

1,(41/4, -1/4) = 2 1,(1 + p? - 20c0sh) 

Values of ) andA un then be evaluated using 

° i tan¥ = ( t/t, 3 

and 
Teed 
3 =) A wl Set Es cos (= + P) ( 9 I, - I, 

A simple check which is found to be true to within 0.5 to 1.0% is that: 

1) + I, = I, I, 

and errors due to incorrect reference azimuths can be reduced by 

measuring the four corresponding intensities on the opposite sides of 

the reference azimuth and averaging.
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Ideally at all wavelengths, all eight values should be 

measured, but this procedure would double the time of measurement. 

Therefore intensities I, to Ip were measured occasionally to test 

the reliability of the technique, and also check that: 

I, t+i,=1,+ 1, 

is valid to within the same error limits. 

A computer programme to calculate the values of ¥. andA from 

ellipsometric measurements is described in Appendix I a.



CHAPTER 3 

INTRODUCTION TO EXPERIMENTAL WORK AND POSSIBLE THEORETICAL MODELS
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3.1 Physical Adsorption 

A gas molecule in the neighbourhood of a solid surface experiences 

forces which will generally result in a greater concentration of gas 

molecules near the surface than in the gas phase, i.e. in the phenomenon 

of adsorption. It is apparent that a complete understanding of the solid 

gas interface depends uponaknowledge of the mechanism of surface forces. 

Fundamentally they originate from the electromagnetic interactions of 

the nuclei and electrons comprising the system. The distribution of 

these entities is determined by their mutual interactions and by the 

principles of quantum mechanics. The quantum-mechanical state of the 

solid and the molecule should be determined for varying positions and 

orientations of the molecule relative to the surface, and the energy of 

each of these states could then be compared with the energy of the system 

when the molecule is at a great distance from the surface. The difference 

in the energies would be the energy of interaction, and its various space 

derivatives would yield the forces and torques on tne molecule. Such 

a problem is very difficult to treat in anything approaching real 

~ situations, and ** is necessary to introduce a variety of simplifications 

and approximations. 

The first of these simplifications is partially suggested by 

experiments and is associated with the terms physical adsorption and 

chemisorption. Physical adsorption is usually considered to arise from 

the presence of Van der Waals forces. These forces appear when the 

equilibrium distribution of electrons in the molecule and the solid are 

such that there is no sharing or transfer of electrons between molecule 

and the solid, and the electrons in the interacting species maintain 

their respective associations as the molecule approaches the surface.
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As the electron clouds interpenetrate, only antibonding or repulsive 

effects are introduced. “The physical and chemical properties of the 

molecule and the surface are modified but not drastically altered. In 

chemisorption, the perturbation of the electronic configuration of tne 

crystal due to the creation of a surface is taken into account to deduce 

the surface states and the distribution of electrons on the surface of 

metals. 

3.1.1 Van Der Waals Forces 

Van der Waals forces between a molecule and a solid surface 

may result from severai different effects. In any case, the largest 

contribution to such forces is due to London dispersion forces, which 

arise from mutually induced in-phase components in the oscillations of 

the electron clouds. In addition, the gas molecule may possess a 

permanent dipole and/or higher multipole moments which can (a) induce 

attractive charge distributions in the solid and/or (b) interact with 

any permanent external field of the solid. If the solid does possess 

such an external field, this field can induce electric moments in the 

molecule which can also result in attractive forces. 

For heterogeneous surfaces, the Van der Waals forces are relatively 

weak at edges, peaks and corners on the surface. The maximum binding 

forces occur in positions where the adatoms are surrounded by the maximum 

number of the lattice atoms. 

For homogeneous surfaces, a distinction usually is made between 

three types of Van der Waals forces namely, those that depend on 

orientating electric dipoles (the directional effect), on electrostatic 

induction, and on interaction between transient dipoles (the dispersion 

effect). i
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The forces that depend on the directional effect arise from the 

fact that molecules with permanent electric dipole moments H exert 

directional forces on one another as soon as their distance of separ- 

ation, r, is sufficiently small. According to Debye (1920) and Keesom 

(1921 a,b and 1922), the exchange energy is given by: 

pene pls 32 3.1.la 
w 3 re kT 

If a molecule that has a permanent moment ut is approached by one that 

has none, an electric moment proportional to the polarizabilitya of 

the latter is induced. Then at a distance of separation r the energy 

of interaction between these dipoles is 

pa 3.1.1b 

The dispersion effect, which was first introduced by London 

(1930 a,b) takes account of the fact that two atoms can exert dipole 

forces on one another by virtue of their transient dipole moments. Such 

a moment develops between the positive nuclear charge of the centre of 

gravity of the electric charge, so its magnitude and direction will vary 

periodically. However, since all directions are equally probable, the 

time average of the dipole moment will be equal to zero. If now such 

an atom with an instantaneous dipole enters the field of another atom 

with an instantaneous dipole moment, there results an additional induced 

dipole whose periodic variation follows the variations of the inducing 

dipole. These short-term perturbations of the electron vibrations may 

be treated in analogy to a dispersion effect. According to London, 

the interaction energy which results from these instantaneous dispersion 

forces is inversely proportional to the sixth power of the distance of 

separation r of the atoms,
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6 2 e 
E, = C/r with C= =(3/2)a,a5 (Ty 1/(1) + 1) 6.1.16 

where I> I, are the ionization energies for atoms 1 and 2, and o, 

and Do are their polarizabilities respectively. Slater and Kirkwood 

(1931), on the basis of a different assumption, found 

a ve ie C = -(3/4m) (eh/¥m, (a,0,/((a,/n, )* + (a,/n,)*)) 3.1.1d 

where ny and ny are the numbers of electrons in the outermost shells of 

atoms 1 and 2, and m, and e are the mass and charge of an electron 

respectively, In treating Van der Waals forces operative in the inter- 

actions of atoms with metal surfaces, it is not clear how the incident 

atom (or molecule) interacts with a metal atom. The difficulty arises 

from the fact that the metal atom is not actually “free", but rather is 

coupled with its neighbours in the atomic lattice. 

Lennard-Jones (1932) used a highly simplified model. He regarded 

the metal as a completely polarizable body and treated the interaction 

between the metal surface and the fluctuating dipole of the impinging 

me'ecule by means of the classical method of electrical image forces. 

The molecule itself was treated as a quantum mechanical system on which 

the image potential acts as a perturbation. For the interaction energy 

he found 

ree 3 
B= (me x/2N ) a. 1de 

where X is the magnetic susceptibility of the gas, c is the speed of 

light, Ny is Avogadro's number, and m, is the mass of the electron. 

Bardeen (1940), who treated the adatom-metal system completely 

quantum mechanically, obtained
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2 ‘ “MCX Cye*/(2r bY) 
3 
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2n,P 1+[C,e°/(2r bv, )] 

where c, is a numerical constant, ry is the radius of a sphere which on 

the average contains one electron, and hye is a characteristic energy 

approximately equal to tne ionization energy of the gas. 

If the values of the individual quantities are substituted, the 

term (Gye?/2r hv, ) is found to be approximately equal to one. This 

means that values given by equation 3.1.1f are only about half as large 

as those given by equation 3.1.le. 

3.2 Interaction of radiation with matter 

The phenomena of interaction between energetic radiation and matter 

is a complex one. The direct effects consist of: 

a) The displacement of electrons (ionization) 

b) The displacement of atoms from lattice sites 

c) Excitation of both atoms and electrons without displacement 

d) The transmutation of nuclei- 

Primary ionizations are produced by irradiation with energetic charged 

particles, and, depending on the conditions, primary atomic displace- 

ments may be produced. While neutron irradiation produces ionization 

only as a secondary process, the primary effect being atomic displace- - 

ment. The important primary effects, caused by irradiation with gamma 

rays, is ionization but atomic displacements sometimes result as a 

secondary effect. At high energy (up to 10 MeV) nuclear transmutation 

can be produced by any of these forms of radiation. At extremely high 

energy (100 MeV), other special nuclear effects may be observed. 

Further excitation and disruption of the structure are secondary effects
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of the interaction of radiation with matter. The basic laws governing 

the secondary stages are in all cases the same as those governing the 

primary stage of charged particle bombardment, so the stopping of 

charged particles in matter must be considered. 

When a, supposedly perfect, crystal is exposed to energetic radi- 

ation, defects and imperfections are created. The term radiation 

damage is given to the spatial arrangement of defects which remain 

after the irradiation has ceased, and any physical property change which 

may result from the irradiation of the damage is termed a radiation effect. 

At the lower end of the range of energies, several features of the 

experimental and theoretical problem differ significantly from those 

at higher energies. 

In the last twenty years, many solid state physicists have directed thei: 

attention to establishing fundamental principles which predict: the 

behaviour of different defects in structuresin different circumstances. 

The properties of crystals are dominated by the presence of certain 

defects and many interesting effects in solid state science may be traced 

to these defects. As an example, the electrical conductivity and other 

electrical properties of a semiconducting crystal depend on the content 

and nature of the impurity defects it contains. The careful control of 

such defects and the resulting semiconductivity enable these crystals 

to be used as ‘devices. The dislocations and defects which are 

present, influence the deformation of both metallic and non-metallic 

solids under an applied force. Even the growth of the crystal is 

governed by the nature of defects emerging at the surface.
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The study of radiation effects in solids has been the subject of many 

investigations in recent years. In 1942 Wigner predicted that 

energetic neutrons and fission fragments have the ability to displace 

atoms from their equilibrium positions. He expected that energetic 

massive particles and heavy bombardment of solids will lead to serious 

and important technological effects. Since then many programmes of 

theoretical and experimental studies on the nature and magnitude of the 

effects have been conducted. 

During the last decade it has been realised that the study of 

radiation effects may lead to a new and valuable insight into the 

properties of imperfections in solids. The change in the physical 

and electrical properties as a result of defects has become an increasingly 

important part of solid state research. Large numbers of defects can be 

introduced in a crystal in a well controlled way. 

3.2.1 Moving charged particles 

An energetic charged particle is slowed down in moving through 

matter by successive collisions. The collisions which the moving atom 

undergoes may be divided into two classes, elasticand inelastic colli- 

sion. In an elastic collision the moving atom interacts with an atom 

of the target material, imparting some energy to thetarget atom and 

losing a like amount of energy (the collision is elastic in the sense 

that the total kinetic energy of incident and struck atoms is conserved 

not that the incident atom is scattered without loss of energy). In an 

inelastic collision, there is loss of energy because of electronic 

excitation. In all collisions, the interaction force is the Coulomb 

force between nuclear and electronic charges. In elastic collisions
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it is sufficient to consider that the electrons partially screen the 

nuclear charges but play no other role, while inelastic collisions 

require that electrons interact directly with the incident particle, 

being left in excited states after its passage. In general, the 

collision is inelastic when the atoms have high energy, while elastic 

collisions become more important after the atom has slowed down. The 

transition from inelastic to elastic behaviour is not abrupt but if the 

moving atom has a velocity much less than that of an electron in the 

target, that electron will be left without excitation. If the moving 

atom has a velocity equal to or greater than that of the electron, 

electronic excitation becomes probable. The most important primary 

process in irradiation is the displacement of atoms. The displaced 

atoms are produced by the moving charged particles by elastic collision 

interacting essentially one at a time with the stationary atoms. In 

such collisions, it is convenient to assume that the moving and stationary 

atoms interact with a screened Coulomb potential energy of the form: 

2 os 
Ur) = (Z,2,e°/z)e x/a 3.2.1a 

where r is the separation of the two atoms and 

a is the screening radius which is constant for a given 

pair of atoms. 

The screening radius may be given by: 

a= 2/2, # ze 3.2.1b 

where ay is the Bohr radius of Hydrogen (a, = hme” = 5.29x107? Cm). 

The collisions can be calculated from classical mechanics with good 

accuracy in most cases. At close approach, equation 3.2.la describes 

e & Ze, respectively. the Coulomb repulsion of the two nuclei of charges Zz 2)
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At separations of the order of a, the repulsion is lessened by the 

partial screening of the nuclei by the two electron clouds. 

A moving atom colliding with a stationary atom will be deflected 

from its path by an amount which depends on its energy and on its 

distance of approach, the deflection being greater for smaller energies 

and for closer approach. Also the momentum and hence the energy trans- 

ferred to the stationary atom increases as the angle of deflection 

increases. Whenever the nuclei of the two atoms approach to a distance 

much less than the screening radius a, the nuclear Coulomb repulsion 

produces most of the deflection and the collision can be calculated by 

ignoring the screening, as given by Rutherford potten na laws. More 

distant collisions are partly screened, and no single expression for the 

cross sections has been deduced. 

3.2.2 Hard Sphere Approximation 

For very distant collisions the colliding bodies may be 

assumed as hard elastic spheres. This assumption has been much used in 

displacement calculations, although it is not very accurate in the range 

in which it is applied. Numerical calculations of screened Coulomb 

scattering, which cover the intermediate range between the Rutherford 

and hard sphere limits, have been made by Everhart, Stone and Carbone (1955), 

The scattering is governed by a parameter 'b' given by: 

b= 22,2,¢°/ vu 3.2.2a 

Hs MjM)/(M, + M)) 

where is the reduced mass and v is the velocity of the incident 

particle, b, the distance to which the two nuclei would approach in a 

head-on collision in the absence of screening and is called the collision 

diameter.



54 = 

For collisions to be approximately of the hard sphere type, it is 

necessary thatb/a>>1. An idea of whether the Rutherford or hard-sphere 

approximation is appropriate can be obtained by comparing the energy 

of the moving atom to a critical energy Ey so defined that 

at a at Eb = Ey 

The elastic collisions are of Rutherford type when BPE, and approxi- 

mately of hard sphere type when EK<E, then: 

a 2/3 2 .2/3,1/2 E, = B(2(M, +, )/M,)Z,2,(Z, atayt 3.2.2b 

Where EB = Rydberg energy = 13.6 eV. 

The most important characteristic of a collision is the energy 

transferred to the struck atom. This may range from zero in glancing 

collisions to a maximum, Ti? which is transferred in a head-on collision. 

From energy and momentum conservation, we can get 

me 2 T= (4M ,M/(M+M, ))E 3.2.26 

Small energy transfers are more nrobable than large in Rutherford 

collisions. The differential cross section for energy transfer T to 

T + dT being: 

do = C(at/T*) 3.2.24 

Where the coefficient C is given by: 

cea oor 
C= 4tay(M,/M, )Zy Z5( E/E) 3.2.20 

Equation 3.2.2d is valid for T ranging from TL, to some small but finite 

lower limit at which electronic screening can no longer be neglected. 

The total cross section for production of a displacement can be found 

to be
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tet. 

e.= £ dco CUL/E, - 1/T) 
d a tty 3.2.2f 

Where Ey is the threshold energy for displacement. Substituting for 

T_ and C we get: 
m 

2 2 M ET 
oe 2 2 1 Rm. ye abN a. Zs mw)? 2 e 1) 3.2.29 

m 

In Rutherford collisions, the average energy transferred which displaces 

atoms, T; may be calculated as: 

TT, ci 

Tate TD do/ fends 
T=Ey T-Ey 

T= (BT /(1,-E,)) in(t,/2,) 3.2.2h 

In typical cases T is much less than a which emphasizes the strong 

preference for low-energy transfers in Rutherford collisions. On the 

other hand, in hard-sphere collisions, all energy transfers from zero 

to Th are equally probable, and the differential cross section for 

energy transfer T to T+dT can be given by: 

do = c'dT 322.21 

2 ee where ci tay/T,, 

and ay is the diameter of the effective hard sphere, approximately the 

screening radius as given by equation 3.2.1b. For screened Coulomb 

collisions at energies in a rather broad range in the neighbourhood of 

E,o the differential cross section is neither of the Rutherford nor for 

the hard sphere type and may be represented by: 

ds aT” dT 3.2.25 

where the exponent m ranges between 1 and 2.
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3.2.3 The displacement threshold , 

The energy which would be required to move an atom from its 

site and force it into the surrounding lattice to form a Frenkel defect 

can be estimated. In a solid, the energy of sublimation EG of a 

typical atom or ion is in the range of 5 or 6 eV, so that the energy 

required to move an atom from an internal site, might be expected to be 

of the order of double the value since twice as many bonds are involved. 

However, atoms on neighbouring sites will oppose this removal and so the 

energy required to carry the process through will be at least 4EC: On 

the basis of this kind of reasoning, it can be shown that some 25 eV 

of energy will be needed to be transferred in a collision if the struck 

atom is to be displaced from its normal lattice position to an inter- 

stitial site. In the most simple treatments of radiation damage problems, 

this displacement energy E, is given a value of 25 eV. If the atom 
d 

receives an energy less than this value, the probability that it will be 

displaced is zero and the atom remains bound to its lattice position and 

dissipates, through vibrational motion,the energy it has accepted. On 

the other hand, if the energy communicated to the lattice atom by the 

colliding particle is greater than Ey? the probability of displacement 

is unity. The atom is ejected and becomes a knock-on atom. ‘Primary 

knock-ons of sufficient energy leave their lattice sites and, by further 

collision,initiatea whole cascade of vacancies and interstitials. It must 

be anticipated that the effect of temperature of the irradiated crystal will 

have to be taken into account. The effect of atomic vibrations would be 

expected to lower the value of Ey or to introduce a natural width of the 

order of kT, where k is Boltzmann's constant and T is the temperature. 

In a real crystal an atom ejected towards a position in the lattice 

between two adjacent neighbours must experience less resistance than if 

it was directed towards an.atom. An idealized displacement curve is
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shown in Fig. .3.2.3a where the crystallinity of the sample and blurring- 

out effects of increasing the crystal temperature are accounted for. 

P(T) 
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Fig. 3.2.3.a. An idealized displacement probability curve 

taking account of crystallinity of the sample and of aniso- 

tropy- The probability of displacement in any direction 

at a given temperature at a transferred energy of T = Ey 

is 1/2.
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3.3 Influence of the ordered lattice structure 

No one potential model properly describes atomic interaction 

over the complete range of impact parameters. A large variety of 

potential models are available in studying radiation damage of which 

some relations have been formulated with a particular problem in mind. 

For example, the screened Coulomb relation might be useful for high 

energy collisions, and the energy dependent hard sphere model for near- 

threshold events. Similarly the Born-Mayer potential, which takes the 

form: 

_ V(r) = A exp(-r/B) 3.3.1a 

where A and B are assumed to be determinable constants, can be used with 

success either as the explicit form in the energy dependent hard-sphere 

model, or alone in describing low-energy impact. For intermediate 

separations the problem remains. Brinkman's potential equation 

describes generally the interaction between two identical atoms, each 

atom is represented by a model consisting of a nucleus surrounded by a 

rigid charge distribution and it is assumed that both atoms supply a 

screened Coulomb field of the same type. The potential of interaction 

is given by: 

Vir) = (27e7/r) exp(-2/a) (1-(2/2a) ) 3.3.1b 

Where r is now the separation of the two nuclei. The fact that this 

first potential could be criticized on the grounds of predicting too 

strong an interaction energy at large distances led Brinkman to formulate 

a new empirical relation which he considered to be valid generally for 

radiation damage calculations covering a wide class of interacting atoms. 

This potential energy function , known as Brinkman potential II is 

Ur) = (Az,Z,¢7 exp(-Br) ) / (1-exp(-ar)) 3.3.1c
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The Brinkman potential II is particularly useful since it joins the 

screened Coulomb and Born-Mayer relations at the two extremes. This is 

shown in Fig. 3.3.a. 

Another type of approximation, which takes into account the change 

in electron energy connected with the mutual approach of the nuclei, 

has been formulatéd by Firsov. Since the Thomas-Fermi statistical 

model of the atom is the basis for this formulation the resulting 

potential is often referred 0 as the Thomas-Fermi (Firsov) TF two-centre 

potential. The Firsov potential is also shown in Fig. 3.3,a so that the 

extent of its deviation from the Born-Mayer and screened Coulomb relat- 

ions is obvious for large separations. 
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Fig. 3.3.a. Deviation of potential for different modelsat some 

values of r. The Brinkman II potential is parti- 

cularly useful since it joins to the screened Coulomb 

and Born-Mayer relations at values of r where they 

are valid and may be applied over intermediate 

distances,
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The Brinkman potential Il-was derived particularly for copper 

‘silver and gold, whilst for certain other values of Z an error was 

introduced into V(r). The spatial density of lattice atoms could be 

the same for a single crystal, a polycrystalline specimen and an amor- 

phous substance but account would have to be taken of the spatial 

arrangements of atoms. This is an important parameter in single 

crystals and in most cases, crystals exhibit a marked anisotropy in their 

properties. In the most simple model of a crystal lattice, atoms are 

represented by hard spheres with their centres at lattice sites. A 

primary knock-on then becomes a similar hard-sphere which is moving in 

the lattice and which makes collisionsrather like a billiard ball col- 

lision in three dimensions. On the basis of this simple picture, it 

is clear that there are some directions in which the knock-on can move 

with comparative ease, while in other directions the primary moves to- 

wards a seemingly impenetrable wall of atoms. Holmes (1963) and 

Leibfried (1959) have made an improvement on the hard-sphere potential. 

Since the interaction actually decreases monotonically with increasing 

distance, two atoms in a head-on collision wili penetrate closer to each 

other at higher energies than at lower energies. Consequently the 

effective radius of strong interaction must increase with decreasing 

energy. Moreover, since during the slowing-down process a primary passes 

‘through a range of energies below its initial energy, it is necessary 

to allow for this effect. One way of doing this is to let the sphere 

radius depend upon energy, then for the equal mass case, it may be shown 

by conserving energy and momentum that : 

v(2R) = E/2 3.3.1d 

Where V(2R) is the potential at the distance of closest approach 2R, 

and E is the kinetic energy of the primary. It can be seen how R
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depends on the energy if we choose a particular equation, say the Bohr 

relation, for the interaction potential V(r), equation 3.3.1d may then 

be written as follows: 

(ze7/2R(E) exp(-2r(E)/a) = E/2 3.3.le 

The atoms are treated as hard spheres, but that the radius of each 

sphere, as "seen" by the primary during its motion, depends upon the 

latter. This dependence of hard sphere radius on energy leads us toa 

similar dependence for the mean free path (A) which can be written: 

MET) = Vamp 3.3.1f 

where p is the impact parameter, no is roughly toon) In the hard 

sphere model the impact parameter becomes twice the radius of the sphere 

R(E) so that: 

A (E) = 1/n,4 mRA(B) 3.3.19 

according to Leibfried Fig. 3.3b -l1 shows how a primary of energy E 

“sees" the copper lattice in the hard-sphere approximation. The primary 

is drawn as a point at the origin, and the stationary atoms circles with 

radius 2R(E) are drawn to demonstrate the space into which the primary 

cannot penetrate. At higher energies the circles are small and the mean 

free path between collisions is long Fig-(3.3b-2). The mean free path 

becomes of the order of one lattice distance (a) at energies of the 

order of Ey the displacement energy.
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Fig. 3.3.b. The lattice of copper crystal as "seen" by a primary 

knock-on of energy E in the energy dependent hard- 

sphere approximation. 

1) Radius 2R(E) = af? energy E10" eV, mean free 

path for collision Av 10a, 

2) Radius 2R(E) = a /2 energy E60 eV, mean free 

path for collision Ma, 

ay is the lattice distance (After G. Leibfried)
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3.3.1 Focusing collision 

From the energy dependent hard-sphere model, we can see that 

when the energy of a primary becomes small enough the lattice is able to 

impose rigid conditions upon the possible modes of momentum transfer. 

When a struck atom cannot penetrate the surrounding lattice it can only 

transfer energy and momentum to one of its immediate neighbours, and so 

the possibility of collision correlation becomes apparent. More parti- 

cularly where close packed rows of atoms exist in the crystal, one may 

expect an energy pulse or a sequence of collisions, to be propagated 

along them. This is the phenomena of focusing as it was first suggested 

by Silsbee (1957), though more recently it has been demonstrated through 

a series of experiments performed by M.W.Thompson and his co-workers. 

Gonsider the hard sphere collision which is represented schemati- 

cally in Fig. 3.3.la. Each sphere is given a radius of R, and the 

initial separation is denoted by D. If the first atom receives a. 

momentum vector which lies in the direction of AP and makes an angle 8), 

with the line of centres AB,then a hard sphere collision occurs when the 

ventre of alom(!) reaches the point P. Atom(2) then possesses a momentum 

vector which lies along PB and makes an angle of 8, with the line AB. 

‘If oy and ®, are sufficiently small then: 

AP = D - 2R 3.3.1a 

and by a simple geometrical consideration we can write 

8, (D-2R) = -2R0, 3.3.1b 

If we define a focusing parameter f as follows: 

-f = 8/8, 

f = (D/2R) - 1 S.3.1¢ 

and ‘then we can see that:
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D>4R for £21 and {91 < [@| 3.3.14 

D< 4R for £* 1 and |0,| > 12,1 3.3.1e 

now the possibility of further hard sphere collisions are considered 

along the same row of atoms and that a sequence of collision representing 

the energy pulse, passes down the row after irradiation at atom(1). By 

the time the pulse reaches atom n, the relation between the angles 

involved is still given by: 

oS a (-#)8,) 

penn? 
8) o2 3.3.1f 

and it can be finally written: 

i 8 
n, 

n (-£) el 

(1-(D/2R))"0, 3.3.19 

There will be in general two distinct physical possibilities. 

a) If the separation D is greater than 4R, the focusing parameter if 

is greater than unity, so that the angles Oe will increase at 

successive collisions, and momentum and energy will be transferred 

to neighbouring close-packed rows. 

b) If D is less than 4R, f is less than unity, and the angles oC 

converge to zero through the factor (Gap until all collisions 

are of the head-on kind. 

At this stage of the proceedings, the momentum transfer is perfectly 

efficient for every collision, and some component of the initial 

momentum is focused into the line AB. The bundle of energy which 

passes-down the row is called a focuson.



  

  

Fig. 3.3.la. The simple focusing effects, hard sphere collision 

(After M.W.Thompson) 

3.3.2 Critical focusing 

Gritical focusing occurs when a particular angle ae is 

maintained for successive collisions, this is shown in Fig. 3.3.2a. 

The value of the critical angle depends upon the ratio of atom size to 

separation. The smallest value of f is obtained for the closest packed 

rows of atoms. Focusing of momentum will be favoured along rows of 

atoms (in the * hkl > direction) for which the interatomic separation 

Gory is minimal. A critical focusing energy ent can therefore be 

defined below which f <1, R< D/4 and focusing is possible. At the 

critical energy, f is unity, by definition and R is exactly equal to D/4. 

The expression for ae can be found by describing the interaction of 

atoms by apotential of the Born-Mayer kind: 

V(r) = A exp(-r/B) 3.3.2a 

where A and B are assumed to be determinable constants, when 

f= a (R = D/4) 3.3.2b 

It follows that: 

eet = 2A exp(-p™*1/on) 3.3.2¢
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Fig. 3.3.2a. Focusing. 

1 - The distance D between atoms is too large to allow focusing. 

2,3 - Focusing is determined by the initial angle of projection o.- 

If a < > focusing occurs. If 8 > 8. no focusing occurs. 

The critical angle oC is determined by the ratio of atom size 

to separation R/D.
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3.3.3 Assisted focusing 

The influence of neighbouring rows of atoms on the focusing 

process is not so severe for circumstances where the neighbouring rows lie 

at some distance from the line in question, in other cases it is very 

important. To illustrate this point, the propagation along the < 100 > 

direction of a face-centred cubic crystal is considered. Fig. 3.3.2.1 

shows one collision in this sequence. An atom A, passes through a ring 
aL 

of four B atoms and makes a head-on collision with another atom Ay: Fig. 

3.3.3a~2 shows a less ideal collision, in which a small deviation 8, of 

the initial trajectory of AY from the axis results in a final deflection 9g. 

A) suffers from glancing collision with the B atom, but more momentum is 

transferred to one side of the ring than the other, and focusing occurs. 

The critical nature of the assisted focusing process can be most 

easily visualized by noting that if focusing is to occur (6, < 8) then 

the extended trajectory of A, must cut the axis to the left of A,. An 
1 2 

analytical expression for the focusing parameter itself, gia (8, = 8), 

may “2 obtained from consideration of the geometry cf Fig. .3.3.3a-3 

£109 _( lO joyop )- 1-( (D4/a/'2R)-1)(2a( D!?)2/3EB? )exp(-ap!/4B) 

3.3.3a. 
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Fig.3.3.3a-1 - Propagation of an idealized collision sequence in the 

<100> direction of a face-centred cubic crystal begins 

when an atom Ay passes axially through a ring of four 

B atoms and makes a head-on collision with atom Ay: 

2 - Propagation of a less idealized collision sequence 

begins with a small deviation fi of the initial traject- 

ory of Ay from the axis. 

3 - Geometry of the collision in (B) (After M.W.Thompson).
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For assisted focusing Bs 4R, so that replacements and therefore the 

transfer of mass inevitably occur. The basic limitations of the treat- 

ment are the impulse approximation, which overestimates % since the 

trajectory is not straight and the hard sphere potential, which under- 

estimates 8osince the atoms are not perfectly elastic. A principal 

attraction of the method is that it can be applied with success to diff- 

erent directions in different crystals and so a comparison with experi- 

mental results is thereby facilitated. In addition the assisted focusing 

process is very similar to the action which a simple thin converging lens 

exerts upon a beam of light. If the atoms B lie close to the optic axis, 

then the atomic lens is strong, focusing is enhanced,and the effective 

focal length is small. 

3.3.4 Channeling 

Another possible mode of energy and mass transfer has been suggested 

by experimental investigations of the ranges of particles along different 

crystallographic directions. In the previous section, the motion of an 

ator Ay through a ring of B atoms Fig. 3.3.3a-2 is considered, and its 

subsequent collision with another atom Ay: Suppose that the primary 

atom AY is alone on the axis, any motion of A, down the axis is now a 
1 

much easier proposition since collision of small impact parameter with 

atoms in the row are completely eliminated, and only glancing collisions 

with B atoms can lead to energy loss. The energy of a primary may be 

propagated down a close-packed chain as a dynamic crowdion or focuson, 

and in this manner be distributed over a relatively large volume of the 

crystal. However, there do exist open channels which are bordered by 

close-packed chains, and which run parallel with them. If the primary 

enters and moves down such a channel, its interaction with the lattice
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will be small. It will travel long distances in an almost force-free 

space, and although relatively few primaries are expected to execute 

this type of motion, a small, far-travelling component will weight the 

average primary range to larger values than would be obtained if the 

lattice order were neglected. By analogy with the focuson, a primary 

of this kind is called a channelon, in some original papers the word 

stenon is used. A channelon always transfers mass. 

To illustrate the chanelling phenomena, we consider< 110> channel 

of a face centred cubic lattice. This channel is bordered by four 

atomic ® 110 > chains as shown in Fig. 3.3.4a-1 and possesses central 

axis of symmetry. Because of this symmetry the net force acting on 

the primary in the axis has only a component along the axis. Conse- 

quently once a primary is moving along axis it stays there and loses 

interactions with the bordering lattice atoms. The surrounding atoms 

are regarded as fixed, and this means that the primary is moving in a 

static potential V(xyz) which is periodic in x, the axis of symmetry. 

Lesbfried and Lehmann show that a primary atom can follow a trajectory 

which bounces back and forth between the adjoining rows, and that active 

chanelling for which the amplitude of transverse motion tends to decrease 

with the distance along which channel can occur. Figs.3.3.4a-2 show 

a schematic representation of a typical channelon. It is not clear 

how an atom can get into a channel, because the mechanism of displacement 

much more favours the initiation of focusons and dynamic crowdions. The 

focuson and channelon present different energy effects, the former 

occurring predominantly at low energies and the latter at high energies. 

Nevertheless both these methods of energy transport are susceptible to 

changes in lattice temperature, and are similarly affected by defects
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introduced into the lattice. The channelon, because of the non- 

displacement nature of its energy loss, leads to the further possibility 

of a reduction in the expected radiation damage. 

D/2 yS 100 
0/2 )     
(1) 7 

(2) 

Fig..3.3.4a. 1 ~ TheS 110> channel of a face-centred cubic crystal is 

bordered by four atomic <110> chains.(After G.Leibfried). 

2 ~ Schematic representation of a chanelling event. 

The moving atom follows the trajectory shown, oscillation 

between close-packed rows of lattice atoms. Dots repre- 

sent collision points, circles represent atomic volume in 

which the interatomic potential is effective (After Holmes)



ey ee 

3.3.5 Long range transport of matter 

In a previous section we have seen that focusons carry energy 

down close packed rows and away from the immediate environment of the 

primary event in a region of a displacement cascade. By an extension 

of the same argument, it can be shown that it is also possible to 

transport mass in a like manner. The. hard sphere approximation was 

found useful, but this can hardly be sufficient since our knowledge 

of the atom insists that any interaction potential must demonstrate 

a basic “softness", so that in an interatomic collision the scattering 

angle for a given impact parameter will be less than that which would 

be predicted on the hard sphere model. The problem of establishing 

a proper interaction potential which gives the atoms their correct 

amount of “softness" is basic to the entire problem of radiation damage 

itself. The use of a “soft" potential modifies our idea of the focus- 

ing mechanism in a number of ways: 

a) Since the hard sphere model overestimates the angle of scattering 

for a particular impact parameter, the amount of focusing must also 

de overestimated. 

b) In the process of irradiation of a focused collision sequence any 

atom in the row feels the influence of the oncoming disturbance 

long before it actually arrives at the atom in question, so that 

the atoms in the line are already moving. This is because the 

soft potential does not cut off the interaction between two atoms 

at a particular value of r, say T° The effect of this early atomic 

hk 1 motion is that there is a reduction in D~”, and focusing is en- 

hanced. 

c) These two effects oppose each other and it is not easy to say which 

will dominate, though Leibfrjed has investigated the case of copper 

and has shown that Ee is reduced to a value somewhere between 17eV 

and 35eV.
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The most important result of this examination of the focusing 

problem is the proof of the existence of a range of energy over which 

not only energy, but also mass can be transported. 

In a hard sphere collision Fig. (3.3.la) it is only possible to 

replace the struck atom ifD>4R and PB<D/2. From focusing criteria 

we can deduce that it is never possible for a collision sequence to 

sustain both focusing and replacement simultaneously. In soft coll- 

isions the situation is quite different, because atom(n+1) begins to 

move forward before atom(n) is at rest. The situation which then 

prevails is represented schematically in Fig.(3.3.5a), the centre of 

mass coordinates is used and a head-on collision is assumed to take 

place. A focused replacement will only occur if atom(n) comes to rest 

at a position which is beyond the mid-point between the ne and (ne) 

lattice sites. The replacement energy ek is given by 

1 hk 1 Eu‘! = (4/2) exp(-D"1/2p) 

and it may be concluded that there is a definite range of energy 

ait SeESEES 
r 

over which both focusing and replacement can occur, within this energy 

interval, matter is propagated down the line of atoms as a dynamic 

crowdion, and a vacancy is left behind at one end of the line. When 

the energy falls below a the extra atom of the crowdion is deposited 

as a permanent interstitial, and for the remainder of the sequence 

only energy is transferred. For binary materials the existence of 

focused replacements is again of extreme importance since in addition 

to the formation of Frenkel defects, it leads to the introduction of 

line disorder.
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Fig. (3.3.5a). Diagram showing the dynamic stages in a soft 

collision when atom (n) collides in a head-on 

fashion with atom (n+1). In a centre of mass 

co-ordinates, and at time t=0, 1, T a focused 

replacement only occurs if atom n, after the 

collision comes to rest at a position which is 

beyond the mid point between (n) and (n+1) 

(After Thompson)
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3.4 Temperature dependence of the diffusion coefficient 

The interesting information concerning the migration of any 

atomic species is summarised in the diffusion coefficient D. If 

the numerical value of D is known, the flow and distribution of 

matter can be computed from Fick's laws. Also D is directly related 

to the atomic properties that control the diffusion mechanisms 

(jump frequency, vacancy mechanism). It is therefore understandable 

that a great deal of experimental research in diffusion is concerned 

with measuring D, while a great deal of theoretical research is con- 

cerned with relating D to fundamental solid state theory. 

The most important single fact that can be known about the diff- 

usion coefficient is its variation with temperature. The diffusion 

coefficient equations are all different in detail, but they all 

consist of two factors: a constant that is independent of temperature 

and an exponential function of temperature containing an energy term. 

All of the equations for D can then be written in the form: 

D=D, exp! -Q/KT) 3.4a 

where Do is temperature independent, 

Q is an energy 

In the case of an interstitial impurity 

Dee o. vy and 

Q= Ee 

E* is the activation energy for the process. 

For simple vacancy mechanisms 
£ 

Ds = g2v o/s 

os 
= EX Q= Ee +E, 

where V is the atomic vibration frequency, 

X is the jumping distance.
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sf and Ef are entropy and energy of formation of vacancy respectively. 

Q is called the energy of activation for diffusion and Do is called 

the diffusion pre-exponential factor. Equation (3.4a) is referred 

to as the Arrhenius equation for the diffusion coefficient. Refer- 

ving to equation (3.4a), the form of this dependence has been verified 

experimentally in a large number of diffusion systems in a wide 

variety of materials. It is found that equation (3.4a) is so firmly 

established in solid state diffusion, that in those rare cases when it 

is not fulfilled, anomalous factors are always sought to explain the 

discrepancy, these anomalies are generally found to be such that they 

modify the assumption made in the theoretical substructure leading to 

equation (3.4a). 

Converting equation (3.4a) to logarithmic form gives: 

In D =(-Q/KT) + 1nD, 

and plot of ln D against 1/T for experimentally measured D values at 

various temperatures gives a straight line that allows: 

a) The heat of activation Q to be calculated from the slope. 

b) Dy to be calculated from the interception. 

Experimental results are usually summarized by giving D and Q values. 

3.5 Thermal vibration and the activation energy: 

Atoms in a crystal are not stationary, but are executing small, 

rapid oscillations about their average positions.. The vibrational 

amplitude of a particular atom remains small most of the time but 

occasionally the atom acquires enough energy for its amplitude to 

become quite large. A fluctuation of this type might arise when all 

the atoms on one side of a particular atom move simultaneously towards
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its If all the atoms on the other side are moving away from that atom, 

it is clear that the atom can be displaced from its normal position 

by an amount considerably greater than the average. An occurrence 

of this kind is relatively rare, since it can only take place if a 

number of its surrounding atoms are moving in concert. These thermal 

fluctuations, although rare on the time scale appropriate to vibrations 

in crystals, are very important in diffusion. The simplest way to 

show the importance of thermal fluctuations is to consider the special 

case of an impurity atom in an otherwise pure monatomic crystal. The 

impurity atom sits in a cage formed by the surrounding atoms of the 

host crystal, and most of the time it just vibrates in the small space 

allotted to it in the cage. The energy of the atom as it approaches 

the atoms forming its cell rises rapidly as shown in Fig.(3.5a). If 

the impurity atom is moved from the centre of its cell, through the 

cell wall, and to the centre of an adjacent cell, the energy as a fun- 

ction of position has the form shown in Fig. (3.5a). The energy is 

minimum when the atom is in the centre of the group of atoms in the 

plane midway between the two normal positions. 

‘The impurity atom can reach the central position B only if it has 

enough energy to overcome the repulsive forces of the atoms surround- 

ing B. The maximum energy in the diagram forms a barrier that the 

atom must climb if it is to jump into the next cell. It can climb 

this barrier only if it is sufficiently activated by a thermal fluct- 

uation. The height of this barrier is known as the activation 

energy E* which can be given by the difference between the energy at 

B and the energy at a normal position. B is called the activated 

position, and the crystal is in an activated state when the impurity 

atom is at B.
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Fig.(3.5a) Energy of an impurity atom as it moves from an 

initial position A in one cage to a final position 

C in an adjacent cage in a simple cubic structure.



CHAPTER 4 

EXPERIMENTAL RESULTS AND DISCUSSIONS : PHYSICAL ADSORPTION 
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4.1 Introduction 

The presence of an absorbed gas layer (arising from an inadequate 

vacuum) affect surface measurements at low temperatures and particu- 

larly ellipsometric measurements as will be illustrated later. For 

this reason it is necessary to carry out such investigations under ultra 

high vacuum conditions. 

The adsorption of inert gases on different gold surfaces prepared 

in ultra high vacuum (1079 torr) are investigated. The dependence of 

the sensitivity of measurements on the wavelength of light used and 

the subsequent desorption are also studied. 

4.2 Qotical constant of freshly evaporated gold film 

Gold films were evaporated inside the ellipsometer at a pressure 

of ROp ton! After annealing to 300°C in vacuum for five hours, 

ellipsometric measurements were taken at room temperature. Typical 

experimental errors are +0.002 for Wand +0.01% for A 

In Figs.(4.2a),(4.2b) the values of n and k for polycrystalline 

film calculated from experimental values of W and A are plotted as a 

function of wavelength of the light used to test the system. Good 

agreement was found between the present measurements and measurements 

of Schulz (1957) and Johnson and Christy (1972) as shown in Figs.(4.2a) 

and (4.2b). 

Fig. (4.2c) compares the present results with measurements of 

Abeles (1969) for the variation of 2nk with wavelength. According to 

Abeles these measurements correspond to a good film, i.e. a film 

having properties similar to.those of bulk material.
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Fig. (4.2c) Values of 2nk as a function of wavelength for freshly 

evaporated polycrystalline gold film. 
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4.3.1 Sensitivity of measurements: Wavelength dependence 

Measurements of the change of the ellipsometric parameters 

WY and 4 on adsorption of gas on a clean polycrystalline gold film 

yielded different values at different wavelengths. The change of the 

value of A( A) andw(SW) as a function of wavelength of light used is 

studied for neon and argon gases, where: 

6A 

and op e
i
p
t
 -s 

-v 

where A : v refers to the value of the clean surface at the lowest 

pressure obtainable 

and A , are the values after introducing the gas. 

In Fig.(4.3.1a) is shown the change of the value of Sp with 

wavelength. Measurements were made at a pressure of 10;°tors of neon 

gas, the surface was held at liquid nitrogen temperature. The points 

a,b,c correspond to the strongest emission for neon gas while d isa 

medium line. Points e and f correspond to weak lines of the gas. 

It was difficult to select the exact wavelength corresponding *.o the 

emission line of the gas because these lines are very sharp and close. 

Near the strongest emission line, the sensitivity of the measurements 

is found to be one order of magnitude higher than that at any random wave 

length as is also shown in’ the figure. On-the otherliand, the value of 6A 

was found to be twice as much for the same lines than at any other 

wavelength as illustrated in Fig. (4.3.1b). 

Similar results were found to betrue using argon gas under the 

same experimental conditions. The measurements were found more 

sensitive at some other wavelength corresponding to argon atoms, as 

illustrated in Figs.(4.3.1c) and (4.3.14).
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In all cages the values of 6A were found to be positive at all 

wavelengths but by differing amounts. The values of SW were only 

positive at wavelengths corresponding to the emission line of the gas 

used and negative at any other wavelengths as shown in Fig.(4.3.1e). 

From the calculations of the refractive index of the surface film, 

for an absorbing film on an absorbing substrate, the calculated values 

of were found to decrease with film thickness, i.e. 6 is positive 

while for non-absorbing film on an absorbing substrate, the value of 

Sp is negative which confirms that adsorbed neon and argon gases are 

slightly absorbing at wavelengths near the emission lines for the 

corresponding gas. 

Table (4.3.1a) shows the computed values of both and A. 

Drude'sexact equations (see Section 4.6), were used for a surface film of 

optical constant (1.08 - 0.25i) and substrate optical constant (0.175 - 
° 

3.05i) at a wavelength of 6150 A and at an angle of incidence of 64 degrees. 

  

  

Film Delta Psi 
phe caeee in Deg. Deg. 

0 119.910 43.690 

di 119.870 43.663 

2 119.831 43.636 

3 119.792 43.609 

4 119.752 43.582 

5 119.713 43.555 

6 119.674 43.528 

7 119.635 43.501 

8 119.595 43.474 

Sh 119.556 43.447 

Table 4.3.1a, Computed values of » and A as the film 

thickness increases (as explained in 

Section 4.6).
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Fig. (4.3.1a) Change of Sp as a function of wavelength for 

.adsorbed neon gas on polycrystalline gold film 

held at liquid nitrogen temperature at gas pressure 

of 107° torr.
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Fig. (4.3.1b) Change of SA as a fumction of wavelength for adsorbed 

  

neon gas on polycrystalline gold film held at liquid 

nitrogen temperature at gas pressure of 10°°torr.
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Fig. (4.3.1c) Change of 6 as a function of wavelength for adsorbed 

argon gas on polycrystalline gold film held at liquid 

nitrogen. temperature -at gas pressure of 107 torr.
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Fig, (4.3.1d) Change of SA as a function of wavelength for adsorbed argon 

gas on polycrystalline gold film held at liquid nitrogen 

temperature at gas pressure of 10°°torr.
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Fig. (4.3.1e) Changes of SA and Sp as a function of wavelength for 

adsorbed neon gas on polycrystalline gold film held at 

liquid nitrogen temperature, 

Wavelengths: (1)7500 A, (2)5500 A, (3)5800 A.
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4.3.2 Adsorption of neon and argon on Polycrystalline gold films 

In studying many surface phenomena, it is useful to visualize a 

particular model of the atomic structure. The presence of different 

crystal planes on a metal surface results in a heterogeneous distri- 

bution of adsorption forces on the face. This heterogeneity of metal 

surfaces may be seen from experimental results such as physical and 

chemical adsorption. 

The adsorption of inert gases (neon and argon) on polycrystalline 

gold film has been studied with the specimen held at liquid nitrogen 

temperature. The increase of the gas pressure increases the proba- 

bility of the gas being adsorbed. The magnitude and sign of the 

changes of the values of A and were found to be similar for both 

gases and the results are shown in Figs.(4.3.2a,b) which give the 

change of ellipsometric parameters A and as the gas pressure increases 

for argon only. The measurements were made at wavelength corresponding 

to the strongest emission line of each gas indicated on the graph. As 

mentioned before the sensitivity of the measurements at these wave- 

lengths is the highest. 

4.3.3 Adsorption of neon and argon on £110 single crystal gold films 

The adsorption of neon and argon gases as observed by the 

change of the ellipsometric parameters A and were found to be similar. 

For single crystal <110> gold film, the change of the value of A on 

adsorption was found to be higher than for polycrystalline gold film. 

Measurements are made at the same wavelengths as in the previous section. 

Figs. (4.3.3a,b) show tle change of both A and wy with argon gas pres- 

sure for a substrate held at liquid nitrogen temperature (see also 
section 4.4),
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4.3.4 Adsorption of neon and argon on <100> single crystal gold films 

For single crystal <100>gold film, the change of the 

ellipsometric values ~ and A were found to be less than both previous 

measurements. As mentioned in the previous two sections the amount 

of change of y and A upon adsorption was found to be the same for neon 

and argon for the same conditions. Figs.(4.3.4a, 4.3.4b) show the 

adsorption of argon on <100> surface. 

Investigation of the arrangements of atoms on such surfaces shows 

that the number of sites available to hold a foreign atom in the < 110> 

direction is nearly twice as much as those in the <100> direction as 

illustrated in Fig. (4.3.4c). The change of the value of A in <100> 

film upon adsorption is found to be nearly half that for < 110> 

orientation.
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Fig. 4.3.4c, Models of (a) an ideal <100>surface, and 

(b) an ideal < 110>surface of a face- 

centres cubic crystal.
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4.4 Binding forces of an atom on surface and gas desorption 

The Van der Waals adsorption depends very strongly on the physical 

heterogeneity of the surface as shown by Polanyi (1932), Lennard-Jones 

(1932) and De Boer and Custers (1934).. They showed that the binding 

forces for adatoms adsorbed in small holes in the surface (as shown 

schematically in the diagram, Fig. (4.4a-1) are much greater than those 

for adatoms on a flat surface. 

  

qiite bal oan 

      

Fig. (4.4a-) Schematic diagram of the adsorption of adatoms in 

small holes in the surface (1) and in deeper cracks (2). 

For adatoms in cracks (2 in the daigram) the binding forces are 

still greater then those for atoms adsorbed in holes. On the other hand, 

the Van der Waals forces are very weak at peaks and corners on the surface. 

The maximum binding forces occur in positions where the adatoms are 

surrounded by the maximum number of lattice atoms. 

In the present work, annealing of the adsorbed samples to room 

temperature did not returnwand A to the values for the clean 

surface as observed before adsorption. Even increasing the film temp- 

erature to 100°C was not.sufficient in some cases to desorb all adsorbed, 

Mees which suggeststhat the amount of change of A and corresponding 

desorption largely depends on the surface roughness of the film.
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4.5 Calculation of the optical constants of clean gold film 

(Freshly evaporated) 

The optical constants of a freshly evaporated gold film were 

measured at room temperature after annealing the film to 300°C in 

vacuum for five hours. A computer programme with the graph plotter 

as described in Appendix 1b was used. In this programme the calculated 

values of either n or k are plotted as a function of W at constant 

values of A. From the experimentally determined (WV and A) values, 

the correct values of n and k can be determined from the graph as 

shown: in Fig. (4.5a,b). The values determined in this experiment 

are in good agreement with the published values as shown in section 4.2. 
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Fig.(4.5a) Relation between Fig.(4.5b) Relation between 

n and W at constant values k and p at the same constant 

of A, values of A,
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4.6 Calculations of gas adsorbed layer and refractive index of the 

gas used, 

The programme used in this calculation is described by O'Shea 

(Ph.D.thesis 1971). The programme solves the problem of a film of 

refractive index (nj > k) on substrate (ny, ky). Values of (ngs k) 

are first determined for freshly evaporated metal film as described 

in the previous section. The change of the ellipsometric parameters 

» and Aare then observed as the gas pressure in the system is 

increased. Values of (n> k)) and the film thickness are assumed 

and fed to the computer programme from which the values of Wand A 

are calculated. Comparisons of the experimentally determined values 

(¥ and 4) and calculated values of (W and 4) yield the refractive 

index of the gas used at a particular wavelength and the film thick- 

ness. An example for the calculations is shown in Table (4.6a).
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Also shown in Table (4.6a) are some of the determined values of 

n and k for argon gas adsorbed on polycrystalline gold film held at 

-7 
liquid nitrogen temperature and a gas pressure of 10 torr. 

The error in determining n and k values neglecting the gas 

layer is not very large as seen from Table (4.6b) where n and k are 

the values of the clean gold film at pressure 10? torr and n and k 

are the values for the composite surface of gold and gas after intro- 

ducing the gas at pressure 100! torr, n and k represent pseudocon- 

stants of the gold film . 

  

ra? n k n k 

  

4700 1.304 1.837 1.312 1.835 

  

Table (4.6b) Real and pseudoconstants of gold film 

calculated from experimental values of Wand 4. 

Measurements taken on films prepared at pressure of 10° torr 

of the gas yielded higher discrepancies in the values of n and k 

which could be explained by assuming that gas atoms were trapped in the 

metal film during deposition.
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4,7 Discussion 

Thin films, present on most surfaces, were thought to be difficult 

to detect, and if not allowed for, can cause errors in the determination 

of the optical constants of pure surfaces. In some cases serious 
° 

errors result for oxide films as thin as 10 A. 

Young and Crowell (1962) concluded that below P/P. = 0.01 no 

significant adsorption takes place, where P is the equilibrium pressure 

of the adsorbed film and PS is the vapour pressure of the bulk liquid 

at the temperature of the experiment. They made some exceptions with 

adsorbents having fine pores. This conclusion is quite at variance 

with many experiments on physical adsorption in physics and physical 

chemistry. Hobson and Armstrong (1963) obtained a drop in pressure of 

two orders of magnitude for P/P, = ie in a flask of pyrex immersed 

in liquid nitrogen. In similar measurements on the physical adsorption 

of helium at 4.2°K Hobson (1959) gave pressure drops of five orders of 

magnitude. Young and Crowell's conclusion is undoubtedly true within 

the meaning of the phrase "no significant adsorption", it conveys an 

impression quite at variance with experience in low pressure systems. 

As mentioned in a previous chapter, ellipsometry has proved to be a 

sensitive, non-destructive technique which can be used to detect very 

thin films on surface. Several factors affect the sensitivity of tne 

measurements, among the most important is the angle of incidence, the 

sensitivity of the detection system and the wavelengths of the light 

-used. The circumstances of the present experiment did not allow a 

study of the effect of the angle of incidence because measurements 

were to be made in an ultra high vacuum system, in which the window 

configuration had already been fixed. The detection system is found
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to be very sensitive to any change in the surface as shown in Figs. 

(4.3.2a,b) where the value of the ellipsometric parameters and A 

are shown to change as the gas pressure changes by small amounts 

i.e. as the gas surface layer is increasing. 

The effect of the wavelengths of the light used was studied 

with the substrate held at liquid nitrogen temperature for two gases 

(neon and argon) at different wavelengths corresponding to some of 

the strong and weak emission lines of each gas. The sensitivity of 

the measurements was found to improve for a selective wavelength of 

the gas used. For each gas, the change in the value of A is found 

to be twice as much at a wavelength corresponding to a strong emission 

line of the gas as at any wavelength corresponding to a weak line. 

W was found to decrease upon increasing the gas pressure, i.e. 

increasing the film thickness for these particular wavelengths and to 

increase for other wavelengths as shown in Fig.(4.3.le). The most 

probable explanation is that the gas film is slightly absorbing as 

seen from calculations of the thickness and refractive index of the 

adsorbed gas in the previous section. 

Table (4.7a) shows the dependence of the sensitivity of 

measurements on the angle of incidence. The values of 6A and 6p 

are taken for any chosen film thickness. (4 A) and all calculations are 

made at the same wavelength and using the values of n's and k's for 

the film and substrate as determined experimentally. The optimum 

angle which gives the highest value of SA and SW is around 72 degrees 

in which the sensitivity is increased by 18% for 6A and 13% for 6y 

while the improvement due to selecting the optimum wavelength was one 

order of magnitude for SW and twice as much for 6A as described in
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section 4.3.1. Consequently by selection of wavelength and angle of 

incidence, the sensitivity for a particular investigation could be 

  

  

improved. 

Angle ° 6A 6p 6A% 5% 

64 0.158 0.108 

65 0.162 Osll2 2.5 2.8 

66 0.167 0.113 Sat 4.6 

67 0.170 0.115 7.6 6.5 

68 0.174 etinkys 10.1 8.3 

69 0.178 0.119 1207 10.2 

70 0.181 0.120 14.6 el 

71 0.183 0.121 15.8 12.0 

72 0.186 0.122 Uhests 13.0 

73 0,187 0.122 18.4 13.0 

  

Table (4.7a) Computed values of SA and 6W fox different angles 

of incidence using values of refractive indices of 

gold and argon as determined experimentally. 

4.7.1 Explanations of the observed changes inp. 

The calculation of the change of the pllinsonerstc para- 

meters and A upon gas adsorption showed a positive value of 6 for 

an absorbing film on an absorbing substrate and a negative value 

for adsorption of non-absorbing film on an absorbing substrate (see 

section 4.3.1). Two explanations are given in the literatures. 

1. Bootsma et al.(1969) found a positive change of 6 for 

adsorption of several gases on silicon surfaces at a particular
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wavelength. They considered these positive values as anomalous 

and proposed three different models to account for the anomalous 

change in ¥, 

Model (1) An optically absorbing layer on an unchanged substrate. 

Model (2) Change in optical constants of the substrate as a result 

of chemisorption. 

Model (3) Change in optical constants of thin surface layer of 

the substrate. 

2. Dignam et al.(1971) considered that at low surface coverage 

(one monolayer or less), the adsorbed molecules are bound to be 

partially orientated relative to the normal to the surface, and if it 

is assumed that the molecules are randomly oriented with respect to 

rotation about a normal to the surface, then the adsorbed film would 

behave as a uniaxial medium with the optic axis oriented normal to the 

surface. The ellipsometric effect in the thin film approximation is 

shown to be identical to those of an isotropic film of complex refractive 

index ny which may be given by: 
-1 

2) )(ne-n2 ) SO oer ON nino geo.) 20), a 
(1-ny)(n5-n}) ent ny (ny np Mn) 5 5 yy 

where ure and ny are the refractive indices normal and tangential to 

the surface respectively. Real solutions were found only for wh Pn). 

leading to finite but small values of kys n, = 1.4-0.03 i leads to 
1 ° 

5) = +0,003° per A which is too small to account for the present 

observed value of SW.
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For physical adsorption, model (1) is the most reasonable since 

the adsorbed gas is only bound to the surface by the Van der Wall's 

forces of attraction and no exchange of electrons between substrate 

and adsorbed gas takes place to change the surface of the substrate 

and hence its optical constants as is the case for models (2 and 3). 

Model (3) would be suitable for semiconductor crystals where the 

surface atoms have one or more uncompensated bonds and the gas 

film may be considered as a separate layer parallel to the substrate 

surface. The present measurements did not show any change of the 

electrical resistance of the gold film upon adsorption of the gas 

layer, which confirms the chosen model and thickness of the film. 

The adsorption process on different crystallographic planes 

has been considered theoretically by Lenel (1933). The maximum 

binding forces occur in positions where the adatoms are surrounded by 

the maximum number of lattice atoms, i.e. different crystallographic 

planes of a given crystal can show marked differences in catalytic 

activity. The experiments of Gwathmey et al.(1954) show that, in 

the case of copper single crystal spheres, those positions that are 

parallel to the most densely packed (111) planes show the highest 

catalytic activity. 

The ellipsometric measurements in sections 4.3.2, 4.3.3 and 

4.3.4 indicate that the change in A. values depends on the density of



= 108 2= 

packing in the particular surface, in good agreement with the theoretical 

considerations and Gwathmey's experiments. For polycrystalline film 

surfaces, the experimental values of 54 is nearly an average of the 

values of the two other planes (110) and (100). Also the value of SA 

is nearly twice as much for (110) as for (100) planes. It is assumed 

that polycrystalline films are combinations of all orientations in a 

random arrangement. This is also shown from the present ellipsometric 

measurements since the values of 54 caused by adsorption on polycryst- 

alline films lie between the values for (6, ) and (6A )1 99 upon 
110 

adsorption, this can be seen from Figs.(4.3.2a), (4.3.3a) and (4.3.4a). 

The amount of gas adsorbed on the surface depends on the number of sites 

available to accommodate the gas as shown in Fig. (4.3.4c). In the 

case of monolayer all available sites are occupied. Fractions of 

; ;, humber of sites occupied monolayer can be defined by the ratio MuMbeDworisiteevavariable.



CHAPTER 5 

EXPERIMENTAL RESULTS AND DISCUSSIONS : LOW ENERGY ION BOMBARDMENT
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5.1 Introduction 

Changes in optical properties and electrical conductivity of ion 

bombarded samples have been measured. These changes have been 

interpreted in terms of gas adsorption and damage. 

The samples were evaporated gold films, on glass to produce 

polycrystalline films and on sodium chloride single crystal to 

produce single crystal gold films. 

Difficulties arose when attempting to combine both electrical 

and optical measurements simultaneously. The magnitude of the change 

in the electric conductivity with bombardment was found to be small. 

In order to achieve reasonable percentage changes, it was necessary 

to prepare thin films, a requirement not consistent with that for 

optical measurements in which thicker films were needed to eliminate 

the influence of the substrate on measurements. Films of thicknesses 
° 

300 - 400 A were "sed. 

In the study of low energy ion bombardment, two important 

parameters are involved, the incident total ion dose and the ion 

energy E. The following results describe the effect of these 

parameters on both electrical and optical measurements and the 

the 
corresponding desorption of trapped ions of inert gas used.
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5.2 Optical measurements 

5.2.1 Argon and neon ion bombardment of polycrystalline gold films 

Polycrystalline gold films were irradiated at room temperature. 

The bombarding ion current was kept constant for the whole range of 

measurements at2x10 hover a film area of 0.96 ene and samples were 

irradiated for the same length of time, 60 minutes. The gases were 

spectroscopically pure gases (British Oxygen Co.). Figs. (5.2.1.a,b) 

show the changes of the ellipsometric parameter A with the bombarding 

ion energy, for argon and neon respectively. For low energies, the 

value of A decreased initially, and then started to increase. For 

argon ion bombardment the value of energy at which the value of A 

changes sign was about 130 eV while that for neon ions was about 150 eV 

as shown in the figures, 

The corresponding changes in the values of are shown in Figs. 

(5.2.1.c,d). The values of 6A and 6 at zero energy, correspond to 

the values at a gas pressure of 5 x 10° torr and room temperature 

before irradiation, were found to be very small compared witn measure- 

ments at liquid nitrogen temperature which have already been shown in 

the previous chapter. Table (5.2.1a) illustrates the difference 

between the adsorption of argon gas on@polycrystalline gold film at 

room temperature and liquid nitrogen temperature. When the sample 

(following adsorption at liquid nitrogen) was warmed to room temperature, 

there was less than 6% change in Sand 4% in 6A. Also, at a particular 

ion energy, the change of both A and values were higher for argon ions 

than for neon ions.
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Fig. (5.2,la) Change of ellipsometric parameter A with bombarding ion 

energy for argon ions on polycrystalline gold film at 

wavelength 6400 A. 
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Fig, (5.2.1b) Change of ellivsometric parameter A with bombarding ion 

energy for neon ions on polycrystalline gold films at 

wavelength 6400 A,
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Fig. (5.2.1c) Change of ellipsometric parameter ‘vith bombarding ion energy 

for argon ions on polycrystalline gold film at wavelength 

6400 A,
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wavelength 6400 A. 
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Sal 

  

Temperature °c éy degree 6A degree 

Dats 0.009 0.01 

liq. Ny 0.095 0.15 

  

Table (5.2.1.a) The experimental ellipsometric changes of 6 

and6A at pressure of 5 x 108 torr of argon 

at two temperatures. 

5.2.2 Argon and neon ion bombardment of <110> single crystal 

gold films 

Single crystal gold film of <110 > orientation was bombarded 

under the same conditions as described in the previous section. The 

values of 6A and Si for the same values of energies were found to be 

less than 6A and S) for polycrystalline films as shown in Figs. 

(5.2.2.a-d), SA takes the same shape as before. Also, the changes of 

6A and Sp for argon ion bombardment weremuch higher than those for neon. 

‘ 7 6 = = At an ion energy of 400 eV; ( A econ (45A Deen and (OH rach 

(38) neon? The threshold for neon was 130 eV while for argon it was 

110 eV as shown in Figs.(5.2.2.a,b) and Table (5.2.3.a). The effect 

on optical constants n and k are shown in section (5.5)
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Fig, (5.2,2a) Change of ellipsometric parameter A with bombarding ion 

energy for argon ions on < 110 > single crystal gold film 

at wavelength 6400 A.
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energy for neon ions on < 110 > single crystal gold film 

at wavelength 6400 A.
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Fig. (5.2.2c) Change of ellipsometric parameter with bombarding ion energy 

for argon ions on < 110 > single crystal gold film at wave- 

length 6400 A.



eat 

éw degree 
  

40.3 F 

40.2 F 

40,1 7   
  

  At wee . 
100 200 300 400 

Ion energy eV 

Fig. (5.2.2d) Change of ellipsometric parameter with bombarding ion 

energy for neon ions on < 110 > single crystals gold film 

at wavelength 6400 A.
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5.2.3 Argon and neon ion bombardment of single crystal <10@ 

gold film 

For single crystal <100> film, the values of 6A follow the 

same pattern as in polycrystalline film and single crystal <110> as 

shown in Figs.(5.2.3.a,b) for argon and neon ion bombardment. 

For argon ion bombardment, the values of 6A and éywere found to be 

less than both previous measurements for polycrystalline and single 

crystal <110> gold films. For neon ion bombardments, those values 

were found to be less than polycrystalline film but higher than that 

for the<110>single crystal film. The value of argon ion energy 

at which 6A changes sign was 100 eV and for neon it was 120 eV. 

Table 5.2.3.a summarizes the experimentally determined values of 

the energy at which the value of 6A changes sign. The momentum trans- 

ferred from neon atoms to target atoms are less than that from argon, 

if it is assumed that the change in sign of A corresponds to the same 

damaged condition for both types of ions. 

  

  

  

Crystal Ion Energy eV 

surface Neon Argon 

Polycrystalline 150 130 

Single Xtal <100> 120 100 

Single Xtal <110> 130 110 

  

Table (5.2.3.a). Measured values of threshold energies for 

different surfaces for neon and argon ion 

bombardment.
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Fig, (5.2.3a) Change of ellipsometric parameter A with bombarding ion 

energy for argon ions on < 100 > single crystal gold film 

at wavelength 6400 A.
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Fig. (5.2.3b) Change of ellipsometric parameter A with bombarding ion 

energy for neon ions on < 100 > single crystal gold film 

at wavelength 6400 A.
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Fig, (S.2.3c) Change of ellipsometric paremeter with bombarding ion 

energy for argon ions on < 100 > single crystal gold film 

at wavelength 6400 A.
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Fig. (5.2.3d) Change of ellipsometric parameter p with bombarding ion 

energy for neon ions on < 100 > single crystal gold film 

at wavelength 6400 A,
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5.3 Electrical measurements 

The electrical resistence was found to increase as a result of 

bombardment. Fig.(5.3.a) shows the increase of the resistance of a 

polycrystalline gold film bombarded at room temperature, with increa- 

sing ion energy. Optical measurements of the film were made simult- 

aneously- The ion dose wes the same for all tests using an ion 

current of 2X10 Afor one hour. The contaminated surface layer due 

to very low ion energy bombardment did not cause any change in the el- 

ectrical resistance whereas changes in ellipsometric parameters were 

observed, For energies less than approximately 200 eV, the resistance 

did not change. After each bombardment, the samples were heated to 

200 6 for one hour and left to cool for eight. hours. This annealing 

did not restore the film resistance to its value, prior to bombardment. 

Fig. (5.3.b) shows the remaining value of the resistance after heating. 

Up to 55% of the increase of the resistance was recovered as shown in 

Fig.(5.3c). The residual resistivitiesmeasured at aX, of two films 

of different thickness prepared in the same run were measured. 

Measurements at this temperature eliminate resistivity effects of the 

gold lattice and gives the resistivity due to imperfections and impurity. 

Two pairs of films were prepared at the same time (as explained in 

chapter 2), each pair of films were of the same thickness. Two films 

(one from each pair) were bombarded at the same time, at gas pressure 

of 5x10© torr and at an ion current of2x10 hat 400 eV for one hour. 

After bombarding the two films, all four films were transferred to another 

system to measure the residual resistivities. Fig.(5.3.d) shows two 

films of the same thickness prepared at the same time under identical 

conditions. Film. (1) was not bombarded and film (2) was bombarded 

at room temperature. The value of the resistance of the bombarded 

film is increased as shown in the figure.
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Fig. (S.3a) The change in the resistance of polycrystalline 

gold film with increasing bombarding ion energy 

(argon ions)
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5.4 Dose dependence measurements 

The change of the values of and A are found to be dose 

dependent. The bombardment was conducted at constant ion currents 

for varying periods of time, i.e. the total ion dose incident on the 

target was adjusted by varying the bombardment time keeping the ion 

current constant. Figs.(5.4.a,b) illustrate the relation between 

the ion dose and the change in the values of 4 and V respectively. 

As is expected the change in both p and A is linearly dependent on iS 

the bombarding time because by increasing the bombardment time, the 

number of ions striking the surface is higher. 

D0 Calculation of some electrical properties and the damaged 

layer thickness from optica] measurements 

Two constants, the index of refraction and the extinstion co- 

efficient describe the optical properties of a system. For metals, 

these optical properties depend on the behaviour of conduction 

electrons in resnonse to the incident electromagnetic radiation. An 

absorbing medium is characterized by a complex refractive index (n-ik) 

and a complex dielectric constant € = &) - i€,- When electromagnetic 

waves are absorbed as a result of interaction with conduction electrons, 

the Drude theory may be used to express the optical constants in terms 

of the fundamental constants of the metal, 

c= ig, = (nsik)? 5.5a 

In the far infra-red, the optical absorption is dominated by the 

conduction electrons and one can assume that the current is almost in 

phase with the electric vector and hence 

nk = o,/v



= iad «= 

where o is the conductivity measured for static fields and V is 

the frequency. For intermediate wavelength, account must be taken 

of the resistance and hence of the absorption of energy by the medium. 

The classical formulae for the optical constants expressed in terms 

of the frequency w/2m and the time of relaxation T are 

  

2 -1 * 
eee EE ye) 5.5b 

m « 

2 -1 
4mN*e 1 2 1 

2nk ei CDG =) roc 

where N* is the effective electron density 

T is their relaxation time 

w is the angular frequency of the incident light 

If 4 >>T i.e. the period of the light is large compared with the 

time of relaxation, then from equations 5.5b, 5.5c 

nk = o/V 

no 2 ke < <nk 

a 
On the other hand if a the following approximate equations 

are valid, 

n2 > K2 =1 -4nN*e” /mw7 5.5d 

2nk = UnNte- janet 5.5e 

2 
N*e"t 

Co ae Bot 

a, is the d.c, electrical conductivity
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1 
In general, for good conductors, the wavelength at which W = = ic 

lies in the far infra-red and relations (5.5d,e) are good approxi- 

mations when applied in the visible region. AL for gold, calculated 

from the bulk values of Syand N*¥.is 51,529 H (oa = 7.55102 ( ohm on) 

and N* = 5.9x10-em 2)» 

In the present experiment, the change in the values of n and k 

of the bombarded film as a function of ion energy is shown in Figs. 

(5.5a,b) for a typical polycrystalline gold film. A two layer 

computer programme described by O'Shea (Ph.D. thesis, Aston University, 

1971) is used to determine the values of the damaged layer thickness, 

n and k as described in Chapter 4 section 6. Table (4.6b) in Chapter 

4 shows that the error in determining the values of the optical 

constants for films, neglecting the adsorbed gas layer, is very little 

(as can be seen from the values of the pseudoconstants) compared with 

the change produced by the ion bombardment. The fact that ion 

bombardment produces greater changes in W and A suggests that the 

surface layer of the bombarded film is significantly affected by the 

incident ions. Table (5.5a) summarizes the calculated values of 

the effective number of conduction electrons and the corresponding 

resistivity and relaxation time as calculated from equations (5.5d,e,f) 

for a typical polycrystalline gold film, using the experimentally 

determined n and k values. The decrease in the value of N* with 

increasing ion energy may be due to the formation of holes in the 

film. The decrease in the relaxation time may be due to enhanced 

scattering of electrons caused by disorder produced by the foreign or 

displaced atoms.



DE 

-6 
The value of the resistivity (ont = 0.24 x 10 ohm cm) 

calculated from the optical measurements and equation (5.5f) did not 

=6 
agree with the measured d.c. resistivity (3.13 x 10 ohm cm) for 

unbombarded film, but the increase in P due to ion bombardment 
opt. 

is in the same direction as the measured steady current resistance and 

corresponds to poorer quality film. Mott and Jones (1958) compared 

optical measurements of a polished gold surface with bulk conductivity 

of gold and found that the observed electrical conductivity for steady 

fields was an order of magnitude less than the value calculated on 

the basis of equations (5.5b,c). They attributed this difference to 

the high absorption of an amorphous surface layer produced by the 

polishing. In the present case the films were prepared under ultra 

high vacuum conditions giving smooth surfaces. The lack of signifi- 

cant broadening of the lines in the X-ray diffraction patterns of the 

films indicated a large grain size. These factors probably account 

for the fact that the discrepancy in optically calculated and experi- 

mental values is only reduced. to approximately 40% as is shown in the 

last two columns of Table 5.5a. 

The damaged thickness determined optically for an argon ion beam 

is shown in Fig.(5.6b). For the maximum energy used (400eV), the 

thickness was found to be 38 i Figs.(5.5¢c,d,e) show the change of 

the values of n,k and 2nk with wavelength of the light used. The 

full line is the annealed film before bombardment and the dots 

correspond to the values after ion bombardment with argon ions of 

energy 400 eV, the minimum of the curves in the bombarded case is 

less deep which indicates a deterioration of the film quality in good 

agreement with Abeles (1969).
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Also there was no change in the band structure or the nature of 

the interband transitions by the introduction of the defects because 

the characteristic values are located at approximately the same wave- 

length as seen from Fig.(5.5e). 

The damage produced in single crystal gold film is less than that 

for polycrystalline film as seen from the change of 5A and SW with 

ion energy which suggests easier penetration of the ions with less 

disturbance of the lattice because as the film quality is deteriorating, 

the values of n increase and values of k decrease as calculated before. 

Tables (5.5b,c) show the change of the value of N* and T and 

as in Table (5.5a), for single crystal (110),(100) respectively. The 

lower part of the table demonstrates the depth of damage produced by 

bombarding ions (argon) in both surfaces as calculated optically and 

electrically as explained in Section 5.6. The depth of damage in 

single crystal films is less than in polycrystalline. The change in 

p(optical) from kon energy 200 eV is 33% for <110> single crystal 

while the change in p from electrical measurement is only 8.5%, and 

the corresponding values for “1007 single crystal are 23% and 7.8% 

respectively. The difference in the optical and electrical measure- 

ments could be due to gas adsorption in the first few layers of the 

surface which did not affect the electrical measurements. This view 

is supported by microscan analysis of the bombarded samples which 

showed traces of argon in the gold film. Quantitative analysis was 

difficult because of the difficulty in preparing solid samples of the 

gas to be used as a standard. Comparison between the remaining values 

of 5A and 6p after annealing are shown in Figs.(5.7a-f) in section 5.7.
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Energy N* x 107*/em? i Ae eer, e x 107° Q.em px 107° 
eV ope. electrical 

x Q cm 

0 2.4446 9.246 5.237 Sais: 

70 2.3964 8.948 

80 2.3200 8.480 

90 2.3101 8.404 

100 2.2952 8.229 

110 2.2889 8.164 

120 ~ 2.2746 8.033 

130 2.2568 7.901 

150 2.2442 7.779 

200 2.2276 7.704 6.898 

250 2.2061 soon 7.100 

300 2.1847 7.415 7.308 

350 2.1665 7.205 7.584 

400 2.1469 7.017 7-858 

  

Table (5.5a) Calculated values of electron density N* and 

relaxation time T and resistivity p from 

experimental measurements of the change of 

optical constants n's and k's of a 

bombarded polycrystalline golf film.
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Energy N* x 10--/ene tx NO ceeena x10” p x 10° 
ev oe electrical 

cm 

0 2.5088 9.524 4.89 2.9 

200 2.47 9.35 5.197 

250 2.42 8.94 5.547 

300 2.37 8.54 5.929 (1) 
350 2.32 8.12 6.371 

400 oT 7.64 6.92 

° ° ° 
fic opt." Sane nexe 

200 15 7 15 

250 20 12 25) 

300 27 16 36 

350 29 21 46 (2) 
400 Be 27 55 

  

single crystal <110> 

Table (5.5b) 

(1), 

(2) 

Calculated values of electron density N* and 

relaxation time T and resistivity p from 

experimental measurements of the change of 

optical constants n's and k's of a bombarded 

single crystal (110) gold film. 

Damage layer thickness calculated from optical 

and electrical measurements for the same film.
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Enefgy  “N* x RODS ene 1 x 10 “sec. Pont * 10°) o)x 10° 
eV Nom electrical 

sb: cm 

0 2.5243 9.56 4.97 2.95 

200 2.49 3.28 5.194 

250 2.46 9.01 5.415 

300 2.43 8.7 5.677 ) 

350 2.39 8.36 6.006 

400 2.34 8.02 6.395 

° ° °° 

ae dot 4 min.” max. 

200 14 7 17 

250 17 12 21 

300 22 17 26 (2) 

350 26 22 31 

400 29 28 36 

  

Table (5.5c) 

(1) 

(2) 

single crystal <100> 

Calculated values of electron density N* and 

relaxation time t and resistivity P from 

experimental measurements of the change of 

optical constants n's and k's of a bombarded 

single crystal (100) gold film. 

Damage layer thickness calculated from optical 

and electrical measurements for the same film.
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polycrystalline gold film and argon ions.
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Fig.(5.4b) The change of p values with bombarding time for 

polycrystalline gold film and argon ions.
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Fig.(5,Sa) The change of n values for polycrystalline gold film as a 

function of ion energy (argon ions)
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Fig.(5.5b) The change of k values for polycrystalline gold film as a 

function of ion energy (argon ions)
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bombarding argon ion energy of 400 eV,
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400 eV.
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Fig. (5.5e) The change of the value of 2nk as a function of 

wavelength of light used for a polycrystalline 

gold film at bombarding argon ion energy of 400 eV.
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5.6 Estimation of the damaged layer thickness from electrical measurements 

There is no accepted method of calculation of damage layer thickness 

from electrical resistance measurements. The following two methods 

were used to give approximate values; 

a) Assuming that the damaged layer had a very high resistance with 

respect to the whole film, a rough estimation of the damaged layer 

thickness could be determined from the percentage change of the resis- 

tance upon bombardment. Fig.(5.6a) shows the percentage increase of 

the resistance R with applied ion energy. An ion of energy 400 eV causes 

the resistance of the film of thickness 310 a irradiated and held at room 

temperature to increase by 9.58%. On this basis the minimum damaged 

layer thickness is of the order of 30 in This value is in good agree- 

ment with the optical measurements made on the same film (38 2). 

(b) Assuming the resistivity of the film did not change, the increase in 

the resistance of the bombarded film was as if the film had been thinned 

by irradiation. The effective thickness of the irradiated film of 

thickness 310 g was found to be 265 g, for ions of energies 400 eV, 

using the relation 

where 

andp is the resistivity of the freshly evaporated golf film, 1 its 

length, A the cross sectional area, w is the width and t the thickness 

of the film. This indicates the upper limit of the damage produced by 
oO 

irradiation to be¥ 45 A. 

In view of the assumptions which have been made the fact that the 

optically measured thickness lies between these extremes, as estimated 

electrically, is considered to be satisfactory. Fig.(5.6b) shows
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comparison between damaged layer thickness as estimated from optical 

and electrical measurements and that calculated using the method and 

programme due to Armstrong and Chandler (1973). They considered the 

stopping power of the material and calculated the range of ions as a 

function of energy. 

The temperature coefficient of resistance of the unbombarded film 

(4.2 x 10 °/°c) is very close to the value of perfect bulk gold material 

(4.3 x 10°3/°c) while that of the bombarded film is decreased to 4.04 x 

10°3/°¢ which indicates a deterioration of the film quality. 

At ion energies less than the threshold energy for each gas, no 

change of the electrical resistance was observed. These results comn- 

bined with the optical measurements indicate that at an energy less than 

the threshold energy, the change observed in the optical measurement: 

is due to gas contamination of the film surface which did not affect 

the resistance, 

5.7 Defect annealing and migration and desorption of gas atoms from 

the target on heating 

After point defects have been created, they will tend to migrate 

and cluster or anneal out at all temperatures except very low 

temperatures. Typical activation energies for migration in crystals 

are 0.5 eV for vacancies and 0.2 eV for interstitials. Within a few 

atomic layers of the surface, defects interact with an effective “image" 

defect via elasticstrain and thereby move to the surface. Within the 

bulk material, both types of defects aggregate to form discs oriented 

along a crystal plane.
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After each bombardment, the film has been heated to 200°C for one 

hour and left to cool down for eight hours, the values of Y and 4 

did not return to the initial values measured before bombardment. 

The residual values of¥ and4 » which may be considered as a measure 

of the damage, are found to deperd on the surface structure, as shown 

in Figs.(5.7a-f) for polycrystalline, <100> and <110> single crystal 

respectively. For polycrystalline films, approximately 50% of the 

value of 4 was found to be recovered, in agreement with the electrical 

measurements shown in Fig.(5.3c). 

It is clear that for single crystal film the structure looked more 

open, and easier movement of the gas atoms is possible.
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Fig.(5.6a) Percentage increase of the resistance R with increasing 

bombarding ion energy for argon ions on polycrystalline 

gold film.
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Fig. (S.7b) The values of Sy remaining after annealing following argon ion 

bombardment on < 100 > single crystal gold film.
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bombardment on < 110 > single crystal gold film.
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Fig. (S.7d) The value of 6A remaining after annealing following argon 

ion bombardment on polycrystalline gold film,
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5.8 Distribution of defect production 

The average number of Frenkel pairs tp produced by each incident 

ion of energy E can be estimated, using » Kinchin and Pease model and 

neglecting electronic losses (Kinchin 195). 

Neo = E/2E, 5.8a 
P 

The ordered nature of the lattice can result in the long-range transfer 

of energy and matter and so influence the distribution of atomic dis- 

placements. As mentioned in chapter 3, this effect is better under- 

stood by considering focusing collisions, which are most important at 

low ion energies (usually <1KeV). The atoms were considered as hard 

spheres of radii (R) related to the distance of closest approach. 

Since R is energy dependent, it was found that R must be matched to a 

more realistic interatomic potential such as the Born-Mayer potential. 

V(r) = A exp(-r/B) 5.8b 

where 

R(E) = 3B In (24/E) 5.8¢ 

On the basis of focusing collision, if D is the separation between 

two atoms then: 

D4R for f>1 and Je,| < 185] 

D4R for f<1 and [| > |0,| 

So that if D4R and f1, cm increases until an atom no longer collides 

with its neighbour in the row. If, however, I<x4R and f<1, 6, de- 

creases to zero and the momentum transfer is then perfectly efficient. 

Table (5.8a) shows the calculated values.of New and R(E) where 

values of A and B in equation 5.8c are taken from the work of 

Abrahamson (1969) and assuming Eto be 25 ev.



The number of Frenkel pairs produced, increases as the ion energy 

increases which will accumulate the damage produced by incident ions. 

Also, for single crystal gold film, the value of 4R is always hicher 

than the separation between the atoms in the plane (D1 99 = 2.03 A, 

Dito = 1.44 A) which means the ions could penetrate deeper in the 

lattice and may cause less damage and explain the fact that the 

change of SW and 64 for single crystal gold film is less than that for 

polycrystalline film. The diameter of the neon and argon atoms being 

2.3 RK and 2.8 A respectively, also indicates that the damage produced 

by an argon ion will be higher than that produced by neon ions. This 

is confirmed by the calculations of the average energy T and the 

maximum energy ts transferred to target atoms, as shown in Table (5.8b)
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Table 5.84 

E ev Ne, / ion R(E) n 

70 1.4 1.06 

80 1.6 1.04 

90 1.8 1.03 

100 2 1.01 

110 202 0.998 

130 2.6 0.97 

150 3 0.95 

200 4 0.91 

250 5 0.58 

300 6 0.86 

350 7 0.83 

360 hao 0.83 

370 7.4 0.83 

380 7.6 0.82 

390 7.8 0.82 

400 8 0.81 

  

Table 5.8a. Calculated values of Frenkel pairs ae produced 

by each incident ion using Kinchin and Pease model 

and calculated value of R(E).



Table 5.8b 

  

  

  

T a 
E eV w 

Neon Argon Neon Argon 

70 - 31.06 23.66 39.25 

80 23.43 33.02 26.97 44.86 

90 27.08 34.61 30.35 50.47 

100 28.36 36.43 33.72 56.07 

110 30.23 37.86 37.09 61.68 

120 31.19 39.39 40.46 67.29 

130 32.67 40.71 43.83 72.9 

150 34.83 43.16 50.58 84.11 

200 39.33 48.28 67.43 112.15 

250 43.2 52.46 84.29 140.19 

300 48.24 55.98 101.15 168.22 

350 49.23 59.03 118.01 196.26 

360 49.75 59.6 121.38 201.87 

370 50.26 60.18 124.75 207.48 

380 50.76 60.69 128.12 213.08 

390 51.25 61.22 131.5 218.69 

400 51.72 61.73 134.87 224.3 

  

Table 5.8b. Calculated values of the average T and the maximum Th 

value of energy transferred to target atoms during ion 

bombardment.



- 160 - 

5.9 Discussion 

The changes in the physical properties of a metal resulting from 

irradiation with charged particles are difficult to interpret because 

the types and numbers of imperfections produced by the bombardment 

are not accurately known. Interstitial atoms and vacant lattice 

sites are expected to be the predominant types produced (Seitz 1949) 

and this view is supported by the observed annealing properties of 

the damage (Overhauser 1953). In order to understand or explain the 

reason for the change of the physical properties of the bombarded 

samples, we have to visualize what is happening when an ion impinges 

on the surface. By following a collision cascade, there appears to 

be a mechanism which focuses momentum along the simple rows. The 

dominant features of the cascade are focused replacement sequences 

where replacements are involved, and focused energy packetswhere only 

energy is transported. As mentioned in chapter 3, the displacement 

energy e may be defined as the minimum energy required to produce 

a stable interstitial-v-sancy pair in the <hkl? direction. For 

a particular direction, the number of displaced atoms will rise sharply 

from zero to one at coe In the present work Ey for polycrystalline 

film was found to be 130 eV and Eo ES is 110 eV as shown from the 

results in sections 5.2.1, 5.2.2, 5.2.3 and summarized in Table (5.2.3a). 

The initial change of the values of A as the ion energy increased shows 

° 
contamination of the surface layer of the order of 6A thick as computed 

up to energy E Then the values of 5A change sign as the bombarding a 

energy starts to produce damage of the surface. This bombardment pro- 

duces two monolayers on the surface initially. The change observed is 

identical with adsorbed gas when the gold substrate is held at 77°K; 

namely the addition of two monolayers as mentioned in chapter 4. 

It, therefore appears that two ironolayers is the limit of adsorption at 

Sx 10 torr.
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The simplest type of focused collision sequence propagates along 

the closest packed rows of atoms such as <110>in the f.C.c. lattice. 

Focused collision sequences arise because the lattice is then able to 

impose more rigid conditions on the possible modes of momentum trans- 

fer, for when penetration of the channels in the lattice becomes 

impossible, a struck atom receives its momentum from one of its near 

heighbours. A simple focused collision sequence cannot travel indefi- 

nitely. There are some important ways in which they can lose energy: 

a) Energy loss directly to the rings of atoms surrounding the focusing 

axes, this effect may be enhanced by thermal vibration of the lattice. 

b) Scattering by structural defects in the crystal for instance dis- 

location lines. 

c) Scattering of energy out of the line by misalignment of atoms caused 

by lattice vibration. 

If we consider mechanism (a) as seen from Fig. (5.9a) B is one of 

the four atoms which lie in a{110} plane and form a ring are nd the 

<110>line, when AL reaches C with CA = 2R and CB=c, the hard 

sphere collision occurs but the potential energy gained by AL in: moving 

to C is lost to the sequence. Eventually this energy appears as 

thermal energy in the Lattice when the four B atoms and AL relax and 

then oscillate about equilibrium positions. 
: B 

  Ay Re Ana 
Fig.(5.9a) Energy loss in a static lattice.
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In mechanism (b) the collision sequence loses energy by passing 

through a defective region of the lattice. For instance, in the 

neighbourhood of a dislocation line, the atomic rows are distorted as 

shown in Fig. (5.9b). If a row actually passes through the stacking 

fault region, they are sheared discontinuously. A collision sequence 

passing along one of these rows which endsabruptly will have some of 

its energy refocused into new sequences starting from the opposite 

side of the fault and a large proportion will be lost. If enough 

energy is available, an atom may be displayed. 

Sete a ven 

Fly. (5.9b). Interaction of a focused collision sequence 

with a dislocation. 

On the other hand, measurements of the probability of entrapment 

of energetic inert gas ionsincident on polycrystalline material has 

been discussed by several workers (Brown and Davies 1963, Kornelsen 

1964, Corkhill and Carter 1965, Close and Yarwood 1966, 1967, and 

Erents and Carter 1967). Significant quantitative differences be- 

tween the data of various investigators have been found although all 

measurements have generally exhibited qualitatively similar behaviour. 

The study of Kornelsen and Sinha (1966) throws light on a possible
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explanation for the discrepancies. They found that the trapping 

probability of 100 eV K+ ions incident upon single crystal tungsten 

specimens varies from 2 x 107 to 5x oj when irradiated parallel to 

the “110? and< 100 directions respectively. For many years it was 

assumed that ion penetration into crystalline material would not differ 

substantially from that in amorphous media, despite the fact that as 

early as 1912 Stark had predicted that interatomic fields would play a 

major part in determining the motion of charged particles through 

crystals. He described explicitly an experiment for observing chan- 

nelled transmitted ions photographically. The present ellipsometric 

measurements suggest three points of interpretation based on the results 

of sections 5.2.1, 5.2.2 and 5.2.3: 

is At energies lower than Ey the change inthe value of 4 is in the dcirecti 

characteristic of contamination of the bombarded surface by the incident 
ions. 

2. For energies higher than Ey the values of A show the formation 

of a disturbed layer which increases in thickness with increasing 

bombarding ion energy. This is clear from the combined electrical 

and optical measurements. 

3. The amount of damage produced depends on the easa of pehetration 

of the incident ion which in turn depends on the arrange- 

ment (structure) of the bombarded surface. The polycrystalline 

films suffer the highest disturbances as it is considered to be 

composed of several different ‘crystallites randomly oriented. 

This result agrees with Kornelsen and Sinha's observations. 

The effect produced by argon is found to be higher than that due 

to neon, due to the fact that the atomic weight of - argon is nearly 

twice as much as that for neon (39.946 and 20.183 respectively) also 

as shown from table 5.8b, the amount of energy transferred to the target
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atom is much higher for argon than that for neon, together with a 

° 
smaller diameter for neon atom than argon (argon = 2.8 A, neon = 2.3 A). 

Irradiation at high temperature may suggest the type of defects 

present. When irradiation is at high enough temperature for one 

defect to be mobile, for example, interstitials,the concentration of 

trapped interstitials will increase as the irradiation proceeds and the 

number of free trapping sites will decrease. The presence of un- 

saturable traps will not produce saturation in the defect concentration 

but simply a curvature of the damage curve because as the concentration 

of vacancies increases, there is an increasing tendency for interstit- 

dials to annihilate vacancies rather than to become trapped. Results 

of the present optical and electrical measurements agree with this model 

as the change of Stand 6A and the electrical resistance upon irrad- 

iation do not follow a linear relationship with bombarding ion energy. 

A more realistic model must take account of other sinks for inter- 

stitials. If the interstitials can condense on the network of dis- 

locations causing them to climb, to a first approximation the number 

of such trapping sites remains constant. Thus the unsaturable traps 

may be regarded as unaffected by the concentration of interstitials that hay 

passed to them. Alternatively the escape of interstitials to crystal 

boundaries can be represented by a constant concentration of sinks which 

are again unsaturable. Mobile interstitials are produced in gold at 

50°C as observed by Merkle (1966). The interstitials on the unsatur- 

able traps can probably be assumed to contribute very little to elect- 

rical resistivity. The increase in resistance can be analysed into two 

terms, one of which saturates as the saturable traps become filled, the



other increasing steadily. If acey is considered as the resistivity 

increase due to unit concentration of interstitials on saturable traps 

and ay as the corresponsing resistivity for vacancies, then the total 

resistivity may be written as: 

oe (acy “a aCe Aa yy ore 

where ie and Cita are the concentrations of saturable and unsaturable 

trapped interstitials respectively. The optical and electrical measure- 

ments are consistent with this explanation since the change of both ¥ 

and A and consequently the values of n and k for the surface, and 

electrical resistance follow a non-linear relationship with the ion energy. 

X-rays diffraction patterns show that a polycrystalline film deve- 

loped preferred orientation in the 100 direction after argon ion bomb- 

bardment, ions of energy 400 eV resulting in a change in the intensities 

of the diffraction pattern lines given by the film as shown in Table(5.9a). 

  

  

ithe Intensity 

Before After 

111 ie] 5 

200 83 130 

220 65 58 

311 21 18 

  

Table (5.9a) The integrated intensity of diffraction lines from a 

polycrystalline film before and after ion bombardment.. 

The properties of the material are likely to be dominated by the
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many defects that each ion will produce in coming to rest. Only when 

this damage has been minimized do the properties of the embedded ions 

themselves become observable. In the present work, the gas atoms 

embedded in the gold film after bombardment were detected but not 

identified since measurements at different wavelengths for the two gases 

resulted in the same changes in 4 and W values, unlike the measurements 
‘ 

made on adsorbed gas and shown in Section 4.3.1.



CHAPTER SIX 

SUMMARY _AND_ CONCLUSION
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SUMMARY AND CONGLUSTONS 
  

The tedious nature of the calculations of refractive index from 

ellipsometric parameters has to some extent impeded the exploitation 

of ellipsometric techniques in scientific investigations. The 

availability of computers has removed these computational difficulties. 

Preliminary investigations of thin films, in this laboratory 

using ellipsometry, have indicated the usefulness of the technique in 

surface studies. 

The aim of the present investigation was to extend this earlier 

work and to assess the applicability to gas adsorption/desorption 

measurements and the determination of the depth of damage resulting 

from low energy ion bombardment. By correlation of the optical and 

electrical properties of a surface, it was hoped to detect surface 

damage resulting from low energy ion bombardment. 

In order to achieve these aims it was necessary to develop the 

basic instrument originally used in two main directions: 

(i) An extension of the working wavelength range 

(ii) Improvement in the sensitivity. 

To make measurements over a continuous wavelength range from 

0.39Uto 1H, it was found necessary to modify the existing instrument 

in several ways: 

(i) Replacement of simple polarizers by quartz prisms 

(ii) Removal of the quarter wave plate necessitating the 

use of the Beattie & Conn technique 

(411) Improvement in the detection system to improve the sensitivity 
and avoid the necessity for "bracketing".
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The following components were incorporated to achieve the above 

aims: 

(i) A constant deviation spectrometer with exit slit as the 

light source 

(41) Nicol prisms mounted on suitably modified divided circles 

enabling readings to be made to 0.02° as opposed to 0.05° 

previously 

(iii) A light chopper used in conjunction with a phase sensitive 

detector and digital voltmeter to measure the output of a 

photomultiplier detector. In order to achieve stable 

readings it was found necessary to eliminate mechanicalvib- 

rations from the pumping system and to utilize low leakage 

cables for connections between the photomultiplier and 

detector. 

The performance of the system was checked by measuring the 

optical constants of annealed, freshly evaporated gold films, both by 

the Beattie & Conn technique and by using the compensator technique 

over the appropriate wavelength range. Complete agreement between 

the present work and previously published results of Abeles & Jonson 

& Christy proved that the requirements for the present investigation 

had been met. 

Physical adsorption at the gas-solid interface occupies a 

special place in surface science because it plays a most important 

part in many theoretical and practical problems, and also because any 

process of gas-solid interaction (chemisorption, catalysis, hetero- 

geneous chemical reaction) includes, as one of its stages, physical 

adsorption of a gas on the solid surface. The ellipsometric
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parameters ~ and A used for the determination of the optical constants 

of a surface are characteristic of the surface and are modified by the 

presence of a film as thin as few angstroms. For example, the 

presence of a thin film of argon (6 A thick) adsorbed on polycrystal- 

line golf film, held at liquid nitrogen temperature, changed the 

ellipsometric parameters and A by 0.1 degrees in the value of V 

and 0.16 degrees in the value of A. The complex refractive index 

of the freshly evaporated gold film, at liquid nitrogen temperature, 

and pressure of 6 x TOP tours was (0.216 - 3.38i) measured at a wave- 

length of 6500 i The composite surface refractive index (film + gas) 

after introducing the gas (argon) to a pressure of 5 x 108° torr was 

(0.212 - 3.361). This is a pseudoconstant calculated from W and A 

modified by the presence of the gas. The error in determining the 

value of n ignoring the surface film is 1.9% and that in the value of 

k is 0.59%. Preparation of the film in a poorer vacuum (in a pressure 

of ieee torr of argon) produced corresponding changes of 3.8% in the 

value of n and 1.95% in the value of k. Thus the presence of a small 

amount of adsorbed gas would lead to an error in the measurement of 

the optical constants of a metal surface. The ability of the present 

ellipsometer arrangement to detect such differences has been exploited 

in the present adsorption studies. 

Calculations show that an additional improvement would result 

from selecting an appropriate angle of incidence, in the present case 

the optimum value was 72° as indicated in Table (4.7a). With the 

vacuum chamber available, measurements were restricted at an angle of 

incidence of 64°,
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The sensitivity of the measurements were further improved by an 

order of magnitude in the value of W, and by a factor of two in the 

value of A by selecting wavelengths near strong absorption lines for 

the gas. For examination of unknown surface film, a number of 

different wavelengths should be tried. 

For the interpretation of the results of the present investigation, 

it was necessary to consider a two layer system where the gas film is 

assumed to be a separate layer of refractive index (n-ik) on the gold 

surface rather than a compound surface with apseudoconstant. Following 

the computational techniques as outlined in section (4.6) the refractive 

indices for argon layer were found to be 

(1.18 - 0.13i) at 3900 

(1.14 - 0.734) at 4700 

P
o
O
P
o
p
>
o
 

(1.08 - 0.251) at 6150 

previously published values are 

n= 1.27 at 4750 A 

n= 1.275 at 3650 A 

where absorption was assumed to be zero, i.e. k = 0. 

The use of concepts concerning surface layers of finite thickness 

opens the possibility for the construction and use of models which 

entail various postulations about the structure of the surface layer. 

The adsorption properties of any adsorbent with respect to a particular 

adsorbate depend on two basic factors. 

(i) The nature of the solid surface. Both the chemical 

composition of the surface layer and its structure 

in the crystallographic sense are important. 

(41) The specific surface area of the solid.



Se Vie 

These two aspects were examined by ellipsometry in the present 

work. Adsorption of gases on different crystallographic surfaces 

were examined and revealed the dependence on the surface orientation 

of the amount of gas adsorbed. The amount adsorbed on single crystal 

< 110 >was found to be twice as much as for adsorption on<100>. For 

a polycrystalline surface the adsorption is close to the average of 

those on the two orientations. This can be explained by the fact 

that the amount of gas adsorbed depends on the number of sites available 

on the surface to accommodate an adatom (see sections 4.3.2, 4.3.3 and 

4.3.4). 

The second aspect was shown from the annealing experiments after 

adsorption. The adsorption was made with the surface held at liquid 

nitrogen temperature. Annealing to room temperature and even to 

100°c did not return the values of the ellipsometric parameters 

and A to those for the surface before adsorption. 

The combined ellipsometric “and electrical measurement of low energy 

ion bombardment revealed several important features. 

1. Very low ion energy results in contamination of the 

bombarded surface. 

2. Adsorption is restricted to about two monolayers. 

3. A threshold energy above which the bombardment 

produces permanent damage. 

4. The threshold energy depends on both, the type of 

ions and the structure of the bombarded surface. 

5. The damage produced depends on surface structure. 

6, The nature of the defects produced.
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The bombardment of a surface held at room temperature with ions 

of energies less than the threshold energy, which is the energy 

required to produce permanent damage, gave the same effect as for 

physical adsorption on a surface held at liquid nitrogen temperature. 

This was shown from ellipsometric measurements in which changes in the 

values of Wand A were in the same direction indicating contamination 

of the surface. Measurements of the surface layer thickness, after 

bombardment, showed that for polycrystalline gold films, for ion 

energies less than 130 eV argon ions were adsorbed or embeded into 

the surface layer to thickness of 6 he This same value was observed 

when a polycrystalline gold film was held at liquid nitrogen temper- 

ature and argon atoms were introduced into the system and the pressure 

rose from 6 x 10? torr to 5 x ion torr. No effect was observed on 

the electrical resistance of either the bombarded surface or the 

surface with an adsorbed gas layer. The value of the surface layer 

thickness resulting from low energy ion bombardment and adsorption of 

gas on a surface determine the limit of the layer thickness which can 

be adsorbed on a surface when the gas pressure in the system is raised 

from 6 x 10? torr to 5 x 10° torr.' This limit was calculated to be 

approximately two atomic layers of the gas used (argon) corresponding 
° 

to film of thickness of 6 A. 

Bombardment with ions of energies higher than the threshold 

caused 6A to be changed in the direction opposite to that character- 

ising the contaminated surface. The threshold energy is observed 

from bombarding and annealing experiments. The fact that the 

electrical measurements did not show appreciable change after ion 

bombardment with energies up to 200 eV may be explained by the low 

concentration of the damage produced, and the small damaged thickness
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compared with the overall film thickness. The values of the threshold 

energy depend on the gas used. In the present investigations the 

value for neon ions was found to be higher than for argon ions. This 

can be understood by comparison of the values of energy transferred 

from both ions on impact (see section 5.8). 

It can be seen from sections 5.2 and 5.3 that the damage produced 

depends on the surface structure of the bombarded samples. Both the 

ion type and the surface orientation determine the amount of damage 

produced and this is measured optically by ellipsometric parameters 

Y and 4. Table (5.2.3a) shows the threshold energies for argon and 

neon on different orientations of the gold films used. Also Tables 

(5.5a, b, ¢) show the dependence of the amount of damage on surface 

structure. From damaged thickness calculations and the ellipsometric 

values SW and 6A ,it is clear that the damage produced in polycrystalline 

films is higher than that produced in single crystals. 

The defects produced by ions of energy as low as 300 eV are not 

simple Frenkel pairs but could be more complex due to embeded gas atoms 

which would disturb the periodicity of the lattice or due to displaced 

target atoms which may result in dislocation lines. This is shown from 

annealing experiments and results in section 5.7. 

The results of the present investigation clearly show that the 

ellipsometer is capable of determining thicknesses of damaged layers 

resulting from low energy ion bombardment. Thicknesses thus determined 

lie within the limits of the thicknesses estimated from changes in 

resistivity. The thicknesses measured in this work are in reasonable 

agreement with values calculated on the basis of the Lindhard theory
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over the energy range 200 - 300 eV but show departure from the model 

in the rest of the energy region. The discrepancy between the 

calculated and measured value of the damage thickness may be due to 

the fact that the Lindhard theory takes no account of the crystalline 

nature of the surface and also due to the difference in definition 

with respect to the depth of damage or penetration. 

These results may be compared with those of Walls (Ph.D.thesis, 

University of Aston, 1973) who found from experiments made in this 

department using a field ton microscope, that low energy inert gas 

ion bombardment of tungsten gave the same order of magnitude of 

damage thickness. For example, argon ions of energy 400 eV tend to 

penetrate and remain in tungsten to a depth of 7 - 8 atomic layers. 

This was shown by sputtering off layer by layer of the surface. In 

the case of neon, the depth at which neon atoms were found was 

between 13 - 14 atomic layers. The present results also show that 

neon ions cause damage to a greater depth than argon ions. In the 

case of argon the damage in gold was 38 a for 400 eV bombardment 

energy which corresponds to between 9 - 10 atomic layers. Bearing 

in mind that the structures of tungsten and gold are different, The 

results obtained from the two techniques are in reasonable agreement. 

Also, Ibrahim and Bashara (1972), using an ellipsometric technique, 

reported an estimated damage thicmness of 45 ik for 400 eV argon ions 

bombarding silicon surfaces. As far as can be ascertained, no other 

investigations have been made in the low and very low bombarding energy 

region with which to make comparisons.
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Several different techniques for studying surfaces are limited 

by the kind of information they provide. X-ray spectroscopy, atomic 

absorption, optical emission spectroscopy, mass spectroscopy and 

neutron activation analysis provide a range of methods for measuring 

elemental impurities. Auger spectroscopy provides information about 

the chemical composition of a surface to a depth of about 12 i For 

some elements present as impurities or contaminants on the surfaces 

it has been found possible to derive information about the chemical 

form of the element. LEED and RHEED are used mainly in the study of 

the internal and surface structure of metallic or non-metallic solids 

using electron energies in the range of about 10° eV to 10° eV. The 

penetration of electrons into solids is very small and therefore only 

thin specimens or surface layers can be studied. The field ion 

microscope gives information about the electronic structure of 

material surfaces and the way this is modified by adsorption. In 

most of these methods, and particularly in the case of neutron acti- 

vation analysis, one disadvantage is the fact that the technique 

depends on an initial bombardment which may in itself cause damage. 

The ellipsometer is thus seen as a complementary instrument in 

that it is non-destructive and provides information on layer thick- 

nesses and damage, in the case of metals to a depth of a few hundred 

angstroms depending on the wavelength of light used. 

One useful extension to these studies would be a further investi- 

gation into damage produced in tungsten films by ion bombardment using 

an ellipsometer in order to make a direct comparison with the field 

ion microscope results of Walls. Problems arise in the execution of 

such studies in that the production of films of tungsten involve the
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use of electron gun evaporation to produce the temperatures and in 

ultra high vacuum to prevent volume oxidation. 

Further experiments using silicon would also be of interest and 

enable comparisons to be made with other reported work. Shallow ion 

implantation in semicénductors could be measured ellipsometrically and 

taken in conjunction with the well known properties of such doped layers. 

A combination of LEED or Auger techniques with ellipsometry would 

facilitate the identification of surface or buried species and this permit 

a better understanding of the mechanicms involved in adsorption and the 

production of damage.



APPENDIX I 

Description of Fortran computer programmes: 

a) For the calculation of the ellipsometric parameters wp and A 

from experimental measurements: 

The programme is made to calculate the values of the ellipsometric 

parameters W and A from a set of absolute intensities of the light 

beam transmitted by the system polarizer-specimen-analyzer measured 

experimentally. All values of intensities were measured when the 

polarizer azimuth Was set at a = 45° and analyzer azimuth Ve at 

5 a 

H 1 

H W 

w W 

Four equivalent 

1(45°, 

° = 1(45°, 

1(45°, 

fe} 
1(45°, 

values 

90°) 

0°) 

+45°) 

-45°) 

were measured for which ? was at -45°, 

The values of W and 4 were calculated from the relations: 

Pp = 

cosh = 4(> +p) (24 
Seed 

tan) = (1/1, 

Tos dy 

The measured values of q to q, are fed to the programme and then 

py and A values are calculated. 

The test of the programme is attached.
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b) For the calculation of the optional constants of freshly 

evaporated metal films: 

The values of the optional constants n and k for freshly evaporated 

metal films can be calculated using the equations: 

DD tan (cos ap - eine 2p sine 28) 
n -~k* = sind [1+ 2   = x ] 

(1 + sin 20 eoeha 

sin-$ tan@¢ sin 4¥sin4 . 
2nk =   

(1 + sin 20 cosh)? 

where + is the angle of incidence and W and A are the ellipsometric 

parameters for freshly evaporated metal film. 

The programme calculates the values of n and k for a given range 

of values of ¥ and 4, within which the experimental values lie, and 

the values of ~ and n and Y and k are plotted at constant values of 

4, From the experimentally determined W and A values, the optical 

constant of the metal surface can be determined from the graphs as 

explained in section 4.5. Two separate programmes with graph 

plotter, one to determine n and the other to determine k, were written . 

The test of the two programmes are attached.
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