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ABSTRACT 

An understanding of the physical mechanisms underlying the operation of 

temperature limited solar thermal collectors has been developed in this study. A 

number of interrelated problems concerning the behaviour of spectrally selective 

Painless steel/carbon cermet films are addressed. These include the affect of 

annealing on film composition and structure; the relationship between film 

morphology and gas adsorption; and the energetic characteristics of the adsorption 

process. 

Evacuated tubular solar thermal collectors are constructed like a dewar flask. 

They consist of two concentric glass tubes, sealed at both ends, with a vacuum in 

the intervening, annular space. A spectrally selective film is deposited on the outer 

surface of the inner glass tube. The film consists of a graded stainless steel/carbon 

cermet layer, a copper layer and an adhesion promoting layer. In non - concentrated 

sunlight these collectors can reach a maximum temperature of approximately 570K if 

no heat is removed from the inner tubes. 

For domestic applications, it is desirable to limit the temperature of the 

collector to less than 350K without substantially degrading the efficiency at lower 

temperatures. A gas adsorption/desorption temperature limitation mechanism has 

been proposed and demonstrated. A small amount of a condensable gas is 

incorporated into the collector vacuum space during manufacture. At temperatures 

less than 350K, the gas adsorbs on the spectrally selective film, leaving the level of 

vacuum unaffected. When the collector temperature rises above a threshold 

temperature, desorption occurs which degrades the vacuum, providing a conductive 

heat loss path. 

It is shown that the surface of the graded outer layer of the spectrally selective 

film is composed of carbon, with oxygen, argon and nitrogen contaminants. Carbon 

and oxygen are both present in a number of bonding configurations in as - prepared 

film surfaces. Annealing significantly reduces the level of surface contamination. 

It is shown that the depth dependence of composition of the spectrally selective 

film changes in response to thermal annealing. Factors such as the composition of 

the substrate material and the thickness of the constituent layers have a significant 

effect on the magnitude of the changes observed. 



Adsorption studies of the spectrally selective film were undertaken in clean and 

controlled ultrahigh vacuum conditions. Gas desorption has been studied using 

thermal desorption spectroscopy. It is shown that benzene adsorption on the spectrally 

selective film is characterised by two adsorption processes. Estimations are made of 

the activation energies of each of the processes using Arrhenius plots. A comparison is 

made with complementary data obtained previously from adsorption isotherms. A 

simple, single pore gas adsorption model has been developed and used to estimate 

pore sizes and activation energies. Changes in benzene desorption behaviour with 

changes in film thickness are also discussed. 

The gas adsorption behaviour of amorphous carbon films has also been studied 

using a Kelvin probe. It is shown that benzene adsorption occurs predominantly in the 

bulk of the film rather than on the surface. Data are presented showing adsorption of 

gases such as oxygen and nitrogen. Proposals for adsorption mechanisms are also 

included. 

Thermal desorption spectroscopy and the Kelvin method of measuring work 

function behaviour are sensitive to very small changes in adsorption. In addition, 

surface and bulk adsorption effects can be studied independently using these 

techniques in combination. 
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CHAPTER 1 

Introduction 

1.1 Evacuated Tubular Collectors 

Solar thermal collectors are used to generate heat from sunlight. Many 

different collector designs have been developed, differing in construction, 

application and efficiency. All collectors, however, are designed to maximise 

collection of solar radiation and the efficiency with which thermal energy is removed 

from the collector. Collector design also seeks to minimise the rate of energy loss to 

the surroundings as the collector temperature exceeds the environmental temperature. 

The energy loss mechanisms are radiation, conduction and convection. 

The energy distribution in the solar spectrum is peaked in the visible region 

whilst energy losses due to thermal radiation occur at wavelengths in the infra - red. 

Spectrally selective films which have a high absorptance in the visible region and a 

low emittance in the near infrared region are used to coat the absorbing surface of 

collectors. Energy capture is maximised while radiative losses are minimised. 

Losses due to conduction and convection are reduced using glass cover plates and 

convection barriers in flat plate collectors. In evacuated tubular collectors, the 

absorbing surface is encapsulated in a vacuum envelope. 

All-glass evacuated tubular collectors (ETCs) are constructed like a dewar 

flask, as shown in figure 1.1(a). The collectors developed at the University of 

Sydney consist of two concentric borosilicate glass tubes with a vacuum (< 10-3 

torr) in the intervening space. A spectrally selective, high absorptance, low emittance 

film is deposited onto the outer, vacuum side of the inner glass tube using reactive 

d.c. magnetron sputtering, as discussed in Chapter 2. 

The spectrally selective film is baked (770K, 60 minutes) under vacuum 

before final sealing of the ETC. Degassing by heating is necessary to maintain a 

sufficiently high vacuum in the ETC to ensure efficient operation over its lifetime 

(- 20 years). Such heating, however, has also been shown to affect the structure and 



Figure 1.1(b) Schematic description of the principal features of the 

temperature limitation mechanism 
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performance of the spectrally selective film [1-3]- Continued thermal cycling of films 

deposited on certain metal substrates leads to changes in structure and the eventual 

breakdown of film adhesion and cohesion [4], A barium - aluminium getter is 

evaporated inside the collector vacuum space after sealing to assist in maintaining 

satisfactory vacuum levels in commercially produced ETCs. 

ETCs employing the design developed at the University of Sydney have been 

manufactured commercially by Nitto Kohki Corporation and Shiroki Corporation in 

Japan and by Rheem Australia Pty Ltd, in Australia. Examples of ETC dimensions 

are: 

Shiroki Rheem 

Length: 1400mm 1750mm 

Inner tube diameter: 30mm 44mm 

Outer tube diameter 38mm 50mm 

In typical applications, ETCs are used to heat water, oils and other liquids. 

The hot liquid or vapour is then used directly to supply heat or passed through a heat 

exchanger. ETCs are most commonly used to heat water for use in domestic 

(< 350K) and medium temperature (~ 570K) applications. Heating applications 

include hot water services, space heating, steam cookers and hot plates and 

sterilisation. Other possible applications include refrigeration, electricity generation 

and conversion to mechanical energy. 

1.2 Temperature Limitation in Evacuated Tubular Collectors 

Domestic solar water heating systems are designed to maximise energy 

collection under a range of weather conditions. An objective of this optimisation is to 

provide a useful energy output under reduced ambient light conditions. The ETCs 

described above can reach temperatures as high as 570K when no energy is removed 

from the device. This condition is referred to as collector stagnation; the rate of 

energy collection equals the rate of energy loss by radiation. 



In domestic water heating applications it is desirable to limit ETC stagnation 

temperature to a range of 350 - 420K using a temperature limitation mechanism. 

Higher temperatures lead to accelerated degradation of the water heating system and 

excess pressures. A significant safety hazard is created if steam is formed in a 

system designed to operate at atmospheric pressure [5]- Over - temperature 

protection is generally costly, has adverse reliability implications and can 

significantly reduce the low temperature efficiency of the system. The essential 

features of any temperature limitation mechanism for ETCs are: 

(i) reduction of ETC stagnation temperature to 350 - 420K; 

(ii) preservation of low temperature operating efficiency; 

(iii) low cost; and 

(iv) simple and reliable operation. 

It has been proposed and demonstrated [6-8] that a gas adsorption/desorption 

switching mechanism can be incorporated into the vacuum space of ETCs. At 

temperatures less than 350K, the gas is adsorbed on the spectrally selective film, 

resulting in a high level of vacuum. When the ETC temperature rises above a 

threshold temperature, desorption degrades the vacuum, providing a conductive heat 

loss path to the surroundings [7]. A typical temperature limited ETC operates over a 

pressure range of - 10-4 torr to ~ 10_1 torr. The temperature limitation mechanism is 

shown fa figure 1.1(b). The optimal thermal switch requires desorption to be 

strongly dependent on temperature and to occur over a narrow temperature range in 

the vicinity of 350K. The implementation and optimisation of a thermal switching 

mechanism requires an understanding the relationship between adsorption processes 

and film structure and morphology. 

A range of gases, principally organic vapours, have been investigated for 

suitable adsorption behaviour [5, 7-9]. Benzene appears to be most appropriate for 

the application and therefore has been the focus of this research programme. A 

number of temperature limited ETCs have been constructed [9] which show non -

linear, conductive heat losses as the collector temperature increases. Maximising the 

rate at which the desorption increases with temperature is an ongoing concern. 

Limiting factors include the intrinsic statistical thermodynamics of the 

adsorption/desorption process, impurities in the desorbable gas and long - term 

changes in film structure. 



1.3 Aims of this Research Programme 

The aim of this research programme was to investigate the structure and gas 

adsorption behaviour of the spectrally selective films incorporated in ETCs. A 

number of interrelated aspects concerning the behaviour of the stainless 

steel/carbon cermet film are addressed. These include the effect of annealing on 

film composition and structure; the relationship between film morphology and gas 

adsorption; and the energetic characteristics of the adsorption process. The thermal 

switch mechanism is dependent on adsorption behaviour and the way in which 

adsorption is affected by changes in film composition, thickness and film 

annealing. This study seeks to increase the understanding of the processes 

underlying the temperature limitation mechanism. 

Chapter 2 provides an introduction to the fabrication, analysis and behaviour 

of amorphous carbon and graded stainless steel/carbon cermet films. The methods 

used to fabricate the films used in this study are described. They are identical to 

those used in previous work undertaken in this laboratory and are representative of a 

class of deposition techniques. Film morphology and porosity are also discussed in 

the context of gas adsorption and the thermal switch. An outline of the theoretical 

aspects of gas adsorption is presented, along with examples of previous adsorption 

studies. 

Chapter 3 presents the experimental data for X - ray photoelectron studies of 

the surface composition of the spectrally selective films. Differences in the surface 

structure of amorphous carbon films produced using different deposition techniques 

are also experimentally investigated and discussed. 

Chapter 4 presents the experimental data for Auger electron spectroscopy 

studies of the layer profile of the spectrally selective films. Changes in layer profile, 

observed in response to heat treatment, have important implications for the optical 

performance and life expectancy of this type of ETC. The layer profile of the 

spectrally selective film has been optimised to provide satisfactory optical behaviour. 

Changes in film structure resulting from annealing and ageing have been investigated 

with an emphasis on coincident changes in the optical properties. The choice of 

substrate material is shown to be a key factor in the subsequent thermal degradation 

of the film. Diffusion of film components is also discussed with reference to 

interlayer adhesion and film stability. 
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Structure, morphology and annealing dominate gas adsorption behaviour [9], 

A principal motivation for this study was to seek experimental evidence that the 

dominant adsorption mechanism occurs wthin the bulk of the film rather than on the 

surface. Previous adsorption studies [9,10] of these amorphous carbon and graded 

stainless steel/carbon cermet films have employed techniques commonly used in the 

characterisation of bulk adsorbent materials such as molecular sieves. These 

techniques measure absolute adsorption as a function of gas pressure over the 

surface, expressing the results as an adsorption isotherm, and can not differentiate 

between a single adsorption process and a number of simultaneous processes. The 

spectroscopic adsorption studies discussed in this thesis complement the adsorption 

isotherms previously obtained. The experimental methods and the clean and 

controlled ultrahigh vacuum conditions used are, however, significantly different 

The design and construction of an ultrahigh vacuum system and thermal 

desorption apparatus are discussed in Chapter 5. The benzene desorption behaviour 

of amorphous carbon films is discussed along with the semiquantitative analytical 

techniques employed in thermal desorption studies. The design and construction of a 

Kelvin probe and the associated instrumentation is described in Chapter 6. A detailed 

optimisation was undertaken and an assessment made of resulting instrument 

performance. The Kelvin probe has been used to study the gas adsorption behaviour 

of amorphous carbon films. Data are presented showing adsorption of benzene, 

oxygen and nitrogen along with proposals for adsorption mechanisms. 

Thermal desorption spectroscopy reveals the activation energies of individual 

binding states. The Kelvin probe detects changes resulting from surface adsorption 

processes, thereby distinguishing such effects from adsorption processes occurring 

exclusively in the pore space of the film. Thermal desorption spectroscopy and the 

Kelvin method of measuring variations in work function are sensitive to very small 

changes in adsorption. Surface and bulk adsorption effects can be studied 

independently using these techniques in combination. 
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CHAPTER 2 

Review of Structure and Gas Adsorption Behaviour of 
Amorphous Carbon and Graded Stainless Steel/Carbon 

Cermet Films 

2.1 Introduction 

Spectrally selective films are an integral part of efficient photothermal collector 

systems. A variety of spectrally selective films has been reported including black 

chrome [1], black copper [2], homogeneous and multi - layer metal/carbon cermets 

[3-6] and other composite films [7,8]. 

A multi - layer film has been optimised for spectral selectivity. The film 

consists of a graded stainless steel/carbon cermet layer (140nm), deposited over a 

low emittance copper base layer (300nm) and an adhesion layer (60nm), as seen in 

figure 2.1. The outer surface of the film consists of pure amorphous hydrogenated 

carbon (a-C:H). The selective films are deposited onto glass tubes by reactive and 

non - reactive dx. magnetron sputtering [9], in batches of 20 - 50 tubes. The film is 

graded from metal rich at the copper film to carbon rich at the top surface. The film 

has an absorptance of = 0.93 and an emittance of < 0.04 at low temperatures 

[3,4,10-13], 

The method of fabrication was selected over others for a number of reasons 

including suitability for industrial production and for tailoring film composition. 

Producing ETCs commercially requires large production runs, good quality control 

and relatively simple operation. The sputtering system devised for film production 

has been successfully scaled up in size from a single glass tube to 50 tubes. The 

method of fabrication and the sputtering system are described in more detail in 

section 2.4. 



Figure 2.1 Schematic diagram of the layer profile of the spectrally selective film 

incorporated in solar collectors developed by the University of Sydney. The film 

comprises a graded stainless steel/carbon cermet layer, a copper base layer and an 

adhesion promoting layer. 



-8-

One of the advantages of using materials in thin film form is that file physical 

properties of the film can be controlled and modified by the type of deposition and 

by varying process parameters during deposition. The complex layer structure of the 

spectrally selective film used in this study was produced during a single process 

using two cathodes and controlled gas dosing into the sputter zone of the coater. 

The optical properties of the film are optimised by varying the elemental 

composition and adjusting the various layer thicknesses. The mechanical strength 

and interlayer adhesion must also be considered in this process. The provision of an 

adhesion promoting layer is an essential part of the deposition process. The interface 

between the copper low emittance layer and the borosilicate glass substrates is a 

potential source of adhesion failure in the multi - layer films. Adhesion is 

significantly improved by separating the two layers with a thin stainless steel/carbon 

layer [13]. 

This chapter discusses film properties and deposition processes. Relevant 

aspects of amorphous carbon film structure and behaviour are also considered. The 

relationship between film morphology and gas adsorption behaviour is discussed in 

the context of the proposed thermal switch mechanism and previous investigations 

of gas adsorption behaviour, 

2 . 2 . Structure and Bonding in Amorphous Carbon Films 

Amorphous carbon (a-C) and amorphous hydrogenated carbon (a-C:H) films 

have been the subject of intensive research. Different methods of film fabrication 

give rise to films with a wide range of physical characteristics and lead to a variety of 

applications [14]. One form of amorphous carbon displays extreme hardness and 

high density, and is used as a transparent coating material [15], while amorphous 

hydrogenated carbons have potential applications in microelectronics as insulating 

films or as semiconducting films doped with Group HI and Group V impurities 

[14]. These films are also used as solar spectrally selective absorbers [14] and as 

sensors [16]. 



The method of fabrication determines the composition and bonding and 

influences the physical properties of the film. Sputtered films am generally 

composed of amorphous hydrogenated carbon, while films formed using ion beam 

techniques can be tailored to produce harder and denser amorphous carbon films 

[17], In order to understand better the nature of the various forms of amorphous 

carbon several structural models have been developed [14]. 

The diversity in the structure of carbon films arises from the different types of 

bonding behaviour of the carbon atom. This sets carbon apart from other Group IV 

elements such as silicon and germanium [18]. The approximate valence electron 

orbitals and bonding angles are shown in figure 2.2 [15]. The sp3 bond 

configuration is characterised by tetrahedrally oriented a bonds. This type of single 

bonding is found in saturated hydrocarbons and diamond. It is commonly referred to 

as tetrahedral or diamond structure [19], In the sp2 configuration, three valence 

electrons form planar trigonally directed a bonds with neighbouring atoms. The 

remaining valence electron lies in a delocalised 7C bonding orbital which is normal to 

the a bonding plane [15]. In ring structures, such as graphite, the a bonds link 

neighbouring atoms in the same plane forming extensive sheets of material. These 

sheets are interlinked by much weaker Van der Waals interactions between adjacent 

planes [20]. Triple bonded materials contain sp1 bonded carbon atoms. Two valence 

electrons form o bonds, while the remaining electrons lie in n bonding orbitals in a 

plane normal to the a bonds [15]. 

The structure of amorphous carbon is determined by two factors: the carbon 

bonding configuration and the hydrogen content of the film. Carbon bonding is 

confined to varying ratios of sp3 and sp2 bonding as there is little evidence for sp1 

bonding [15], The ratio of sp3/sp2 bonding is often used as an indicator of the 

properties expected in a carbon film. Values of sp3/sp2 £ 5 are found in diamond -

like carbon (DLC) films whereas values < 0.1 are found in graphitised films and 

glassy carbons. Mixtures of the two bonding configurations give amorphous carbon 

films with a variety of intermediate properties. 

Glassy carbon and carbon fibres, while having markedly different overall 

structure, show quite similar bonding behaviour. Figures 2.3(a) and (b) show the 

structures proposed for the two materials [20]. Glassy carbon consists of narrow 

intertwined ribbons of graphite - like material about 30A wide, defining pores with 

diameters of about 50 - 100A. Progressive thermal annealing of the film up to 

around 3000K removes all local defects in the network leaving all the carbon atoms 



Figure 2.2 Schematic representation of sp3, sp^ and spl hybridised atoms 



Figure 2.3(b1 Schematic structural model for high modulus carbon fibres 

[reprinted from ref. 20] 
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in the sp2 state [20], Carbon fibres show very similar graphitic layering to the glassy 

carbons. The ribbons, however, are arranged in long, approximately parallel strips. 

Small angle X - ray scattering has shown that pores are defined in the structure with 

elongated dimensions of about 15A x 3(X)A. Carbon fibres appear to be almost 

entirely composed of sp2 bonded material and therefore the sp3/sp2 ratio for both 

glassy carbon and carbon fibres is < 0.1 [20]. 

Amorphous carbon can exist in a variety of different physical forms depending 

on the method of film preparation. Thermally evaporated amorphous carbon is 

similar in structure to glassy carbon, however, sp2 bonded regions are linked with 

regions of sp3 bonded material [18]. Amorphous carbon films made using vacuum 

arc techniques show quite different properties. Films produced using very low or 

very high ion energies are graphitic whereas films produced using intermediate ion 

energies are very hard and display predominantly sp3 bonding [21]. 

Increases in hydrogen content of amorphous carbon films are generally 

reflected by increases in the proportion of sp3 bonding in the film. During film 

growth hydrogen may be incorporated into the film to passivate "dangling" sp3 

carbon bonds. Random film growth often leads to bonding imperfections with 

graphitic regions being linked by regions of sp3 bonded material or dangling sp3 

bonds. Consequences of hydrogen incorporation into the film are film stability and 

chemical neutrality. Much of this hydrogen may be subsequently driven out of the 

voided film structure during an annealing process. This compacts and further 

stabilises the film by eliminating imperfections left by the film formation process. 

Carbon bonding and hydrogen content define short range order in amorphous 

carbon films; they do not entirely define its structure, however. There is definite 

medium range order over distances of about 10 A in amorphous carbon films. Some 

amorphous carbon films are composed of clusters of warped graphitic layers. These 

clusters are joined by regions of sp3 bonded material in which dangling bonds are 

passivated by the incorporation of hydrogen [15]. 

Thermal annealing is an integral part of many film formation processes, acting 

as a catalyst for structural changes during and after deposition. This process 

promotes long term stability, resistance to atmospheric attack and degassing of the 

film. Volatile contaminants are removed from micropores in the film bulk by the 

sustained application of heat in vacuum. This process energetically activates the 

micropores for gas adsorption in carbon absorbent materials and thermal switching 
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solar ETCs [16,22]. Gas adsorption studies of the a-C:H films used in this study 

have been carried out using a quartz crystal microbalance technique. The results 

strongly suggest that the dominant process in thermal degassing of these films is the 

removal of oxygen atoms in the form of CO and C0 2 [23]. Thermomanometric 

analysis of a-C:H films shows the evolution of CO and H2 and lesser amounts of 

CO2 and H2O in response to heating [24,25], There is no evidence of the evolution 

of CH4, C2H6 or similar gases. 

Annealing can also provide the activation energy for changes in bonding and 

structural rearrangement. This is a source of intrinsic stress relief within the film as 

atoms adopt lower energy bonding arrangements. A consequence of this behaviour 

is that film/substrate adhesion of a-C:H films is improved by moderate annealing 

[26]. 

2 .3 Methods of Film Preparation 

Methods of depositing carbon films have been developed in parallel with 

advances in the understanding of film structure and behaviour. Enhanced deposition 

rates and uniformity are required for many commercial applications of carbon film 

technology. Studies of the effects of deposition method on film properties have 

required a higher degree of control of deposition parameters. Sophisticated 

deposition techniques, such as mass selected ion beam deposition, have been 

developed to tailor film properties for specific applications. 

Basic carbon processing methods involve modifying solid polymeric resins 

into chars, glassy carbons and fibres. Pyrolysis is one such technique where the 

precursors are carbonised, dehydrogenated and annealed by heating in an inert 

atmosphere to form a wide range of materials depending on the processing 

techniques and the precursor structure. Long chain polymers are transformed into 

complex intertwined networks of material in the form of fibres and films. For 

example, natural polymeric cellulose fibres are used as a precursor for carbon fibres 

and various polymeric hydrocarbon resins are used as precursors for glassy carbons 

[20]. 
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Amorphous carbon films with a range of properties can be produced by 

evaporative deposition in vacuum. Heat is injected into the starting material with the 

film being deposited by evaporation onto a nearby substrate. Methods of heating 

include furnaces, passing high currents through carbon electrodes and bombarding a 

carbon target with an electron beam. These methods give some control over 

deposition parameters with vacuum deposition minimising hydrogen and oxygen 

contamination [18]. 

Advanced methods of carbon film production involve the modification of the 

starting material into neutral or ionised carbonaceous fragments or carbon atoms and 

the subsequent deposition of this material onto a substrate. Plasma and ion beam 

deposition are types of deposition in common use both individually and in 

combination. Plasma deposition can be used to produce a variety of carbon films 

from almost any hydrocarbon starting material. Commonly used materials include 

methane (CH4), ethane (C2Hg), ethylene (C2H4), acetylene (C^R^ an<i benzene 

(C6H6). A glow discharge is sustained in the hydrocarbon atmosphere using d.c, 

r.f., microwave or pulsed excitation. Hydrocarbons are ionised or dissociated in the 

glow space by electrons which are accelerated across the potential difference near the 

cathode [27]. These ions and atoms can then be condensed onto a nearby substrate 

to form a film. Film properties can be modified by substrate heating and biasing 

(positive and negative). Film structure can incorporate high proportions of hydrogen 

from the starting material. 

Carbon films can also be produced by chemical vapour deposition (CVD). In 

this process, a hot filament and plasma decompose and dissociate the hydrocarbon 

starting materials into reactive fragments which are condensed to form a film 

[28,29]. Substrate heating, light absorption and range of other methods can also be 

used to activate the CVD process. 

High energy electrons within a plasma can interact with, and modify a 

growing film [30], In contrast, ion beam deposition (IBD) gives more control over 

deposition parameters than plasma deposition techniques. This is possible because 

the ion source and the film substrate are separated, with only the ion beam affecting 

film growth. In IBD, ions are formed remotely in an ion gun. An argon plasma is 

used to ionise CH4 or to sputter a cathode - mounted carbon target. An ion beam is 

extracted from the gun and directed at the substrate using a series of accelerating 

grids [30,31]. Control of the ion energy and the ion beam composition gives the 
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ability to tailor film properties. Alternatively, ions produced in the plasma can be 

used to create an ion beam by sputtering a target outside the gun. 

Magnetron sputtering (discussed in detail in section 2.4.1) and ion beam 

sputtering are examples of ion assisted deposition (IAD). IAD can be used to modify 

growing films. Low energy ion beams (< 40eV) will preferentially sputter substrate 

contaminants and assist the formation of adhesion promoting interfacial layers. 

Higher energy ions cause lattice motion increasing surface atom motion and 

diffusion. Other effects include preferential etching of unwanted film structures 

(such as graphitic regions in DLC) and structural damage [30]. Controlled 

microstructural changes can be made in growing films using IAD. Computer 

simulation of 2 - dimensional film growth indicates that columnar film structure, 

typical in many carbon films, can be disrupted by ion bombardment resulting in a 

denser film structure, as seen in figure 2.4 [32]. The source of bombarding ions can 

be from the starting material itself, the plasma or an independent ion gun directed at 

the substrate. 

Further progress in controlling deposition parameters with IBD can be made 

by altering the ion beam downstream from the source. Electrostatic and magnetic 

filtering and mass selection techniques can be used to determine accurately the 

geometric, energetic and ionisation characteristics of the ion beam reaching the 

substrate. Film purity can be significantly improved by separating the ion source and 

substrate by a filtering line and depositing films under ultrahigh vacuum conditions 

[33]. This form of deposition is limited to beams of small cross - section and low 

deposition rates, and is therefore difficult to implement in commercial deposition 

applications. 

Cathodic vacuum arcs are used as high current ion sources for filtered beam 

systems. This method produces very hard carbon films at high deposition rates with 

an ion beam free from macroparticles and neutrals [17,34]. The beam of carbon ions 

emanating from the arc is filtered by a curved magnetic solenoid, removing neutrals 

and leaving only singly and doubly ionised atoms which then condense onto a 

substrate to form a film [35]. It has been shown that this material is composed of 

almost pure sp3 bonded carbon and is termed "amorphous diamond" or "diamond -

like carbon", (DLC) [21,36]. 



Figure 2,4 Computer simulation of 2 - dimensional film growth demonstrating the 
relationship between columnar structure and ion bombardment. The microstructure 
of a vapour deposited film with low adatom mobility is shown during three different 
stages of growth and argon ion bombardment 
[reprinted from ref. 32] 
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2.4 Preparation of Amorphous Hydrogenated Carbon and 
Graded Stainless Steel/Carbon Cermet Films 

The graded stainless steel/carbon spectrally selective films developed at the 

University of Sydney are fabricated using a reactive d.c. magnetron sputtering 

process. The spectrally selective films used in this study were fabricated using this 

process in the original sputter coating apparatus. The following discussion of sputter 

deposition is included as a review of the fabrication methods used in this work and 

as an example of a widely used, industrially compatible fabrication method. 

2.4.1 Reactive D.C. Magnetron Sputtering 

High purity carbon films can be produced by sputtering a carbon cathode. A 

large number of particles (predominantly neutrals) are produced in this process and 

can be condensed to form a film on a nearby substrate. Sputtering describes a 

process in which energetic ions bombard a target (cathode) surface, dislodging 

material via a momentum transfer process. The energetic ions originate, in the case 

of magnetron sputtering, from a glow discharge around the cathode. The number of 

atoms dislodged per incident ion is referred to as the sputter yield and is a function 

of the target type and the energy of the incident ion (typically many hundreds of 

electron volts) [37], 

Secondary electrons are emitted from the negatively biased cathode as a result 

of ion impact These are accelerated away from the cathode through the cathode dark 

space and into the negative glow where they collide with gas atoms producing more 

ions. This process can sustain a glow discharge if the gas pressure and ionisation 

efficiency are sufficiendy high. Ionisation efficiency can be increased if electrons are 

closely confined to the cathode using magnetic confinement [38]. Planar magnetron 

sputtering systems use an array of permanent magnets beneath the target for plasma 

confinement. Electron drift is confined to a series of loops, forming a ring or rings 

on the cathode depending on the arrangement of the magnets [38]. Cylindrical 

magnetron sputtering systems use analogous confinement techniques but with an 

axial field directed parallel to the cathode surface. 
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Reactive magnetron sputtering produces amorphous hydrogenated carbon 

films at significantly faster deposition rates than conventional sputtering [30], 

Hydrocarbon reactive gases are injected into the plasma along with a sputtering gas 

(generally Ar) where they are decomposed and incorporated into the growing film. 

Other reactive gases in common use include oxygen and nitrogen which are used in 

the production of metal oxides and nitrides [39]. Reactive sputtering is a very 

versatile method of film deposition as it allows the simultaneous use of both solid 

and gaseous starting materials with good control over deposition parameters. The 

sputter deposition of metal oxide films, for example, is greatly simplified if a metal 

target and an Ax/O^ sputter gas mixture is used in preference to a metal oxide target 

and AT gas alone. The sputtering process can be further controlled by the interaction 

of the reactive gas with the cathode. When the flow of reactive gas into the sputter 

chamber exceeds a threshold value, the sputter rate of the cathode is greatly reduced 

or ceases, leaving the reactive gas as the primary source of ions. This is caused by 

two processes: an increase in cathode secondary emission coefficient causing a 

decrease in voltage; and the formation of compounds on the cathode surface. Surface 

compounds often have a significantly lower sputter yield than the cathode material 

itself [38]. 

2.4.2 Deposition Apparatus 

Cylindrical magnetrons have two standard configurations (see figure 2.5): 

cylindrical - post cathode and cylindrical - hollow cathode. The batch coater used to 

fabricate films for the experiments discussed in this thesis is a dual cathode, 

cylindrical - post cathode magnetron and has a form similar to that shown in figure 

2,5(c). The advantages of magnetron sputtering over other forms of deposition such 

as evaporation or ion beam techniques include good film uniformity over lengths of 

2m, ease of fabrication of long - life cathodes from commercially available metals, 

the ability to form composite materials via the introduction of reactive gases and 

good control of operating parameters and hence film characteristics including 

thickness and microstructure [13]. 

The batch coating system is fully described in references [13] and [40]. 

Sectional views of the system are shown in figure 2.6. Twenty, 1.5m long glass 

tubes can be coated simultaneously with multi - layer films or pure a-C:R The tubes 

rest on rotating posts whidh move around the perimeter of the chamber. This 

enhances film uniformity. The sample substrates are fixed to the posts during 

deposition. Two 2m long cathodes are placed axially in the chamber, separated by a 



Figure 2.5 The configuration of various cylindrical magnetron sputtering sources: 

(a) cylindrical - post magnetron with electron reflecting wings 

(b) cyindrical - hollow magnetron with electron reflecting ends 

(c) cylindrical - post magnetron 

(d) cyindrical - hollow magnetron 

[reprinted from ref. 38] 



Figure 2.6 Sectional views of the batch coater. A: to pumps; B: glass tubes; C: 

carousel; D: carousel rotation drive; E: tube rotation drive; F: magnetic field coil; 

G: water jacket inlet; H; water jacket outlet; I: sputtering electrodes; J: guard rings; 

K: high voltage connections and water cooling for electrodes; L: water cooled 

screen; M: argon inlet; and N: reactive gas inlet. The scale indicates 100mm. 

[reprinted from ref. 13] 
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water cooled screen to prevent cross contamination [40]. The cathodes are made 

from oxygen free, high conductivity (OFHC) type copper and 316 type stainless 

steel. 

The plasma is confined by a water cooled magnetic field coil wound around 

the outside of the chamber. Extra turns are wound at either end to enhance the 

uniformity of the magnetic field [13]. Soft iron sections are included at each end of 

the cathodes to concentrate the magnetic field and confine the plasma to the length of 

the cathode [40].These act in a similar fashion to the cathode wings found in other 

forms of cylindrical magnetron. The intensity of the magnetic field along the length 

of the chamber is shown in figure 2.7. 

Gases are admitted to the chamber via a tube with about a dozen evenly 

spaced, fine holes along its length. The holes are directed at the chamber wall to 

provide an even flux of molecules and to prevent clogging caused by deposition of 

sputtered material. The flow rate of gases is controlled with a series of flow 

regulating valves and needle valves. The flow rate is measured with a 

micromanometer and flow transducers (Matheson, Model 8141). Argon is used as 

the sputtering gas and acetylene as the reactive gas. The chamber is vented after each 

run using dry nitrogen. 

2 .5 Microstructural Analysis 

Methods for investigating the microstructure of amorphous carbon films range 

in complexity and the type of information produced. If film deposition processes are 

well characterised then accurate predictions of film properties are possible. 

Macroscopic film properties such as electrical resistivity, film hardness and film 

density can be measured using straightforward experimental techniques; it is more 

difficult to probe the underlying film microstructure. One of the primary means of 

deducing structural information is to determine the sps/sp2 ratio. It requires analysis 

of electron diffraction data, however, to confirm that very hard DLC films consist of 

a network of tetrahedrally bonded carbon atoms. 



Figure 2.7 Magnetic field B versus distance X along the chamber for coil current 

of 50A, (X=0 corresponds to the base plate of the chamber). The positions of the 

glass tubes and sputtering electrodes are shown, [reprinted from ref. 13]. 
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2.5.1 Macroscopic Properties 

Measurements of film thickness are a useful starting point for film analysis. A 

variety of straightforward methods exist including the use of stylus instruments 

(Taylor - Hobson Talystep profilometer, for example) to measure step heights 

defined by masking or selective film removal. Quartz crystal microbalance (QCM) 

techniques, laser interferometry, laser ellipsometry and X - ray photoelectron 

spectroscopy (XPS) can be used to measure thickness, in situ, during film 

deposition. Film thickness is deduced using XPS by determining the attenuation of a 

characteristic substrate photoemission peak by the film deposited on the substrate. 

Measurements of hardness and density are also useful for testing and 

characterising film properties. Hardness is determined using scratch and indent tests 

with reference to standard tables or samples. Density is determined using float/sink 

methods or calculations using film volume and weight. Measurements of electrical 

resistivity as a function of temperature or specific deposition parameters provide 

information about the electrical properties of the film and the overall film bonding 

arrangement [14,41]. The behaviour of simple thin film devices can be analysed by 

creating I - V and C - V curves [21,42], 

Internal film stress is'an important parameter for controlling phase transitions 

in growing films, film/substrate and interlayer adhesion and film hardness. Stress 

can be determined by measuring substrate bending relative to an optical flat [43,44]. 

This measurement is usually performed interferometrically. Alternatively, the 

deflection can be detected of a beam coated with material on one side [45,46]. It has 

been recently shown that carbon films deposited using a cathodic vacuum arc under 

conditions favouring high compressive stress form a stable phase with a local 

diamond structure [21]. 

2.5.2 Electron Spectroscopies 

High resolution electron micrographs are important in the initial stages of film 

analysis and will often suggest the direction that other analyses should take. High 

magnification reveals film morphology, clustering and the presence of lattice 

dislocations. Electron diffraction and electron energy loss spectroscopy (EELS) have 

also been used extensively in the investigation of the composition and structure of 

different forms of amorphous carbon. These techniques reveal the bonding structure 

present in the film, in particular, ring structures, layering and bonding 
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concentrations. Numerical analysis of electron diffraction data allows the co -

ordination numbers of the various structures to be calculated. 

Electron energy loss spectroscopy (EELS) has been used to analyse four types 

of carbon using scanning transmission electron microscopy (STEM) with lOOkeV 

electrons [17]. The low energy loss parts of the spectra collected are shown in figure 

2.8. The most significant feature of the four spectra is the 6.2eV peak for graphitised 

carbon. This arises from the % to 7C* energy excitation of the % bonding in this 

material. A band diagram for carbon in shown in figure 2.9. The principal difference 

between the diamond and DLC spectra is the shifting of the large plasmon peak in 

the DLC spectrum to a slightly lower energy. This arises because the DLC has a 

slightly lower density than diamond due to its amorphous structure and the presence 

of some sp2 bonding. The sp3/sp2 ratio can be determined with some degree of 

accuracy using the carbon K edge. Integrating the area under the peak corresponding 

to the transition gives a result proportional to the quantity of sp2 bonded material in 

the film. If this quantity is compared to the peak area of graphitised carbon, (that is, 

entirely sp2 bonded carbon), the ratio can be deduced. In this case it was found that 

there was approximately 15% sp2 bonded material and 85% sp3 bonded material 

present in the film. The high proportion of sp3 bonded carbon gives the material its 

diamond - like characteristics, in particular, its exceptional hardness [17]. 

Electron spin resonance (ESR) studies of a-C;H reveal changes in film 

structure resulting from heat treatment. Ring structures were detected with a high 

carbon - to - hydrogen (C:H) nsiio and associated delocalised electrons. Lower 

molecular weight aliphatic material with a lower C:H ratio was also detected. Heat 

treatment caused gas evolution from the film and converted some of the aliphatic 

material into an aromatic form [47]. 

X - ray photoelectron spectroscopy (XPS) provides a chemical analysis of 

surface. X - rays (~ 1200 - 1400eV) irradiate the sample, ejecting core level 

photoelectrons with characteristic kinetic energies. The escape depth of the 

photoelectrons collected by the electron energy analyser can be adjusted by varying 

the substrate/analyser angle to generate depth sensitive spectra. Carbon spectra can 

be deconvoluted by curve fitting to give information about bonding states and 

intserfacial structure. The chemical environment of the atom causes shifts in the peak 

energy. The proportional contributions of each chemical state can be quantified by 

calculating and comparing the corresponding peak areas. 



Figure 2.9 A schematic representation of the density of states of carbon showing 

the relationship between the 7t and a bonding orbitals and the it* and 

a* anti-bonding orbitals. [reprinted from ref. 18] 
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Auger electron spectroscopy (AES) involves electron beam induced ejection of 

Auger electrons from the valence bands. This technique is also highly surface 

sensitive, producing elemental rather than chemical information [48,49]. Depth 

profiles of complicated film structures can be produced by combining XPS or AES 

with ion beam etching [50]. Depth profiling using a well characterised ion gun is a 

useful method for investigating multi - layer structures, film adhesion and 

degradation [51]. Scanning XPS and scanning AES produce compositional maps of 

the sample surface. Electron lenses are used to raster scan the electron collection 

point (XPS) and electron beam (AES). Electrons are energy analysed using the 

standard, static mode of operation. The chemical information contained in the XPS 

spectra can be used to map regions containing different phases of a given material. 

XPS and AES have been used to investigate the properties of the films 

produced for this study. The results are presented in Chapters 3 and 4. The physical 

processes and practical implementation of the two techniques are also discussed. 

2.5.3 Other Spectroscopies 

Solid state 13C NMR has been used to investigate the structure of a-C:H 

prepared using a number of different techniques and starting materials. Quantitative 

assessments of the amount of sp2 bonded carbon present were made. The 

concentration of sp2 bonded sites was found to be dependent on the deposition 

conditions and the hydrogen content of the film [15,52]. Spectra are characterised by 

two broad peaks corresponding to sp3 bonded material (40ppm) and sp2 bonded 

material (130ppm) in a range of bonding configurations [18]. Spectra for as -

prepared films show mainly sp3 bonded material. Heat treatment results in the 

formation of sp2 bonded ring structures and a decrease in the concentration of sp3 

bonded material [21]. 

Infrared and Raman vibrational spectroscopies, using the position and size of 

absorption peaks, identify different types of carbon - carbon and carbon - hydrogen 

bonding and bending modes [53], Experiments were performed over a range of 

annealing temperatures and durations, giving a detailed description of changes in 

carbon and hydrogen bonding. Relative concentrations of the various types of 

bonding can be deduced with reasonable accuracy by comparing the integrated 

intensity of the corresponding peaks [18]. 
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The optical properties of amorphous carbon films can be used to deduce 

structural and bonding states. Measurements of transmission and reflectance as a 

function of wavelength quantify the performance and suitability of ami - reflection 

and optically selective films. The evaluation of the complex dielectric function 

(e = 6i + i£2) using optical methods provides information about the valence band 

structure, optical gap and, in the case of carbon films, the sp3/sp2 ratio [53]. Some 

difficulties arise, however, when this type of analysis is applied to a-C:H films as 

there is no clear separation between the n and a absorption regions [18]. 

2.6 Gas Adsorption Behaviour 

2.6.1 Morphology and Microporosity 

Film morphology is a significant determinant of the adsorption/desorption 

behaviour observed in amorphous carbon films. The relationship between pore 

structure and adsorption behaviour of carbon sieve materials has been extensively 

investigated [54,55]. Direct and indirect methods of investigation can both be 

applied to carbon materials to quantify morphology. 

Electron microscopy is the most widely used method of directly observing film 

morphology. SEM and high resolution transmission electron microscopy (TEM) 

micrographs provide visual evidence of surface roughness, columnar film growth 

and the size, shape and distribution of macroscopic voids. This technique is 

restricted to film surfaces and fracture edges and therefore can not provide much 

information about the internal features of a film. The quantification of morphological 

features is therefore limited to visible features and can not be easily generalised to 

include the entire film. 

Sputter deposition can be used to produce a-C:H and metal/carbon cermet 

films with a range of properties. The key deposition parameters which govern the 

morphology of sputtered films are the substrate temperatuie and the pressure of the 

sputtering gas. Figure 2.10 shows structure zones reflecting the dependence of film 

structure on these two parameters. Higher substrate temperature and sputtering gas 

pressure deliver more energy to the growing film resulting in greater atomic 

mobility, recrystallisation and large grain sizes. As the energy is reduced, grains 

become smaller and more defined. At low energies films consist of fine porous 



Figure 2.10 
Influence of substrate temperature and Ar pressure on the 

microstructure of sputtered metallic coatings. The numbers refer to 

Movchan-Demchishin zones, [reprinted from ref. 38]. 
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columns separated by voids. The films used in this study are Zone T films with a 

transition structure consisting of densely packed fibrous grains without well defined 

voided boundaries. 

Amorphous carbon films of moderate hardness are produced by processes 

such as sputter deposition using a d.c. cylindrical magnetron apparatus. Figure 2.11 

shows the macroscopic features of the a-C:H films used in this work [14], These 

a-C:H films show a predominance of sp2 bonded material and a lesser amount of sp3 

bonded material [14,56], The upper a-C:H layers of the spectrally selective film have 

a columnar structure with an approximate column diameter of 20nm [14]. The 

columnar texturing of the film reduces reflection and is essential for satisfactory gas 

adsorption behaviour. 

Electron diffraction has shown that as - deposited films are primarily 

constituted of 5 and 7 member ring structures joined by regions of diamond bonded 

material in a disordered layer structure. Baking the films (770K, 60 minutes) causes 

increases in both interlayer and intralayer ordering. Following baking the films are 

composed of regions of six membered graphitic ring structures connected by regions 

of diamond bonded material [36]. The inherent porosity of the film increases the 

adsorption capacity at low pressures by around two orders of magnitude with 

respect to geometrical surface area [57]. 

Morphological information for amorphous carbon films can be obtained using 

a number of techniques. Electron microscopy produces images of the film surface 

with topographic contrast but litde elemental information. Scanning tunnelling 

microscopy (STM) and atomic force microscopy (AFM) are techniques based 

around scanning a fine tip very close to the film surface and are used with 

conducting and insulating samples respectively. A fixed electron tunnelling current 

or tip/sample force is established and used as feedback control to adjust the tip 

position as it is scanned across the surface. Maps of the film surface are produced 

with a vertical resolution of about 0.2A (atomic resolution) [58,59]. 



Figure 2.11 Scanning electron micrograph of the fractured edge of an as deposited, 

500nm thick film of a-C:H showing pronounced columnar structure, 

[reprinted from ref. 14] 
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2.6,2 Physical Adsorption of Gases 

Film composition and bonding can be satisfactorily studied using a variety of 

surface sensitive and structure sensitive spectroscopies. The characterisation of 

porous films requires a range of indirect experimental techniques. Density can be 

determined with measurements of film thickness and volume, whereas void fraction 

is commonly studied using small angle X - ray scattering (SAXS). Gas adsorption is 

the most common and most useful means of studying pore structure. Film 

morphology, pore structure and gas adsorption behaviour are interdependent in the 

context of developing a thermal switching mechanism for ETCs. 

The gas adsorption behaviour of carbonaceous materials has been studied for 

centuries. The extraction of useful information about the pore structure of adsorbents 

has only been possible with the development of satisfactory methods of presenting 

adsorption data and models for the behaviour observed. The adsorption isotherm has 

emerged as the principal method of data presentation. The quantity of material 

adsorbed by an adsorbent is expressed as a function of the pressure of the adsorptive 

over the surface at constant temperature. By way of definition, the "adsorbent" is the 

sieve, porous film or similar material adsorbing atoms or molecules onto its surface 

or into its pores. The "adsorptive" is the material to be adsorbed, in the gas phase, 

whereas the "adsorbate" is material adsorbed on the absorbent. 

Adsorption isotherms have been classified into six groups, as shown in figure 

2.12, corresponding to different types of behaviour and adsorbents [60,61]. The 

Type I isotherm is characteristic of the physical adsorption of gases by a 

microporous solid. Similarly, Types II and IV correspond to nonporous and 

mesoporous solids, respectively. Types HI and V are characteristic of weak gas -

solid interactions, corresponding to nonporous or macroporous solids and 

mesoporous or microporous solids, respectively. The Type VI step - like isotherm 

corresponds to multi - layer adsorption, with each step occurring with the adsorption 

of successive layers. The brancMng seen in Types IV and V is characteristic of 

hysteresis in the adsorption process. The gas is adsorbed along the lower branch and 

desorbed along the upper branch [61]. 



Figure. 2.12 The five generic types of adsorption isotherm as classified by 
Brunauer, Deming, Deming and Teller [60], together with the Type VI 

stepped isotherm, 

[reprinted from ref. 61] 
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The physical adsorption of gases is driven by dispersion (Van der Waals) 

forces, short range repulsive forces and electrostatic forces (due to polar molecules) 

[61]- The potential energy, e, between two isolated atoms is a function of 

separation, r, and is generally expressed by the Lennard - Jones potential [62], 
e ( r ) = - K i r - 6 + K 2 r 1 2

 ( 2 . i ) 
where Kx and K2 are constants. The general form of the relationship between 

potential energy and atomic separation for two isolated atoms is reproduced in figure 

2.13. Adsorption occurs when atoms or molecules become trapped in the potential 

well close to the adsorbent surface. 

A number of equations have been devised which model the behaviour 

observed in adsorption isotherms. The isotherm equations allow parameters 

characterising various aspects of the adsorption to be extracted from experimental 

data. While, the greatest area of applicability is in the sub - monolayer regime, 

progress has also feeen made in characterising multi - layer adsorption. The 

amorphous carbon films and graded stainless steel/carbon cermet films are 

microporous, so the consideration of the model isotherm equations will be restricted 

to Type I adsorption isotherms. 

The Brunauer - Emmett - Teller (BET) equation [63] is derived by assuming 

that the first layer of adsorbed molecules is bound to a surface with an interaction 

energy e0, and that all subsequent layers are bound with an interaction energy e^ 

The BET equation has the form, 

J_ 
po _ 1 c-1 P 

where N is the total number of molecules adsorbed and Nm is the number of 

molecules adsorbed in one monolayer. The relative pressure, p/p0, is the ratio of the 

adsorptive pressure, p, over the adsorbent surface to the saturated vapour pressure 

of the adsorptive, p0, at a given temperature. The BET equation is most useful for 



Figure 2.13 The potential energy, e (r), of two isolated atoms as a function of the 

distance, r, between their centres. The curve for the potential energy of 

a molecule as a function of its distance from the surface of a solid has 

the same general fcMO. 

[reprinted from ref.61] 
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describing multi - layer adsorption on non - porous surfaces, near monolayer 

coverage. The equation ignores co - operative effects and breaks down at sub -

monolayer coverages and coverages greater than 2. Surface area and Nm can be 

deduced with reasonable accuracy (< 20%) with errors arising from difficulties in 

assigning a specific molecular area to the adsorbing molecule. It has been shown that 

the BET approach is still valid for rough surfaces at low values of p/p0 [64,65] 

The Dubinin - Radushkevish (DR) equation [66] is particularly useful in the study of 

microporous materials. This equation linearises adsorption isotherms over a wide 

range of relative pressures at sub - monolayer coverages and is generally written as: 

w 

where k is a constant determining the shape of the distribution function of N and 8 is 

a constant which relates each of the adsorbates. The adsorption potential, e, is 

expressed thermodynamically where AG is the change in free energy associated with 

adsorption and R is die gas constant. Empirical interpretations of B and k are 

required to extract structural information which makes their precise physical meaning 

unclear [22]. While this is a thermodynamic theory, its generality allows the 

description of both sub - monolayer and multi - layer adsorption. 

The DR equation assumes a gaussian distribution of pore sizes in the 

adsorbent. An alternative treatment has been suggested which convolutes a fractal 

pore distribution with the DR equation [67]. The fractal pore distribution is given by: 

where b is a constant, x is the pore size and D is the fractal dimension. 



The resulting isotherm equation has the form: 

where K(D) is a characteristic constant [67,68], This equation can be used to 

describe adsorption on fractal surfaces in the form of sequential filling of micropores 

from small to large [69]. In this interpretation pore filling and surface adsorption are 

indistinguishable and so the terms monolayer and monolayer capacity, Nm lose their 

original physical significance [70]. This equation has the same form as the Frenkel -

Halsley - Hill (FHH) equation which describes multi - layer adsorption [61]. 

A modification to the FHH equation has been proposed for adsorption on 

fractal surfaces to give a more realistic representation of adsorption behaviour [69]. 

The modified equation is: 

where N is the experimentally measured number of molecules adsorbed and Nc is a 

constant including contribution from two different physical effects. The first effect 

represents the volume of pores that are inaccessible due to small size and geometrical 

constrictions. The second effect represents the amount of preadsorption due to 

exposure of the surface before the commencement of the measurement of the 

adsorption isotherm. 

2.6.3 Experimental Studies of Gas Adsorption 

Studies of the gas adsorption behaviour of porous materials and thin films are 

widely reported in the literature. Porous materials are generally investigated using a 

technique which quantifies the amount of adsorbate for a given adsorptive pressure 

over the surface. Thin films, on the other hand, are investigated using comparatively 

minute amounts of adsorbate and techniques which quantify "microscopic", atom -

surface interactions rather than collective gas adsorption properties. Few studies are 

reported which deal with porous thin films. Relatively simple adsorption processes, 

which are typically studied on single crystal surfaces, are complicated by adsorption 

in surface pores. 



-26-

The porosity and roughness of hard carbon films have been investigated using 

a quartz crystal microbalance (QCM) to quantify nitrogen adsorption [71,72], 

Adsorption was studied using relative pressures ranging from < 0.1 to 1 (the 

saturated vapour pressure of the adsorbate). Adsorption isotherms are constructed 

using the FHH equation, described above, assuming a perfectly fractal porous 

surface [72,73]. The effect on adsorption of capillary condensation in surface pores 

is also incorporated in the model. Estimates of the fractal dimension of the surface, 

pore size and morphology can be deduced from experimental data using this 

analysis. 

An extension of the QCM technique has been reported [74] in which the solid -

liquid interfacial viscosity is deduced from changes in the amplitude of crystal 

vibration. It is proposed that this behaviour corresponds to slippage of physisorbed 

monolayers on the film surface. The dynamical behaviour of adsorbates can be 

studied using this technique as a function of temperature and a variety of surface 

conditions [74]. 

Gas adsorption behaviour of amorphous carbon films and graded stainless 

steel/carbon cermet films has been studied previously in this laboratory using a 

volumetric adsorption technique [57] and a QCM technique [70]. A range of 

adsorbates has been used. Most work, however, has concentrated on benzene. 

Adsorption is volumetrically quantified by allowing a known quantity of 

adsorbate to reach adsorption equilibrium with a known surface area in a known 

experimental volume. The number of molecules introduced into the system coupled 

with accurate measurements of the equilibrium pressure of adsorbate over the 

surface can then be used to construct adsorption isotherms. The use of a quartz 

crystal microbalance to quantify gas adsorption by accurate film mass measurements 

is a significant extension of the basic technique. The reliance on accurate pressure 

measurements remains an important aspect of this technique. A typical set of 

adsorption isotherms obtained using these methods is shown in figure 2.14. 

The accuracy of pressure measurements limits the adsorption regime for these 

experiments to pressures greater than lxlO-7 torr, the limit of resolution of spinning 

rotor (gas viscosity) pressure gauges. This corresponds to a relative pressure (p/p0) 

of about lxlO-9, (p0, the saturated vapour pressure of benzene « 80 torr at 298K). 

At the lower limit of this pressure regime long times are required to allow the 

adsorbate and sample to reach equilibrium. The accuracy of these experiments 



Figure 2.14 A typical set of adsorption isotherms for the amorphous hydrogenated 

carbon (a-C:H) films used in these experiments. The isotherms cover a relative 

pressure range from submonolayer coverages (< 0.1) to condensation coverage 

(1.0) at the saturated vapour pressure of the adsorptive, benzene (80 torr at 298K). 

The adsorption capacity of the film increases greatly with increased baking 

temperature and duration. The adsorption experiments described in this thesis were 

undertaken in a pressure regime located between 5 x 10"10 torr and 1 x 10"4 torr. 

This corresponds to a relative pressure range of around 10"u to 10"6 for a benzene 

adsorptive or at the left hand axis of the figure above, [redrawn from ref. 70] 
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decreases as their duration increases. This occurs because of the difficulty in 

maintaining precisely constant experimental conditions and the uncontrollable 

influence on the adsorption characteristics of residual background gas. Parameters 

such as environmental temperature, instrumental temperature and stability of 

controlling or measuring electronic devices are all subject to change over extended 

periods. 

Gas adsorption occws throughout the graded stainless steel/carbon region of 

the spectrally selective film. Adsorbing molecules do not appear to permeate the 

copper tow emittance layer [22,57]. The effective adsorption area has been shown to 

be proportional to film thickness which indicates a high level of pore connectivity, 

particularly in baked films [57]. The films are uniformly porous over a wide range 

of thicknesses, with the whole pore structure accessible to adsorbate [70]. The rate 

of adsorption and degree of porosity depend on the film annealing conditions. The 

rate at which adsorbate penetrates into deep pores is dependent on pore constrictions 

and the film void fraction. Percolation theory suggests a void fraction of 0.25 or 

greater is required for pores to be just accessible to the gas phase. Films with void 

fractions of 0.25 or less consequently require very long times to attain equilibrium 

adsorption [70]. Experimentally, such effects are observed for film annealing 

temperatures of less than 620K. 

There is considerable evidence to suggest that micropores in the film occur in a 

wide distribution of sizes. Volumetric studies [57] deduced a pore size distribution 

for the film. It was found that the film contained 65% very narrow slit - like 

micropores (width < 7 A), approximately 20% wider micropores ( 7 A < width < 

20A) and approximately 15% mesopores and external surface. 

Preadsorption has a marked effect on the gas adsorption behaviour of a-C:H 

films. A range of very high energy adsorption sites is apparently filled prior to the 

start of gas dosing by residual gas molecules in the vacuum system [57], The time 

required for a-C:H samples to come to adsorption equilibrium increases dramatically 

as the pressure in the vicinity of the surface is lowered. Preadsorption and low dose 

gas adsorption are only partially reversible, causing adsorption hysteresis [22,23], 

Small doses of n - decane , for example, are tenaciously adsorbed, requiring baking 

for complete removal [57], Subsequent and concurrent benzene adsorption is 

inhibited by preadsorption of water vapour, with hysteresis resulting from pore 

constriction and a loss of pore connectivity [22]. There are significant implications 

for the manufacture of gas dosed ETCs as the industrial manufacturing process will 
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ensure preadsorption with residual gases such as water vapour, carbon monoxide 

and carbon dioxide. 

The current gas adsorption experiments were conducted under ultrahigh 

vacuum conditions. Lower base pressures in the vacuum chamber allowed 

previously undetectable adsorption/desorption phenomena to be examined for the 

first time. The relationship between the bulk adsorption studies undertaken using the 

spectrally selective film and the current work is indicated in figure 2.14. Although 

thermal desorption and work function studies have been widely used to study 

surface behaviour, no reports have been found detailing studies of complex, porous 

surfaces. The pressure regime used for these experiments is located between lxlO-4 

to5xl0-10ton\ 

An alternative method of gas dosing was used in the current work which 

removes the difficulties of accurate pressure measurement. Further, reduced 

pressures slow the rate of adsorption of residual gases. Work function studies were 

undertaken in which the sample films were exposed to a quantified gas dose 

(pressure, time) rather than a known quantity of gas (number of molecules). Relative 

pressures ranged from lxlO-6 to lxlO-11 over time periods of the order of minutes. 

Pressure measurements were made with an ionisation gauge. The relative amount of 

adsorbate delivered to the sample in successive experiments can be expressed simply 

and accurately in terms of exposures. An exposure at a pressure of lxlO-6 torr for 1 

second is defined as 1 Langmuir (L). While no information can be deduced about the 

absolute quantity of gas adsorbed, this can often be inferred from other aspects of 

film behaviour simultaneously recorded. 

2.7 Summary 

Amorphous carbon films have considerable scientific and technological 

importance. The utility of these films originates in the unique bonding configurations 

of the carbon material and the ready control of bonding characteristics available with 

different deposition methods and post - deposition processing. The microstructural 

characteristics and macroscopic physical properties of amorphous carbon films are 

determined by the srp/sp2 bonding ratio, the hydrogen content and post - deposition 

processes, such as thermal annealing. 
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The bonding configuration and hydrogen content of amorphous carbon films 

are dependent on the method of film deposition. Control of deposition parameters 

varies between techniques. Influential parameters include the starting material or 

precursor, the energy characteristics of the beam of atoms, ions or particles 

condensing to form a film and ion assistance. Greater control of the characteristics of 

ion beams often is offset by a significant reduction in ion flux and hence reduced 

deposition rates. 

Carefully controlled film deposition must be supported by rigorous analysis of 

the resulting films. Analytical techniques range in complexity and in the nature of the 

information obtained. Simple methods of film analysis, such as the physical and 

electrical properties, can provide significant structural information. Advanced 

analytical techniques provide a more direct probe of film structure and more detailed 

structural information. While all these techniques are experimentally complex, 

electron diffraction and electron energy loss spectroscopies are rapidly developing as 

accessible and interpretable methods of obtaining detailed structural information. A 

range of other techniques, such as NMR, ESR and other electron spectroscopies, 

provide complementary and supplementary information. 

The spectrally selective films fabricated for use in thermally switching ETCs 

are required to exhibit appropriate optical performance, gas adsorption/desorption 

behaviour and structural stability over a lifespan of twenty years. Film structure and 

morphology are the critical factors ensuring satisfactory overall performance. These 

factors are determined by the type of deposition process employed and the control of 

that process. The spectrally selective films used in this study and employed in ETCs 

are deposited using reactive d.c. magnetron sputtering in a batch coater with a 

realistic industrial capacity. The batch coater allows a reasonable amount of 

flexibility in altering or adjusting the deposition parameters. 

The gas adsorption behaviour observed for baked a-C:H films is typical of 

microporous adsorbents. Well defined Type I adsorption isotherms have been 

obtained using volumetric and QCM measurement techniques. The pressure regime 

of these techniques is limited by instrumentation and experimental difficulties. 

Surface sensitive adsorption techniques and modified gas dosing, as developed in 

this work, will be seen to extend the pressure regime accessible with particular 

significance for the observation of the effects of contamination and low level 

adsorption. 
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CHAPTER 3 

Structure and Surface Composition of Amorphous Carbon 
and Graded Stainless Steel/Carbon Cermet Films. 

3.1 Introduction 

The gas adsorption behaviour of spectrally selective films is dependent on the 

types of material used and, to a lesser extent, the structure of the film. Bonding 

structure can be deduced using electron diffraction or X - ray diffraction. Key 

parameters such as surface composition, layer structure and film purity can, 

however, only be investigated using surface analytical techniques. The electron 

spectroscopies used in this work reveal the compositional differences between as -

prepared and baked film surfaces. Studies of deposition quality were also 

undertaken, examining areas where deeper layers are exposed at the surface and 

where film constituents have diffused through neighbouring layers. Defects or 

irregularities in the deposition process adversely effect the optical behaviour and 

adsorption behaviour. 

Secondary ion mass spectroscopy (SIMS) and X - ray photoelectron 

spectroscopy (XPS) have been used to analyse the surface composition of spectrally 

selective films and amorphous carbon films. Data are presented showing the effects 

of post - deposition annealing and impurities introduced during the deposition 

process. 

Differences in film structure arising from the method of deposition are well 

known. In this case, differences in bonding structure at the surface interface are 

considered. XPS has been used to investigate differences between amorphous 

carbon films prepared using different techniques. Data are presented showing the 

surface composition of films produced using sputtering, glow discharge deposition 

and vacuum arc deposition. The surface layers of each of the films were eroded 

using argon ion etching to provide a comparison between the surface structure and 

bulk structure of the films. 
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3.2 X-ray Photoelectron Spectroscopy 

Electron spectroscopies based on electron emission are an important source of 

information about the electronic properties of a film. The energies and spatial 

distribution of emitted electrons show features characteristic of the atoms making up 

the surface layers of the film. Using these techniques the relative concentrations of 

the surface constituents can be deduced together with depth profile information [1], 

Electrons with energies in the range of 10 - lOOOeV are ideal for probing the 

first few atomic layers of a solid surface. The shallow depth from which the 

electrons emerge is a result of the interaction of electrons with solids. This gives a 

minimum mean free path (MFP) of around 5A for a 50eV electron. The "universal 

curve" showing electron MFP as a function of kinetic energy is shown in figure 3.1 

[2]. One of the implications ©£ this curve is that interactions involving electrons with 

energies in this range occur in the first 5 - 40A of the film and are therefore 

considered surface sensitive [2]. 

The minimum in the universal curve arises from the combination of electron 

energy loss processes. Core level ionisation, single particle excitation and plasmon 

excitation are the three main processes. The collective excitation of electrons 

associated with a material is referred to as a plasmon. A characteristic energy 

threshold for plasmon creation exists, below which electron energy loss occurs only 

via single particle processes. Electron energy loss is dominated by plasmon creation 

above the plasmon energy. The electron MFP resulting from these two processes 

has a minimum at an energy 2 - 3 times the plasmon energy then gradually increases 

with energy [3]. 

X - ray photoelectron spectroscopy (XPS) involves the energy analysis of 

photoelectrons evolved from samples as a result of X - ray absorption. Core level 

electrons are ejected when a material is irradiated with sufficiently energetic X - rays. 

Figure 3.2 gives a schematic illustration of the electronic processes involved in 

XPS. X - rays are produced by electron bombarding metal targets, generally Mg or 

Al, held at a potential of 15 - 20kV. A thin foil window (usually Al or Be) separates 

the X - ray source and sample, preventing electron escape from the source region. 



Figure 3.1 A "universal curve" is formed by the relationship between the electron 

mean free path for inelastic scattering in solids and electron kinetic energy. The 

minimum in the curve arises from the interaction between single particle and 

plasmon excitation processes. At low energies the dominant interaction is with 

single electrons; the mean free path for this process decreases with energy. At high 

energies, the interaction of the incident electrons is dominated by collective effects; 

the mean free path for such plasmon excitation processes increases with energy 

[reprinted from ref. 21. 



Figure 3.2 Schematic description of the electronic processes forming XPS 



The spectrum of the X - rays produced contains bremsstrahlung and 
characteristic K a emission components. Bremsstrahlung accounts for around 50% 

of the observed X - ray intensity, however, does not have a significant effect on 
photoelectron emission. Bremsstrahlung is distributed over several keV and has a 
small amplitude in comparison with the K a emission components. The K a p line 

has a FWHM of around leV for Mg and Al sources with greater energy resolution 
achievable if a monochromated X - ray source is used [4], Standard 
unmonochromated X - ray sources are sufficient to determine core level binding 
energies to within 0.2eV. The electronic transitions and resulting spectral 
distribution associated with Al K a yg X - ray emission are shown in figure 3.3. 

Other metals, such as Or, Cu and Mo, can be used as X - ray sources. However, the 
FWHM of the K a emission in each case is greater than 2 eV [4]. 

The photoelectrons are energy analysed resulting in a determination of the 

energy distribution of electron emission. This distribution shows characteristic peaks 

corresponding to the surface constituents. The kinetic energy of the photoelectrons 

arising from an atomic species can be written as 

EKE = hv-EB-e<() (3>1) 

where hv is the energy of the incident radiation, Eg is the characteristic atomic 

binding energy of the ejected electron and e<() is the work function term. The kinetic 

energy of the photoelectrons is dependent on the energy of the incident radiation. 

Using X - rays from Mg (1253.6eV) and Al (1486.6eV) sources in combination 

provides additional information which is useful for discriminating between 

photoelectron and Auger electron emission processes and identifying instrumental 

effects. 

The scope of photoelectron spectroscopy is broadening with the availability of 

synchrotron radiation. Electron synchrotrons provide a source of intense, polarised 

continuum radiation ranging from the ultraviolet to hard X - rays [3], The energy of 

the source radiation is selected using a monochromator, removing the experimental 

restrictions of a single source energy. 



Figure 3.3 An X-ray photon source in common use in XPS spectrometers 

(a) the electronic transitions giving rise to Al X-ray emission 

(b) the two components which comprise the Al K g ^ X-ray spectrum 

[reprinted from ref. 4] 
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A Perkin Elmer PHI Model 560 surface analysis system located at the 

University of Queensland and a Kratos XSAM 800pci surface analysis system 

located at the University of New South Wales were used for the surface studies. 

XPS and Auger electron spectroscopy (AES) (discussed in the next chapter) both 

require accurate energy analysis of electrons emerging from a sample material. The 

Kratos system incorporated a concentric hemispherical analyser (CHA) whereas the 

Perkin Elmer system incorporated a cylindrical mirror analyser (CMA). Both forms 

of electron energy analyser are in common use. 

Figure 3.4 shows the general layout of an XPS spectrometer incorporating a 

CHA [5]. Photoelectrons from the sample are collected and focussed by an electron 

optical system onto the entrance slit of the CHA. The use of an aperture and iris in 

the electron optics enables the size of the electron collection spot to be restricted to 

less than 80p,m for XPS. The addition of scanning plates enables the effective 

collection point to be scanned across the sample, creating a compositional map of the 

surface. 

The final electron lens retards the energy of the electrons to a preselected pass 

energy before they enter the hemisphere. Retardation is used in both CHA and CMA 

systems to enhance the relative resolution of the analyser. For example, obtaining an 

absolute energy resolution of 0.5eV for lOOOeV electrons requires an analyser 

capable of achieving relative resolutions of 5 x 10-4. If a pass energy of 50eV is 

used the relative resolution required is 1 x 10*2 and more easily achievable [6,7]. 

This enhancement is of particular importance for XPS. 

Potential differences are applied, with respect to earth, to the two concentric 

sectors of the CHA. The electrons are electrostatically guided through the analyser 

along equipotentials, ending at the exit slit and electron detector [4]. A complete 

energy spectrum is obtained by sweeping the retarding field potential and recording 

the electron counts as a function of kinetic (or binding) energy [8]. 

Figure 3.5 shows the general layout of an XPS spectrometer incorporating a 

double pass CMA. Electrons emerging from the sample enter the analyser through 

two spherical retarding grids. These grids retard the kinetic energy of the electrons 

entering the CMA to the pass energy. The electrons travel along curved paths, 

reflected by the potential difference applied between the outer and inner cylinders, 

ending at the exit slit and electron detector [6-8]. For XPS, the inner cylinder is 

floating above earth, whereas for AES both the inner cylinder and the retarding grids 



Figure 3.4 Schematic description of an XPS spectrometer incorporating an 

concentric hemispherical analyser (CHA). X-rays are produced by electron 

bombarding a metal target (usually Mg or Al) held at 10-20kV with electrons from 

an adjacent filament. X-ray irradiation of a sample produces photoelectrons which 

are collected and focussed by the electron optics onto the entrance slit of the 

hemisphere. The photoelectron energies, measured using the CHA, provide both 

chemical and elemental information about the sample, [reprinted from ref. 5] 



Figure 3.5 Schematic description of an XPS spectrometer incorporating a double 

pass cylindrical mirror electron energy analyser (CMA) used for both XPS and 

AES. The electrons entering the CMA are retarded to a constant pass energy using 

two spherical grids at the entrance. The apertures at the entrance and exit of the 

second stage of the CMA can be adjusted remotely to alter the function of the 

analyser- For AES both the inner cylinder and the spherical grids are earthed 

[reprinted from ref. 6]. 
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are earthed [6,7]. A complete energy spectrum is created by sweeping the retarding 

field potential and recording electron counts as a function of kinetic (or binding) 

energy. 

Electrons are detected at the output of the analyser by an electron multiplier. 

The channel electron detector (or channeltron™ [9]) is commonly used for this 

purpose. The detector, in this case, is a continuous dynode consisting of a curved 

semiconductor coated glass funnel or tube. A potential difference of several keV is 

applied between the ends givingHgain of up to 106. The walls have high secondary 

electron coefficients with incident electrons creating a cascade of electrons along the 

channeltron™ [4,10]. Single electrons are detected and counted as 200mV negative 

pulses [11]. The surface analysis systems used for this study both incorporated 

computer controlled data acquisition. 

3.3 Film Preparation 

One of the primary aims of this study was to investigate film structure and 

degradation processes in commercially produced ETCs. The deposition apparatus 

used to produce the films, described in section 2.4.2, was originally constructed as 

an industrial prototype. Industrial coaters used in Australia and in Japan are based 

closely on this design. The film preparation methods described in this section were 

chosen lo emulate the commercial deposition process. The results obtained in this 

study are therefore directly transferable to commercial deposition processes. 

Spectrally selective films were deposited according to a standard production 

method for solar ETCs [12,13], Pure a-C:H films were deposited using only the 

final steps of the production method with the correct starting conditions. Films were 

deposited onto a range of substrates: glass microscope slides, high purity 

polycrystalline copper (99.9%, Goodfellow Metals), oxygen free, high conductivity 

(OFHC) polycrystalline copper (ETP - Oxford), and commercial grade 

polycrystalline copper and aluminium. The substrates were cut to size (square: 

10mm x 10mm and 25mm x 25mm) and polished to a mirror finish using a 

combination of abrasive paper, metal polish and suspended alumina (0.3|j.m). The 

substrates were repolished and cleaned with acetone and isopropyl alcohol 

immediately prior to deposition. 
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The sputter process involves a series of steps, as shown in Table 3.1. A 

summary of the deposition conditions used in the sputter process is shown in Table 

3.2. The first layer deposited is a stainless steel/carbon mixture. This results from a 

sputter cleaning operation in argon gas of the stainless steel cathode which had been 

coated with carbon at the end of the previous deposition cycle. This first layer 

enhances the adhesion of the spectrally selective film to the glass but otherwise plays 

no role in determining the properties of the system. The second layer to be deposited 

is copper which is sputtered from a copper cathode in argon gas. The copper is 

responsible for the very low emittance of the completed spectrally selective film. The 

third and final layer is graded stainless steel/carbon cermet which increases the solar 

absorptance of the surface without substantially increasing the thermal emittance. 

This layer is produced by sputtering a stainless steel cathode in a mixture of argon 

and acetylene. The layer is metal rich at the copper interface, grading to pure a-C:H 

at the film surface. This gradation in composition is achieved by increasing the 

amount of acetylene in the discharge during the deposition process. Towards the end 

of the process, the decomposition of acetylene leads to the deposition of carbon onto 

the surface of the cathode at a greater rate than it is removed by sputtering 

("poisoning"). The sputter yield for carbon is significantly lower than that of 

stainless steel [14] so the cathode rapidly becomes completely covered with carbon 

and deposition of stainless steel ceases. [IS]. 

The composition and properties of the spectrally selective film depend on the 

details of the deposition parameters at each step - discharge current and voltage* gats 

pressure and composition, magnetic field - as well as on the geometry of the 

magnetron source and substrate location. An optimisation of the film deposition 

conditions was performed by Harding, Window and Craig [13,16]. Films made 

according to this optimisation are made commercially by Shiroki Corporation 

(Japan) and are referred to here as "production" films. 



Table 3.1-

Flow chart showing the major steps in the fabrication of 

spectrally selective films in this laboratory. 



Table 3.2 Deposition conditions for the sputtered films. The approximate 

deposition rates quoted correspond to targets moving in a planetary fashion around 

the cathode. The cathode to substrate distance is 30 - 100mm. [1 seem = a flow of 

lem3 of gas at STP per minul^ 



-42-

3.4 Experimental Method 

The experiments were performed in ultrahigh vacuum using a Perkin Elmer 

PHI Model 560 surface analysis system and a Kratos XSAM 800pci surface 

analysis system. 

The Perkin Elmer system contained a double pass CMA with a concentrically 
mounted electron gun for AES and a perpendicularly mounted dual anode (Mg/Al) 
X - ray source for XPS. The MgKa X - ray source was operated at 400W. The 

maximum energy resolution of the CMA was 1.2eV operated for XPS analysis in 

the fixed analyser transmission (FAT) mode with a pass energy of 25eV for the Ag 

3d5/2 emission. The Perkin Elmer system is shown in figure 3.6. 

The Kratos system contained a CHA with three channeltron™ detectors. 

Electrons were collected and focussed onto the entrance slit of the analyser with an 

electron optical system. An aperture plate and iris were incorporated into the optics 

to restrict the electron collection spot to a minimum diameter of about 80|im. The 

aperture plate contained large size (approximately 6mm x 4mm), 600jim, 200[J.m 

and 100|im openings. The perpendicularly mounted dual anode (Mg/Al) X - ray 

source was operated at 150 - 300W. The maximum energy resolution of the CHA 

was 0.75eV operated for XPS analysis in the fixed analyser transmission (FAT) 

mode with a pass energy of 5eV for the Ag 3d^ emission. The Kratos system is 

shown in figures 3.4 and 3.7. The electron binding energies (Eg) for both systems 

were calibrated against the Au 4f7/2 emission at EB = 84eV [17,18]. 

3.5 Semiquantitative Analysis of XPS Data 

The data obtained from XPS experiments can be analysed to give 

semiquantitative estimates of film thickness, composition and bonding 

configuration. The existence of photoelectron peaks in an XPS spectrum readily 

identifies the elements present in the film surface layers. Approximate estimates of 

stoichiometry can be deduced by comparing the intensities of the peaks against those 

in samples of known composition. Bonding configurations are investigated by 

deconvoluting complicated peak line shapes into a series of gaussian components. 



Figure 3.6 The Perkin Elmer 560 surface analysis system. 

(a) Sample entry lock 

(b) Secondary ion mass spectroscopy (SIMS) and X - ray gun 

(c) Ion gun 

(d) Main analysis chamber and cylindrical mirror analyser (CMA) 

(e) Control instrumentation 



Figure 3.7 The Kratos XSAM800pci surface analysis system 

(a) Secondary ion mass spectroscopy (SIMS) 

(b) Concentric hemispherical analyser (CHA) and sample alignment laser 

(c) Main analysis chamber (white) and ion gun 

(d) Sample entry lock and preparation chamber 

(e) Control instrumentation 
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Combining equations 3.4, 3.5 and 3.6, the relative concentration of two 

atomic species can be written as 

The line shapes of XPS spectra contain information about the bonding 

environment of the constituents of the film. Several factors contribute to the 

complicated lines shapes observed in this work. Most peaks are asymmetric with a 

considerable tail at higher binding energies adjacent to the peak centre. This arises 

from inelastic scattering of a portion of the photoelectrons emerging from buried 

regions of the film and is a function of the electron MFP. Multiple plasmon losses 

are also observed in materials such as Mg, Al and Na. A series of small peaks 

occurs at higher binding energies, each separated by intervals corresponding to the 

plasmon energy [3]. 

Each discrete bonding state present makes a contribution to the total peak for a 

given emission peak. The different chemical environments of the atoms cause shifts 

in the central peak energy.' If these shifts are sufficiently large then the individual 

contributions from the various chemical states can be identified. Sophisticated curve 

fitting software is routinely incorporated in surface analysis systems to facilitate this 

process. Assigning bonding states to deconvoluted XPS data generally requires 

additional information. Peak energies for atoms m many different compounds and 

bonding configurations are tabulated in reference atlases [23]. Sample charging must 

also be considered as peaks can be shifted towards higher binding energies by 

several eV. This occurs when the substrate is a poor conductor and cannot maintain 

electrical neutrality in response to photoelectron emission [24], 

XPS can be used to estimate film thickness by quantifying the attenuation of a 

characteristic substrate peak by a thin uniform overlayer of a known material. The 

film thickness, d, is given by 

where T is the electron MFP in the overlayer and I and I0 are the intensities of a 

characteristic peak from a covered substrate and a clean substrate, respectively. The 



-45-

accuracy of thisfechnique depends on two factors, the accuracy of the electron MFP 

and the uniformity of the overlayer. A non - uniform overlayer will give substrate 

peaks dominated by contributions from the thinnest portions of the film due to the 

exponential thickness/peak intensity relationship [19]. 

3.6 Results and Discussion 

3.6.1 Surface Composition of Stainless Steel/Carbon Cermet Films 

The results of XPS surveys of the outermost surface of graded 

stainless/carbon cermet films on polycrystalline copper substrates are shown in 

figure 3,8. The method of film preparation is described above in section 3.3. These 

data are for films as - prepared and after baking for 60 minutes to 670K Note that 

no corrections for surface charging have been made. There are strong peaks at 

binding energies, EB ~ 286eV and EB ~ 536eV, corresponding to C Is and O Is 

emission respectively. Carbon and oxygen appear to be the main species on the 

surface of the film. Traces of argon (EB~ 238eV), the sputtering gas used in the 

production process, and residual nitrogen (EB~ 400eV) from the batch sputter coater 

chamber are also evident in some films. The incorporation of residual gases is 

common in sputtered carbon films. The dense, tightly packed structure of some 

carbon films prevents residual gases diffusing out of the structure under normal 

conditions [25], 

Following baking to 670K for 60 minutes in vacuum (~ 10"6 toir), there is a 

decrease in the intensity of O Is as compared with C Is and a loss of argon and 

nitrogen. The former effect may be attributed to formation and desorption of CO and 

C0 2 during the baking process [26,27], The major outgassing products, H2and 

CO, have been previously observed at temperatures > 470K with lesser quantities of 

H20 and C0 2 being detected at temperatures up to 570K [28]. 

XPS was used to study the composition a-C:H surface layers of the cermet 

films. Figure 3.9(a) shows the carbon Is photoelectron emission peak from such a 

film. Note that no corrections for surface charging have been made. The broad C Is 

emission (FWHM = 2.5eV) indicates the presence of a variety of chemical 

environments. This is consistent with the fact that amorphous hydrogenated carbon 

films have been shown previously to exist in a combination of ring structures and 



Figure 3.8 XPS surveys (on the same scale) of spectrally selective films deposited 

on polycrystalline copper as deposited and after baking to 670K for 60 minutes. 



Figure 3.9 XPS spectra (on th# same scale) of the surface constituents of the 

spectrally selective film as deposited and after baking to 670K for 60 minutes: 

(a) C Is; (b) O Is; and (c) Cu 2p. 
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diamond - like bonding [29]. The 20% decrease in the FWHM of the carbon Is 

photoelectron peak after baking (figure 3.9(a)) may be attributed to marked bonding 

changes in favour of six member, graphitic carbon ring structures, with the 

liberation of H2and CO [30]. Both the interlayer and intralayer ordering are 

increased [31] while the variety of carbon bonding is reduced. 

The intensity of the O Is emission is significantly reduced as a result of 

baking, as shown in figure 3.9(b). The lack of change in the FWHM of O Is after 

baking, as compared with C Is, suggests that residual O Is material in all 

configurations has been reacted uniformly with C Is to form CO and C02 . The 

results of previous surface degassing studies are consistent withjthese observations 

[26,28]. 

XPS studies of the freshly prepared films on polycrystalline copper substrates 

(both as - prepared and baked) show no evidence of subsurface layers. Yet, copper 

is present in the surface of such films stored in air for around 4 months (figure 

3.9(c)). This indicates that holes may have formed in the film over a period of 

months, exposing the copper layer of the film or alternatively substrate imperfections 

may be protruding through the deposited film. The structural changes observed may 

be a long term analogue of those occurring as result of baking. When the films are 

baked, the copper signal is attenuated suggesting that the film is collapsing over the 

exposed copper regions. This may be due to removal of volatile contaminants from 

the film or possibly surface oxidation. 

The ratio of the intensities of one of the copper peaks before and after baking 

gives the attenuation of the signal. In this case the Cu 2p3/2 transition is reduced by a 

factor of - 2.9. The copper peak is centred at Eg~ 934eV and corresponds to a 

photoelectron kinetic energy of ~ 319eV for a Mg X - ray source. The approximate 

MFP, with reference to the universal curve (figure 3.1 [2]), is (8.5 ± 0.5) A. The 

thickness of the layer formed over the copper regions as a result of baking can 

therefore be estimated using equation 3.8 as (9.2 ± 1.5) A. 

After the baking of the film the copper signal had two weak satellite peaks. 

This peak configuration indicates weak oxidation of the copper, probably to a Cu20 

state [32], This apparent instability in air poses no major problems in the ETCs but 

limits the potential of the surface in non - vacuum applications on polycrystaStafe 

substrates containing oxygen. 
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The structural changes in the film induced by baking cause changes in film 

conductivity, dielectric constant and sample charging behaviour in response to X -

ray induced photoemission. After baking a shift of about 4eV to lower binding 

energies is observed in the central energy of photoelectron peaks shown in figures 

3.9(a) - (c). The shift in energy is the same for each of the photoelectron peaks. The 

likely cause of this shift, therefore, is changed sample charging behaviour rather 

than a chemical shift in any of the peaks. 

Baking significantly reduces the quantities of residual argon and nitrogen in 

the surface structure of the film, as shown in figure 3.10. These materials are 

incorporated into the film during deposition. While the presence of these 

contaminants is unlikely to affect significantly either the optical or gas adsorption 

performance of the film, the concomitant improvement in film purity simplifies the 

optimisation of film properties. 

Secondary ion mass spectroscopy (SIMS) was also used to identify the atomic 

constituents of the film surface by eroding the surface layers with an argon ion gun 

and analysing the sputtered material with a quadrupole mass spectrometer coupled to 

a series of ion lenses and accelerating grids. SIMS provides a qualitative indication 

of the species present and is particularly sensitive to materials present in small traces. 

These results are presented to complement the studies of film properties discussed in 

this chapter and in the subsequent chapters. Detailed consideration of the technical 

aspects of SIMS is beyond the scope of this work. 

Figures 3.11(a) and (b) show the SIMS spectra for positive and negative ions 

ejected from the film surface. The carbon, hydrogen and oxygen components of the 

film are featured in figure 3.11(a), along with a wide range of metal ions. The metal 

atoms are present in the film only in trace quantities and are not observed using 

XPS. They can, however, be unambiguously identified using SIMS. Similarly, 

figure 3.11(b) shows the carbon hydrogen and oxygen negative ion components 

expected along with other species, such as fluorine and chlorine, present in trace 

quantities. 



Figure 3.10 XPS spectra (on the same scale) of the (a) Ar 2p and (b) N Is 
photoelectron peaks. The spectrally selective film sample was analysed as deposited 
and after baking to 470K for 60 minutes. The intensity of the photoelectron peaks 
after baking is attenuated to about 25% of the initial value. 



Figure 3.11 (a) Positive ion and (b) negative ion SIMS spectra giving the elemental 

composition of the outermost layers of the spectrally selective film. The ionic 

species corresponding to each of the peaks are indicated. SIMS is particularly 

sensitive to trace impurities, thus, carbon, hydrogen and oxygen species are detected 

along with a range of other species. 



3.6.2 Surface Structure of Amorphous Carbon Films 

The method of film preparation has a strong influence on the properties of 

amorphous carbon and metal/carbon cermet films. XPS was used to investigate the 

surface structure of three amorphous carbon films fabricated using different 

methods. Films were produced using reactive d.c. magnetron sputtering, as 

described in section 3.3, r.f. glow discharge decomposition of methane and in a 

filtered cathodic vacuum arc system using a graphite target [33]. 

Figures 3.12(a) - (c) and 3.13(a) - (c) show the C Is and O Is XPS spectra, 

respectively, obtained for each of the three amorphous carbon films. The films were 

analysed as - prepared, without any additional surface cleaning. The Kratos system 

was set for analysis with a wide aperture size (6mm x 4mm) and fully open iris 

setting. Three gaussian components have been optimised to each of the peaks. The 

optimisation of the fitted components was chosen on the basis of model bonding 

configurations and associated binding energies. 

The carbon spectra obtained in each case are quite complicated. The FWHM of 

each peak is strongly dependent on the chemical environments present No single 

solution can be applied to the data using this scheme so the curve fit depicted is not 

unique. As a consequence, there are problems with attaching too much emphasis to 

the peak assignments and characteristics [34]. 

Surface structure is indicated by various features of the line shapes of the XPS 

spectra. All of the spectra have comparatively large FWHM. The FWHMs for the 

C Is and O Is spectra are all greater than 1.7eV and 2.1eV, respectively. This 

indicates that carbon and oxygen are present in a variety of chemical environments, 

as discussed above. It should be noted that the Kratos system used for this analysis 

has significantly better resolution than the Perkin Elmer system used to obtain the 

spectra shown in figure 3.9. The FWHMs obtained for the sputtered film in this case 

are therefore significantly reduced 

The C Is peaks are all asymmetric; inelastic emission processes change the line 

shape at higher binding energies. A shoulder or satellite peak is present at EB~ 

2§0eV in the inelastic tail of the C Is peaks of sputtered films and, in particular, 

vacuum arc films. This is due to a K bond shake - up originating from aromatically 

bonded carbon components [3], The O Is peaks are more symmetric than the C Is 

peaks. However, they are also composed of a number of different contributions. 



Binding Energy (eV) 
Figure 3f12 Carbon Is XPS spectra for amorphous carbon films deposited using 
three different fabrication methods. The peaks have been deconvoluted into a three 
gaussian components (central energies are shown). 

(a) reactive d.c. sputtering using acetylene; (b) r i . glow discharge deposition 
using acetylene; and (c) vacuum arc deposition using a graphite target 



Binding Energy (eV) 

Figure 3.13 Oxygen Is XPS spectra for amorphous carbon films deposited using 

three different fabrication methods. The peaks have been deconvoluted into three 

gaussian components (central energies are shown). 

(a) reactive d-C. sputtering using acetylene; (b) r.f. glow discharge deposition 

using acetylene; and (c) vacuum arc deposition using a graphite target 
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Prcvious studies indicate that the sputtered film is composed of a mixture of 

graphitic and tetrahedral carbon [31]. The glow discharge carbon was deposited 

using a preferential etching technique. This deposition strategy seeks to increase the 

proportional of tetrahedral carbon in the mixed graphitic/tetrahedral carbon film 

composition [35]. The vacuum arc film is a diamond - like carbon film composed of 

peater than 85% tetrahedral carbon [31,36]. 

It is proposed that the three components fitted to the C Is spectra correspond 

to contributions from material in the following bonding configurations: 

C - C (EB - 285.2eV), C - O (EB ~ 287eV) and aromatically bonded carbon 

(Eg m 289eV). The assignment of these components is consistent with the atomic 

composition of the surface and the degassing studies mentioned above [26,28], 

Similarly, it is proposed that the three components fitted to the O Is spectra 

correspond to contributions from material in the following bonding configurations: 

02+ (EB~ 531.5eV), OH* (EB~ 532.5eV) and H20 (EB~ 534eV) [37]. 

The films were analysed using XPS as - prepared and after argon ion etching. 

Figures 3.14(a) - (c) show the C Is spectra for the sputtered, glow discharge and 

vacuum arc films, respectively. The Kratos system was set for analysis with a 

600jim aperture size and an iris setting giving a moderately restricted beam. The 

intensity of the C Is emission for the glow discharge film was virtually unchanged 

by etching. The O Is emission, however, was reduced in intensity by as much as 

90%, corresponding to the removal of surface contaminants, as shown in figure 

3.15(a) - (c). This coincided with a reduction of the FWHM of the C Is emission as 

the variety of chemical environments present was reduced. 

Etching removes contaminants from the carbon surface, in particular adsorbed 

water and CO. Shifts in the central energy of the C Is photoelectron peaks to lower 

binding energies after etching can be attributed to changes in the chemical 

environment of the carbon surface atoms with the removal of C - O bonded species 

[23,37]. No significant changes in peak position are expected due to changes in 

sample charging behaviour as the bulk structure of the films is not affected by 

etching. 



Figure 3.14 Carbon Is XPS spectra for amorphous carbon films deposited using 

three different fabrication methods, before and after argon ion etching 

(a) reactive d.c. sputtering using acetylene; (b) r.f. glow discharge deposition 

using acetylene; and (c) vacuum arc deposition using a graphite target 



Figure 3.15 Oxygen Is XPS spectra for amoq)hous carbon films deposited using 

three different fabrication methods, before and after argon ion etching 

(a) reactive d.c. sputtering using acetylene; (b) r.f. glow discharge deposition 

using acetylene; and (c) vacuum arc deposition using a graphite target 
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The line shape of the C Is emission for the vacuum arc carbon changed 

significantly with etching. The shoulder, corresponding to an aromatic shake up, 

was greatly reduced in intensity and the line shape of the main peak was also 

considerably altered. Possible explanations for this behaviour include the removal of 

the aromatically bonded carbon by etching or the disruption of aromatically bonded 

carbon to form an amorphous phase. The carbon surface layers of the vacuum arc 

carbon are apparently different in structure from the carbon bulk. It is proposed [38] 

that the vacuum arc carbon film has a tetrahedrally bonded bulk structure, terminated 

at the surface with a thin layer of graphitically bonded material. This is supported by 

the behaviour of the C Is emission in response to etching. 

This method of analysis allows surface contamination to be identified and 

distinguished from the surface structure. Complications arise, however, because 

both the film surface layers and the greater proportion of the surface contamination 

are carbonaceous in nature. 

Argon was used to sustain a discharge in the case of the films produced using 

sputtering and glow discharge deposition. It is difficult to avoid the implantation of 

low levels of argon and any other gaseous species present (nitrogen, for example) in 

the film surface during these deposition processes. No significant changes in argon 

and nitrogen photoemission spectra are observed after etching. These results imply 

that either the argon ion beam was not sufficiendy energetic to etch the implanted 

impurities or the latter were distributed throughout the film in relatively equal 

concentration. While both these explanations are plausible, depth profile analysis of 

the films is required to further investigate this area. 

It is important to note the role of surface contaminants in this series of 

analyses. Contamination arising from a number of sources existed on the surfaces of 

all the films studied before analysis. High vacuum deposition apparatus was used in 

all cases to fabricate the films resulting in the incorporation of carbonaceous 

contamination and adsorbed water into the surface layers. Further, exposure to the 

atmosphere during storage, transport and transfer of the films between the point of 

fabrication and the point of analysis, inevitably results in atmospheric contamination. 
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XPS Mid SIMS studies of the surface layers of the spectrally selective film 

revealed that the principal constituents are carbon and oxygen. There is also surface 

contamination present as a residual effect of the deposition process in the form of 

argon and nitrogen. SIMS detected a range of surface contaminants present in trace 

amounts. While contamination is unlikely to effect the optical performance of the 

film significantly, gas adsorption is a considerably more surface sensitive process. 

The changes in the surface structure of the film in response to heating and cooling all 

must also be carefully considered in the context of long term film stability. 

Major changes in the surface composition of the stainless steel/carbon cermet 

films occurred during film baking. This surface degassing process is an essential 

phase in the construction of ETCs. It was found that the intensity of the oxygen Is 

photoelectron emission was greatly reduced. This corresponds to the removal of 

surface contaminants such as H2O and CO. The line shape of the carbon Is peak 

also changed as the bonding structure of the film became more ordered. Other effects 

observed included the appearance of substrate layers at the surface of aged films. 

Film baking reduced the corresponding peak intensities, suggesting that the regions 

were coveted with a thin film layer. 

A comparison was made of the carbon Is peaks of amorphous carbon films 

produced using different fabrication methods. A vacuum arc deposited film and a 

glow discharge deposited film were analysed along with the sputtered films used in 

this study. The lineshapes of the carbon peaks were all very similar for as prepared 

films. The FWHM in all cases was large, suggesting that carbon was present in the 

film surface in a number of bonding configurations. 

A significant feature of some the carbon lineshapes was the presence of a 

shoulder peak at slightly higher binding energy, corresponding to aromatic carbon. 

The largest shoulder peaks was observed for the vacuum arc deposited carbon. 

Argon ion etching the surface of each of the films had the effect of removing surface 

contamination and also removing the upper layers of the film itself. The aromatic 

shoulder peak in the vacuum arc deposited carbon spectrum was completely 

removed. The lineshape of the carbon peak was also changed markedly which 

implies that the carbon surface layers of this film may be significantly different from 

the carbon in she film bulk. 
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CHAPTER 4 

Layer Composition and Depth Profile of Graded Stainless 
Steel/Carbon Cermet Films. 

4.1 Introduction 

The optical properties of multi - layer, spectrally selective films are determined 

by the refractive indices and optical absorption behaviour of the individual 

constituents and by the thicknesses of the various layers. Deposition processes can 

be calibrated by depositing samples of each of the constituents individually and 

measuring thickness, composition and optical properties. The composition and layer 

profile of a multi: * layer film is then deduced from these data. Additional 

spectroscopic information is essential as film deposition and processing can alter the 

final layer profile substantially. 

The optical performance of the completed film indicates film quality and the 

interaction of the optically active constituents. It provides some information about 

deficiencies and departures from the intended structure, allowing conclusions to be 

drawn regarding the possible causes of satisfactory or unsatisfactory behaviour. The 

gas adsorption behaviour of these films is also sensitive to film structure but is not 

related to satisfactory optical behaviour. 

This chapter examines various parameters and processes which affect the 

grading profile of the film, including deposition effects, substrate interactions and 

the effects of film baking. The film properties observed have been correlated to 

optical measurements. Inferences can be drawn as to the aspects of film structure 

and deposition technique which give rise to the observed behaviour. Results are 

presented showing the layer structure of a range of spectrally selective films 

produced using different pieces of deposition apparatus. 
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4.2 Auger Electron Spectroscopy 

Auger electron spectroscopy (AES) is a surface sensitive electron spectroscopy 

which can be used to identify atomic species present in the surface layers of a film. 

In contrast with XPS, it is difficult to extract detailed chemical information using this 

technique. Significant advantages, however, arise from the use of an electron beam 

to stimulate Auger electron emission. The electron gun provides a collimated electron 

beam and can be set to raster scan the sample, producing an elemental map of the 

surface, or steered to a particular point and set to a particular size. 

AES involves reduction of the level of atomic excitation by the emission and 

energy analysis of secondary electrons. Figure 4.1 gives a schematic illustration of 

the electronic processes involved in AES. An electron is ejected from a core level (Z) 

by incident radiation (X-rays or electron beam) and an electron falls from a higher 

level (X) to fill the core level vacancy created. The energy state of the atom is 

reduced by the ejection of a second (Auger) electron from a higher level (Y). The 

kinetic energy of the Auger electron, with reference to figure 4.1, may be written as 

EKE = EZ" EX" EY" e<t> (4.1) 

where e(() is the work function term. The kinetic energy is independent of the energy 

of the incident radiation [1]. Peaks corresponding to Auger transitions are observed 

in response to both X-ray and electron beam bombardment of a sample. The Auger 

process produces far fewer electrons than the primary emission process; electron 

beam bombardment, with beam energies of around 4keV, is commonly used to 

produce a measurable current of Auger electrons. Auger electron nomenclature takes 

the form (Z,X,Y), reflecting the many different combinations of atomic levels that 

may be involved in a single emission process. Emitted electrons are conventionally 

labelled according to the shell from which they originated, as follows: emissions 

from the Is shell are labelled K; the 2s shell are labelled Lx; and the 2p shells are 

labelled L-2 and L3. Valence shell electrons are labelled V, The two electrons, emitted 

from levels X and Y, forming the Auger process may originate from the same level 

and either or both may originate from the valence levels [1], 
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X-ray fluorescence competes with Auger electron emission during atomic de

positation. X-ray emission occurs when an electron from level X falls to level Z to 

fill a core level vacancy. The Auger electron yield and X-ray yield per core level 

vacancy are dependent on atomic weight. X-ray yield is negligible for atomic 

weights less than 15, but rises to exceed Auger electron yield for atomic weights 

greater than 30 [2]. 

AES identifies the atomic species present in a film surface. In combination 

with an argon ion gun, the film can be etched away to produce an elemental profile 

as a function of depth. Auger electrons are detected and energy analysed using a 

concentric hemispherical analyser (CHA) or cylindrical mirror analyser (CMA). 

Both these analysers are described in section 3,2, in the previous chapter. Scanning 

electron microscopy (SEM) facilities are routinely incorporated in AES systems. 

SEM is commonly used to examine the etch crater and to align the electron beam 

spot with the centre of the crater. 

AES depth profiling offers a wide range of information relating to film bulk as 

well as interfacial regions. The accuracy of the depth profile is dependent on the 

quality and uniformity of sample etching and the incident position of the electron 

beam ejecting Auger electrons. If the area being etched is not sufficiently large, a cup 

shaped crater results. If the analysing electron beam is not then directed to the flat 

central portion of the crater, Auger electrons may be ejected from all strata in the 

crater edge causing serious errors. Surface roughness may also cause similar effects 

and therefore can not be neglected in depth profiling experiments. 

4.3 Experimental Method 

The experiments were performed in ultrahigh vacuum using a Perktn Elmer 

PHI Model 560 surface analysis system. This contained a double pass CMA with a 

concentrically mounted electron gun for AES. The energy resolution of the CMA 

was 1.2eV operated for XPS analysis in the fixed analyser transmission (FAT) 

mode with a pass energy of 25eV for the Ag 3d5# emission. The electron binding 

energies (EB) were calibrated against the Au 4f7/2 emission at Eg = 84eV [3,4], The 

composition of the film as a function of depth was determined with AES whilst the 

surface was being eroded with an argon ion beam. The ion etching beam was set to 

raster scan an area of about 3mm by 3mm. The ion beam current was adjusted to 
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2.0pA at an accelerating voltage of 4kV giving an etch rate of 45A per minute for 

tantalum pentoxide [5], The etch rates of each of the film constituents (and hence 

layer thicknesses) are discussed in section 4.4. An SEM image was used to position 

the election beam with a rastered area of 0.2mm x 0.2mm used for analysis. 

4.4 Determination of Depth Profile and Film Thickness 

The depth profile of the film was determined using AES to monitor the atomic 

concentration of the film surface as a function of argon ion sputter time. Sputter time 

was transformed into a depth scale using previously reported sputtering 

characteristics of the individual elemental constituents [6-8]. In this process it is 

important to note that the estimates of depth profile may be significantly in error if 

large differences exist in the sputtering rates of the constituent components of the 

film. An extreme case would occur, for example, if the sputtering rate of one 

component was very small compared with that of the layer immediately below it. 

Below monolayer coverage the constituent with low sputtering rate would remain on 

the surface whilst the underlying atoms were preferentially removed. The AES data 

would indicate an appropriate amount of this constituent provided that the correct 

sputtering yields were used. However, this material would appear to be distributed 

over a much greater thickness than actually occurred in the original material. 

The sputtering rate of each elemental component of the film can be deduced in 

the following way [6], Sputter yields for various elements and compounds have 

been tabulated in a range of reference materials [6,8]. The sputtor yield for a material 

is the number of atoms sputtered by a single incident ion of a given energy. The 

sputter yield Y may be written as 

Y = ^ 5 - N A 

Mn A (4.2) 

where n is the number of incoming projectile ions, NA is Avogadro's number 

(6.02 x 1023) and Am and M are the mass change and the molecular weight of the 

sputtered material respectively. This approximation of sputter yield assumes that 

atoms are sputtered individually and that the sputtering ions are not trapped in the 

film [6], 
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The amount of material removed, Am, is given by the product of the volume etched 

and the film density so the equation above can be rewritten as 

with the sputter conditions used in this study (ie. j _ = 0.22 A m*2). The sputtering 

rates of the constituent parts of the spectrally selective film have been estimated 

using published values for sputter yield [6-8]. The sputtering rates of the three parts: 

amorphous hydrogenated carbon, stainless steel and copper, are roughly in the ratio 

1:2:4. The loss of depth resolution which results from widely differing sputter rates, 

discussed above, is therefore not expected to be severe in this case. A sharp interface 

between stainless steel and copper, for example, would be spread by about lnm. In 

the data presented here, therefore, argon ion etching time can be converted directly to 

an estimate of depth using a weighting factor proportional to the sputtering rate in 

nm s"1. The AES depth profile results, weighted in this way, may be used to obtain 

an estimate of the overall thickness of the composite. 



4*5 Results and Discussion 

4.5.1 Comparison of Spectrally Selective Films 

The structure of the spectrally selective films developed at the University of 

Sydney has been described in the preceding chapters (see in particular section 2.1 

and figure 2.1). AES depth profiling was carried out on the production film, as 

originally devised, during development [9]. Figure 4.2 shows the layer profile of the 

production film as prepared and after baking (670K, 60 minutes). 

The grading profile was originally devised by investigating the optical 

properties of the various film layers in homogeneous form and modelling their 

optical interaction in a multi - layer stack. Using this method the thickness of the 

various layers giving optimal performance was established [9]. Spectrally selective, 

rather than black body, optical characteristics are observed. The layer profile of the 

production film has smooth transitions between the carbon and stainless steel 

regions and is virtually unaffected by baking. The stainless steel region of the film 

extends almost to the film surface and is specifically designed to maximise 

absorptance in the visible region of the spectrum. A visible absorptance of « 0.93 

(reflectance = 0.07) is reported for films produced in this way [9]. 

The copper layer is also shown in figure 4.2, again with smooth interfacial 

regions. This layer is designed to minimise radiative losses by providing a low 

emittance and high reflectance in the near infrared region of the spectrum [10], 

Values of less than 0.04 reported for the emittance at low temperatures [9]. The 

emittance of the spectrally selective film is dependent on absorptance in the thermal 

IR spectrum. Transparency can be maximised by using a semiconducting material 

with an optical gap in the near infrared (NIR) so that photons in this region do not 

have sufficient energy to cause electronic transitions [11]. 

Figure 4.3(a) shows the AES depth profile of the spectrally selective film as 

currendy produced in the laboratory. The film was produced using the same 

deposition apparatus as for the film shown in figure 4.2, but using a different 

production schedule. The film was analysed as prepared, without baking. The four 

elements selected for the AES depth profile were carbon, iron, oxygen, and copper. 

The stainless steel component of the film is composed principally of iron, 

chromium, and nickel. 
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Figure 4.2 Depth profiles of the as prepared and heat treated production spectrally 

selective films as determined by AES and simultaneous argon ion milling of the film 

surface. Relative atomic number densities were calculated using standard elemental 

sensitivity factors, (metal = Fe + Cr + Ni). The etch rates of the a-C:H and stainless 

steel layers of the film were estimated to be 3.9nm/min and 4.3nm/min, 

respectively, for the etching conditions used. The method used to arrive at these 

values for the etch rates was not recorded in any detail in ref. 9. 

Solid symbols; As prepared film. 

Open symbols: Heat treated film, 

[reprinted from ref. 9] 



Sputter time (minutes) 

Figure 4.3 AES depth profiles of spectrally selective films: (a) the current, 

laboratory prepared film ; and (b) the current, commercially produced film [13]. 

These profiles are presented to show the qualitative differences between the layer 

structures of the two films. Layer thicknesses can not be directly compared as the 

conditions used to analyse each of the films are different This results in different 

sputter times and etch rates. 
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Table 4.1 gives estimates of the thicknesses of the individual layers, and of the 

overall film obtained using published values for sputter yield md the analysis 

presented in the previous section. The overall thickness of the film calculated in this 

way (351nm) is in excellent agreement with the thickness obtained from stylus 

measurements (340nm). The various film layers are visible in this film. However, 

there are quantitative differences between the layer profiles of these films and the 

films originally produced. 

The present film is significantly thinner overall than the production film. Only 

the outermost carbon layers are of comparable thickness (35nm). These differences 

are a direct result ®f different deposition conditions in the two investigations. 

Sputtering times, gas pressures and magnetron geometry are the same in both cases. 

The most significant change in the deposition parameters is that the present films are 

formed at a lower discharge current density when the cathode is in a non-poisoned 

state which reduces the sputtering rate. Under poisoned conditions, the discharge 

current densities in the two studies are comparable, resulting in similar thickness for 

the outermost layer of the deposited film. 

The graded metal - carbon layer of this film is only 55nm thick, compared with 

about 140nm in the production film, and the low emittance copper layer is 162nm 

compared with 300nm for production films, due to differences in sputter deposition 

conditions [9]. The films currently being produced are approximately half as thick as 

those of the production spectrally selective film [9]. 

The interfacial regions being of the order of 15nm showed smooth transitions 

with some evidence of metal interdiffusion between the layers of films deposited on 

metal oxide substrates in response to baking [12]. Depth profiling of a baked 

spectrally selective film subjected to a slower etch rate confirmed that stepping the 

acetylene flow into the sputtering chamber during deposition translated to a smooth 

transition in the relative quantities of stainltess steel and carbon. 

Figure 4.3(b) shows AES depth profiles of spectrally selective films produced 

using a batch coater operated commercially by Shiroki Corporation in Japan. The 

films produced inhere black in colour and non - reflective, suggesting a satisfactory 

layer profile. The stainless steel/carbon cermet region of the film, however, is 

incorrectly graded. The homogeneous structure of this layer degrades the 

absorptance in the visible region to a value of about 0,8 [9], A structure such as this 



TOTAL FILM THICKNESS = 35 lnm 

Table 4.1 Calculations of film layer thicknesses from elemental sputter yields. 

Layer thicknesses are calculated using equation 4.7 and the tabulated data. The first 

two layers calculated together make up the graded stainless steel carbon cermet, 

while the adhesion layer is treated as a stainless steel layer for convenience. Layers 

were taken to be bounded by the mid point of the adjoining interfacial regions 
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would function as a solar absorbing surface when incorporated in an ETC. 

However, overall efficiency, particularly at lower light levels would be impaired. 

The copper low emittance layer has a simple structure and has been correcdy 

fabricated. 

The main cause of poor layer definition and incorrect grading profiles is 

probably poor control of the gas flows in the deposition chamber and inaccurate 

measurements of pressure. Coating conditions require regular recalibration to 

account for changes in the behaviour of the coating system. Measurements of the 

optical properties of the films produced are generally insufficient to identify specific 

faults in deposition. Spectroscopic techniques such as AES provide a broader range 

of information and expedite fault analysis. 

4.JS.2 Effect of Annealing Conditions on Optical Properties and Layer Profile 

AES depth profiling was carried out on a number of solar selective films 

deposited on different substrates. Freshly prepared films showed similar layer 

profiles independent of the substrate on which they were deposited. Films deposited 

on glass, OFHC copper, polycrystalline copper and polycrystalline aluminium 

substrates were analysed as - prepared (figure 4.3(a); in this case the substrate was 

polycrystalline copper) and'after baking to 670K for 60 minutes (figure 4.4). 

The optical reflectance of selected films in the range of 200 - 2500nm was 

measured using a Cary 2300 UV - NIR spectrophotometer. The reflectance of the 

spectrally selective films was measured as - prepared and after baking (670K, 60 

minutes). Figure 4.5 shows the reflectance of the spectrally selective films as a 

function of wavelength in comparison with the production film. 

The amorphous carbon - stainless steel top layer of the film plays a critical role 

in determining the spectral selectivity of the film. Production films, with a larger 

proportion of stainless steel through their structure, have achieved better optical 

performance [9], The films used in this study have a larger proportion of higher 

resistivity a-C:H in the outer layer than the production films (see figures 4.2 and 

4.3(a)). Annealing of the film has been predicted to convert the non - optimal 

refractive index profile to a better performing profile [14]. The reflectance of the 

baked film (see figure 4.5) is around 0.12 in the visible spectrum, compared with 

0.22 for the as - prepared film. In addition, baking sharpened the reflectance edge in 

the NIR region of the spectrum. 



Sputter time (minutes) 

Figure 4.4 AES depth profiles of freshly prepared spectrally selective films baked 

to 670K for 60 minutes, deposited on: (a) microscope slide glass; (b) OFHC copper, 

(c) polycrystaUine copper; and (d) polycrystaUine aluminium. 



Wavelength (nm) 

Figure 4.5 Reflectance spectra for the production selective film (x) and the 

selective films used in this study (unbaked (o), baked (•)). The production film has a 

reflectance of < 0.1 in the visible spectrum whereas the films currently being 

produced have a reflectance of ~ 0.22 as prepared and ~ 0.12 after baking. The 

change in reflectance with baking of the latter films corresponds to a colour change 

from a dark metallic to an opaque black. 

[Data for production film reproduced from ref, 9] 



-63-

Films deposited on glass (figure 4.4 (a)) and OFHC copper (figure 4.4(b)) 

substrates show little change in response to baking. Depth profiles show a clearly 

defined layer structure and a slight reduction in film thickness as a result of 

outgassing and layer compaction [9,15]. The optical properties of this type of graded 

selective film improve after baking [14,16]. The film colour visibly changed from a 

dark metallic to a opaque black. 

Films deposited on metal substrates containing oxygen show significant 

changes in structure in response to baking. Films deposited onto polycrystalline 

copper change colour from a dark metallic to a semi - transparent sepia colour after 

baking. Figure 4.4(c) shows that after baking the stainless steel layer of the film has 

diffused into the neighbouring layers and extends almost to the film surface. The 

film has been thinned by the removal of surface carbon and by layer compaction. 

Depth profiles of films deposited onto polycrystalline aluminium substrates (figure 

4.4(d)) showed major structural changes during the heating process which resulted 

in the baked film delaminating from its substrate. The breakdown of film/substrate 

adhesion may arise from differences in the structure and bonding behaviour of the 

aluminium and copper materials 

These results show that film structural changes and optical degradation appear 

to depend on the nature of the underlying substrate and do not occur with substrate 

materials, such as OFHC copper and glass, with little or no surface oxygen. Oxygen 

in the surface of the as - prepared film oxidises the surface carbon layers with each 

successive heating forming CO, which is liberated from the surface thereby reducing 

the overall thickness of the carbon layers. 

A mechanism for the thermal degradation observed necessarily involves 

substrate oxygen diffusing through the film bulk and if the film temperature is 

sufflcientiy high, activating a process forming CO and other degradation products. 

XPS results reported in the previous chapter show significant quantities of oxygen 

(~ 10 atom %) present at the surface of as - prepared films. Baking results in the 

removal of most of this oxygen by the formation and desorption of CO in a process 

similar to that proposed here. 



Figure 4.4(b) shows that surface oxides on an OFHC substrate will induce 

limited oxidation of the carbon film surface. Degradation stops 5& films with oxygen 

&ee metal substrates once surface oxygen has been exhausted. There is no evidence 

to suggest that oxygen arising from the metal interlayers is contributing significantly 

to structural changes in the film. Oxygen at the surface of a film may be 

continuously replenished by oxygen diffusion from a polycrystalline metal substrate. 

4.5.3 InterlayerDiffusion 

Diffusion of the metal components of the selective film has been observed in 

the presence of oxygen during baking [12]. More striking, however, is the diffusion 

of carbon in the adhesion layer of the films deposited on polycrystalline copper 

(figure 4.6). This behaviour was not observed on other substrates because the 

stainless steel cathode was cleaned prior to the film deposition (removing most of the 

contaminating carbon) to enhance the characteristics of the completed films. 

In a freshly prepared film deposited on polycrystalline copper, the carbon is 

predominantly located at the film/substrate interface. This is expected as it is the first 

material to be sputtered from the stainless steel cathode during the deposition 

process. The carbon layer extends into a stainless steel region as the cathode is 

gradually sputtered clean. When the selective film is baked to 470K (figure 4.6(b)), 

some of the carbon residing at the film/substrate interface diffuses into the bulk of 

the stainless steel adhesion layer. Baking to 670K (figure 4.6(c)) results in carbon 

diffusing into the middle of the stainless steel layer, some of the carbon starts to 

merge into the interface region between the adhesion layer and the low emittance 

copper layer. The carbon is contained in this region by the copper layers on either 

side. 

The behaviour of the copper regions of the film, in some respects, is in parallel 

with inferences drawn from previous gas adsorption studies [17]. Film morphology 

and pore structure has a greater influence on adsorption behaviour than the 

properties of the individual film constituents. These spectrally selective films adsorb 

gases through the entire thickness of the microporous metal/carbon cermet layer. The 

underlying copper layer is non - porous and hence non - adsorbent. There is what 

might be termed a morphological mismatch between the layers. Similarly, in this 

case the same mismatch is precluding significant diffusion between the metal/carbon 

cermet regions and copper regions of the film. 



Figure 4.6 AES depth profiles of freshly prepared spectrally selective films 

deposited on polycrystalline copper: (a) as deposited; and after baking for 60 

minutes to (b) 470K and (c) 670K. 
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Visible pinholes are formed in the surface after baking, indicating that 

interlayer adhesion has been adversely affected. Some of the carbon has started to 

diffuse into the low emittance copper layer of the film. This diffusion behaviour may 

therefore have serious implications for film stability and interlayer adhesion. Film 

oxidation has been identified as a potential source of degradation in all - glass ETCs 

over long periods of time [12,18]. This can be avoided if a getter is incorporated into 

the ETC and the spectrally selective film and glass envelope are satisfactorily 

outgassed before final vacuum sealing [12]. 

4.6 Summary 

The films prepared for these experiments were fabricated according to 

procedures laid down for the production film. Studies of the optical properties of the 

films reveal deficiencies in the optical performance but do not provide sufficient 

information about the structural causes of the deficiency. The layer profile of the 

films produced, however, is markedly different from that reported for the production 

films when originally developed. Thii is concomitant with observations and 

measurements of degraded optical performance. The unwanted homogeneity of the 

metal/carbon cermet layer of the commercially produced films arises, in all 

probability, from poor control of gas flows into the coater vessel. Inadequate 

characterisation of the batch coating system and poor control of deposition 

parameters could result in the production conditions not being satisfactorily attained 

or reproduced. 

The optical characteristics of spectrally selective films are integrally dependent 

on layer structure of the film. An important optical effect observed in this study was 

the darkening of the layered films in response to baking. The departure of the optical 

properties of the spectrally selective films currently produced from those of the film 

originally devised has been traced to significant differences in layer profile. The 

overall thicfc&ess of the film currently produced has been reduced and the relative 

proportion of a-C:H in the outer metal/carbon cermet layer is much higher. 
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Many of the long term problems associated with ETCs identified in this study 

would appear to originate with the choice of substrate material for the spectrally 

selective film. Depth profiling of identical films subjected to different heat treatments 

has shown the effect of film baking on layer structure. Film stability can be 

significantly degraded with the application of heat in films deposited on substrates 

containing significant amounts of oxygen. The implications of this behaviour are that 

spectrally selective films with a metal/carbon cermet structure should ideally be 

deposited onto glass substrates. This is the current industrial practice. 

There are advantages in using metal substrates in metal - in - glass ETCs, 

Collectors with a metal - in - glass configuration, employing a metal/carbon cermet 

film are susceptible to loss of performance over long periods. It is, therefore, 

necessary to use high purity oxygen free metals to retain film stability. This 

significantly adds to the production cost of ETCs of this design. The amount of 

oxygen in metal substrates is the key to the speed and extent of structural change due 

to baking. The films deposited on OFHC copper and glass do not show significant 

degradation of optical performance with baking indicating that oxygen free metals 

and glass are the only satisfactory types of substrate materials for ETCs. 
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CHAPTER 5 

Thermal Desorption Behaviour of Amorphous Carbon 
Films 

5.1 Introduction 

This chapter incorporates a discussion of measurements of gas desorption 

from a-C:H films under the influence of changing temperature. This technique is 

called thermal desorption spectroscopy (TDS). It is one of a class of spectroscopies 

which can be categorised in terms of thermally stimulated desorption behaviour. 

TDS is a useful technique for studying adsorption/desorption systems because 

complicated desorption spectra can be reduced to a series of simple desorption 

peaks, each associated with a binding site or state with a different activation energy. 

Coupling these results with another analytical technique, such as work function 

measurements, can allow the adsorbate/film interaction underlying a particular 

desorption peak to be identified. 

TDS measurements of benzene desorption from a-C:H films reflect, in part, a 

microscopic view of the adsorption/desorption mechanism of the proposed thermal 

switch for ETCs. At temperatures around 300K benzene is adsorbed on the a-C:H 

film. When the film temperature is increased, the benzene desorbs. TDS measures 

the rate at which the benzene desorbs from the surface. This contrasts with the 

volumetric and quartz crystal microbalance studies of gas adsorption using this 

system in which the total amount of material adsorbed is quantified. TDS provides 

additional insights into the adsorption/desorption process. For example, using TDS, 

it is possible to estimate direcdy the activation energy of desorption processes. 

Previous studies of hydrocarbon adsorption on metal carbide films suggest 

that very little adsorption occurs in low pressure regimes (< 10-6 torr) [1,2]. 

Arrhenius analysis of the thermal desorption data has been used to give estimates of 

the activation energies of desorption of the various binding states observed. The 

temperature position of the desorption peaks and the rate at which adsorbate is 

liberated from the surface determines the threshold switching temperature, (ideally 
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around 350K), and the temperature range over which the switching action occurs. 

These are important issues in designing and incorporating a commercial thermal 

switch mechanism in ETCs. 

5.2 Thermal Desorption Spectroscopy 

Desorption spectroscopies rely on relating the partial pressure of desorbing 

species (or the total pressure) to an external parameter controlling the energetic state 

of the sample such as temperature, electron beam energy, electric field etc. In this 

way the properties of the various desorption states can be quantified in terms of rate 

and energy subject to experiment limitations. Information gathered principally 

concerns the state of adsorbate/substrate bonding with incidental details relating to 

surface composition and surface coverage [3]. A mass spectrometer detects the 

partial pressure of each desorbing species as a function of the changing state of the 

parameter causing desorption. Alternatively, rudimentary information about the 

teorption rate of all species can be obtained from measurements of chamber 

pressure. This method is limited by the effects of extraneous desorption from the 

chamber walls and sample supports. 

The most common desorption spectroscopy is thermally activated desorption 

which will be discussed below. Other methods include electron stimulated 

desorption (ESD) and ion impact desorption (HD). ESD methods rely on electron 

impact to cause adsorbate transitions to excited, ionised states. If the potential energy 

of these states exceeds that of an equivalent free particle then desorption can occur 

[4], Similarly, desorption using IID arises from adsorbate excitation by 

bombardment. The distinction between desorption and etching resulting from 

sputtering is not clear cut resulting in an overlap between the areas [4]. In 

photodesorption experiments, the energy required to induce desorption is supplied 

by an intense, well characterised and controllable laser beam [4], Very high electric 

fields can also be used to induce desorption. This process is observed in field ion 

microscopy where it is used for imaging purposes [3]. 

Thermal desorption spectroscopy (YDS) is a general description for a range of 

experimental techniques in which the partial pressure of gaseous species desorbing 

from a sample surface, in response to heating, is recorded as a function of time and 

sample temperature. Partial pressures are detected with a mass spectrometer by rapid 
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or continuous sampling of the mass channels corresponding to the species of 

interest. Absolute evaluation of partial pressures is not generally possible as 

conductances in the vicinity of the mass spectrometer head can not easily be 

measured. Calibration, however, gives satisfactory relative measurements which can 

be compared with results from other experimental techniques. 

Significant thermal desorption spectra are dependent on accurate measurements 

of sample temperature. The most common method of measuring temperature is with 

a thermocouple. Difficulties can arise with this method if the point of measurement is 

not in good thermal contact with the sample face. An offset can be introduced into 

temperature measurements if the sample is biased or not adequately earthed. 

A number of distinct experimental methods are employed in TDS experiments. 

Flash desorption and temperature programmed desorption are two common 

variations of TDS. Flash desorption involves heating a sample over a few seconds 

so that the rate at which gas enters the system due to desorption exceeds the rate at 

which it is pumped out of the system. These experiments are carried out in closed 

systems or systems with restricted pumping capacity. The effect of the fast 

desorption rate is to integrate the data giving a total quantity of gas evolved [3]. 

Temperature programmed desorption was used in the current work and involves 

heating a sample over a period of a few minutes. Gas evolved from different binding 

states is detected as a series of plateaus in the pressure - temperature curve for flash 

desorption and as a series of peaks for temperature programmed desorption [3]. 

Desorption rates and pumping rates must be optimised to give the clearest thermal 

desorption spectra. Plateaus and peaks corresponding to different binding states can 

be identified from pressure - temperature data. Curve fitting and mathematical 

analysis are, however, required to deduce rate information and activation energies. 

Studies of stainless steel/carbon cermet films have been undertaken previously 

using thennomanometric analysis which has some features in common with TDS 

[5-7]. Pressure - temperature curves are generated for gas evolved from a sample in 

response to heating. The temperature ramp typically extends from 300 -1100K with 

a duration of the order of hours. Gases evolved are sampled and analysed during the 

course of the experiment [6]. These experiments investigated degassing and thermal 

decomposition of graded stainless steel/carbon films rather than gas 

adsorption/desorption behaviour. The degassing behaviour of production films is 

shown in figure 5.1. The major products are CO and H2 which are evolved in 

significant quantities at temperatures greater than 400K. Lesser quantities of COj 



Figure 5.1 

(a) Degassing rates R (nmHg/mg.°C) and r (|igHg/m2.°C) as a function of 

temperature T (°C) for as - deposited (AD) and heat treated (HT) (500°C) spectrally 

selective films. Degassing rates for a heat treated sample, exposed to air, are also 

shown. 

(b) Evolution rate/mg (E) and the evolution rate/m2 (e) of various gases for 

as - deposited (AD) and heat treated (HT) (500°Q spectrally selective films. 

[reprinted from nef. 7] 
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and H20 are evolved in the temperature range of 400 - 700K. Heat treated films 

(770K, 60 minutes) show significantly reduced gas evolution in subsequent 

thermomanomefiic analysis below this temperature [6]. Similar degassing behaviour 

was observed in the current experiments. Amorphous carbon films were heated 

adjacent to a mass spectrometer and the partial pressures of CO, C02, H2 and H20 

were observed as a function of temperature. Heating rates, however, were not 

sufficiently constant to record significant results. Heat treated films showed little gas 

evolution upon reheating apart from the effects of residual gas adsorption. 

5.3 Ultrahigh Vacuum System 

5.3.1 Design and Construction 

The investigation of the gas adsorption/desorption behaviour of amorphous 

carbon and metal/carbide films requires the creation of an experimental environment 

in which atmospheric contaminants can be reduced to a minimum and the effect of 

different adsorbates studied independendy. An ultrahigh vacuum (UHV) chamber 

was used for these experiments which had a base pressure of 5xl0-10 torr. 

The chamber is based on a 6 - way cross (Varian) with 200mm Conflat 

flanges. The chamber is pumped with a 300 litre per second turbomolecular pump 

(Varian V300) and is backed by a two stage rotary pump (Leybold Trivac). The 

chamber can be isolated from the pumping system and the pumping speed adjusted 

during adsorption experiments using an all - metal plate valve (Varian). Chamber 

pressures (10-3 torr - 10-10 torr) are measured using nude ionisation gauge and 

controller (Varian 580 head/880RS controller). 

The layout of the experimental equipment is shown in figure 5.2. The sample 

is located centrally in the chamber using a custom designed sample mounting fitted 

to a XYZ8 manipulator (Varian) mounted from a side flange. A Kelvin probe and 

ionisation gauge are mounted from the flange opposite the sample. A shielded mass 

spectrometer head is mounted adjacent to the sample, opposite the gas dosing line. 

Alignments are made by viewing through a window located on the top of the 

chamber. Rotating the sample from the Kelvin probe and gas doser across to the 

mass spectrometer allows sequential adsorption and desorption experiments. 



Figure 5.2 Schematic description of experimental apparatus used for thermal 
desorption and work function studies 
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5.3.2 Sample Mounting and Manipulation 

Several sample mountings were constructed to allow the manipulation of the 

sample, the control and measurement of sample temperature and the control of 

sample bias voltage during CPD experiments. 

In earlier versions of the sample mounting, 10mm square substrates were 

placed in a copper foil envelope which was suspended between two copper support 

rods with 280|im diameter tungsten wire. Figure 5.3(a) shows the layout of the 

sample mounting. The copper support rods were insulated from the sample 

manipulator using a machined ceramic block (Macor, Corning Glass). The 

temperature of the sample was measured using a Type K thermocouple resting in a 

small hole drilled through the corner of the substrate. The sample was heated 

resistively by passing a current through the tungsten sample support wires. The 

same heating circuit was used to bias the substrate during CPD experiments. 

A number of problems were experienced using this sample mounting. The 

sample could not be heated and biased simultaneously as the sample was in direct 

electrical contact with the sample mounting. The application of a current to heat the 

sample produced significant interference with thermocouple measurements. The 

sample heating rate was difficult to control and not sufficiently even across the face 

of the sample. It was suspected that most heating occurred due to conduction from 

the exposed wires between the sample and the support. The sections of wire in close 

electrical contact with the sample carried a reduced current and therefore did not 

contribute significantly to sample heating. 

An improved sample mounting is shown in figure 5.3(b). The body of the 

mounting is a machined ceramic block which supports and insulates the sample. The 

sample was fastened to the mounting using screws at each corner. A heating element 

was constructed from 280fim diameter tungsten wire in a zig - zag configuration 

using holes and slots in the ceramic mounting. Heating rates of 0.2-2K per second 

were obtained by passing currents of 2 - 7A through the wire. Temperature was 

measured using two Type K thermocouples located at the corners of the sample. The 

sample was biased using an additional electrical connection. 



Figure 5.3(b1 Sample holder for 25mm x 25mm substrates 



-74-

The performance of the revised sample mounting was satisfactory for TDS 

experiments. The following comments are relevant to future modifications. The 

ceramic sample body provides a useful mounting platform. It has been noted that 

after about 200 heating cycles (670K) cracks are visible in the ceramic bulk. Some 

evaporation of the tungsten wires has taken place with leakage currents detectable 

across evaporated material on the surface of the ceramic during heating. The use of 

stainless steel structural parts and small ceramic insulators will improve the 

mechanical properties and strength of the sample holder and potentially eliminate 

current leakage from the heating circuit. A smaller sample size and sample mounting 

will facilitate sample manipulation. 

5.3.3 Gas Dosing Facilities 

Adsorbates used for adsorption/desorption experiments are introduced into the 

main vacuum chamber via a gas dosing line. The gas dosing line is shown 

schematically in figure 5.4. It consists of a small vacuum chamber pumped with a 50 

litre per second turbomolecular pump (Leybold). This chamber is connected to the 

main chamber by a variable leak valve (Varian). Two adsorbate reservoirs are 

connected to the system with shut off valves (Nupro SS - 4H). The arrangement of 

the valves allows for the liquid adsorbates to be freeze - degassed individually before 

dosing, for the adsorbates to be dosed individually, simultaneously or consecutively 

and for the gas dosing line to be pumped clean after dosing. 

The dose rate of the adsorbates into the main chamber is controlled with the 

leak valve and monitored using the ionisation gauge and mass spectrometer in the 

main chamber. The adsorbates are delivered to the vicinity of the sample surface via 

a 5mm internal diameter stainless steel dosing tube extending from the leak valve 

outlet The sample is positioned adjacent to the end of this tube when gases are being 

adsorbed. The pumping speed in the main chamber is regulated with the plate valve 

at the entrance to the turbomolecular pump. 



Figure 5.4 Schematic description of the gas dosing line connected to the main 

vacuum chamber. 



5.4 Design and Construction of Thermal Desorption System 

5.4.1 Design and Construction 

TDS experiments were carried out using a mass spectrometer (Spectramass 

Dataquad 200) to monitor the partial pressure of gaseous species as a function of 

sample temperature. Several partial pressures could be monitored simultaneously but 

with a loss in instrument sensitivity. 

It was found in these experiments that adsorbates liberated from the sample 

surface by heating were most successfully detected using the most sensitive 

detection ranges of the mass spectrometer. This creates the problem of avoiding the 

detection of adsorbates desorbing from the chamber walls and sample supports. The 

detection of spurious signals can be minimised by shielding the mass spectrometer 

head. 

A number of methods of shielding and differentially pumping the quadrupole 

head of mass spectrometer systems have been developed [8-10]. Reference [10] lists 

more than one hundred implementations of mass spectrometer - based desorption 

spectrometers which incorporate shielding. The quadrupole head is shielded from all 

gas sources except those coming from the immediate vicinity of the heated sample 

and a differential pumping action is provided to pump the desorption products 

through the quadruple head, promoting greater gas detection sensitivity [9]. 

The sample shielding and pumping adopted for these experiments is shown 

schematically in figure 5.5. The quadrupole head is entirely encapsulated in a 

cylindrical stainless steel case with a conical endpiece. The endpiece has a 4mm 

diameter hole in it which is positioned as close as possible to the sample surface 

during thermal desorption experiments. The differential pumping action is achieved 

using a series on 10mm diameter holes in the opposite end of the cylindrical cover. 

This arrangement encourages the movement of desorbed gases through the small 

aperture into the shielded area, across the accelerating grids of the quadrupole head, 

and out of the shielded area via the larger holes at the other end. It was found that 

these measures sufficiently increased the sensitivity of the mass spectrometer system 

to allow meaningful thermal desorption experiments to be undertaken. 



Quadrupole head flange (Conflat; 70mm O.D.) and electrical connector 

Double sided flange (Varian Conflat; 70mm O.D., 38mm ID). 

Adaptor flange (Varian Conflat; 254mm O.D., adaptor for 70mm O.D. flange) 

Chamber flange (Varian Conflat; 254mm O.D.) 

Figure 5.5 Schematic description of the shielding cone constructed for the mass 

spectrometer head. 
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5.4.2 Data Acquisition and Testing 

The collection of thermal desorption spectra required the careful adjustment of 

a number of the operating parameters of the mass spectrometer and data recording 

system. The mass spectrometer "precision" setting was adjusted to give Hadings 

every 0.5 seconds. The dwell time of the digitally based mass spectrometer is 

determined by the combination of precision and the selected gain range. The mass 

spectrometer also incorporated a hard - wired calibration routine which adjusted the 

instrument output between its different functions. The mass spectrometer output and 

sample temperature were simultaneously logged at a rate of around three readings 

per second using a computer controlled datalogger (Data Electronics DT100 

Datataker) during TDS experiments. 

A number of tests was carried out on the system to optimise performance. 

Trial desorption runs were undertaken to set gain levels and dwell times correctly 

and to test the number of mass channels that could be effectively recorded. The 

effect of heating rate and pump throttling were also investigated to maximise 

sensitivity. It was found that gas evolution rates increased with higher heating rates. 

However, as gas evolution rates approached the chamber pumping speed, 

desorption features became broadened. 

5.5 Experimental Method 

Amorphous hydrogenated carbon (a-C:H) films were deposited on oxygen 

free high conductivity (OFHC) polycrystalline copper substrates (Goodfellow 

Metals, 99.99% purity). The substrates were cut (25mm square) and polished to a 

mirror finish using a combination of abrasive paper, metal polish and suspended 

alumina (0.3pm). Substrates were stored in a dessicator until required, then cleaned 

with reagent grade acetone and isopropyl alcohol immediately prior to deposition. 

Films were deposited with the dual cathode, cylindrical magnetron batch sputter 

coater described in section 3.3. 

The samples were exposed to a range of dose pressures of benzene, then 

heated adjacent to the mass spectrometer. The resistive heating rate of the samples 

ranged from 0.25 - 2K per second. Adsorbates used in these experiments included 

reagent grade benzene and spectrophotometric grade benzene (99+%). Adsorbates 



-77-

were freeze degassed before being admitted to the main chamber [1], The adsorption 

behaviour of a-C:H films of different thicknesses was studied by adsorbing benzene 

in increasing doses and observing changes in the line shape of the thermal 

desorption spectra. The position and relative intensity of peaks in a series of thermal 

desorption spectra provide information about adsorption energetics and film 

structure. The effect of different heating rates during thermal desorption was also 

investigated. Arrhenius analysis of the resulting thermal desorption spectra was used 

to estimate the activation energies of desorption for the various binding states 

observed. 

A mixture of benzene and air was accidentally dosed onto the a-C:H films 

during one series of experiments. This resulted from an air leak in the gas dosing 

line of the experimental apparatus. The composition of this mixture was not carefully 

determined Mass spectral data at the time suggested that approximately equal parts 

of benzene and air were present in the adsorptive. This misadventure provided TDS 

results (discussed in section 5.7) and work function results (discussed in chapter 6) 

which were significantly different from those obtained using pure adsorptives. 

Contrasting the results facilitated interpretation of adsorption behaviour. 

A number of experimental conditions affected thermal desorption behaviour. 

These included heating rates, mass spectrometer settings, sample positioning and 

gas dosing procedures. A protocol was devised to minimise variations in the 

experimental conditions. The sample was left in position, adjacent to the mass 

spectrometer cone opening, for the duration of each set of thermal desorption 

experiments. The gas dosing method was also standardised. A series of preliminary 

experiments was undertaken for each of the sets of thermal desorption data to 

optimise the settings of the mass spectrometer. The mass spectrometer did not have 

any provision for rescaling between detection ranges. Best results were obtained if 

exposures were selected which allowed the use of a single detection range. 
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5.6 Semiquantitative Analysis of TDS Data 

5.6.1 Arrhenius - Redhead Analysis 

Thermal desorption phenomena are the result of removing adsorbed particles 

from a surface by thermally breaking the adsorption bond. Thermal desorption may 

therefore be described as a reaction where physisorbed or chemisorbed species (A) 

are removed from surface adsorption sites (B) resulting in the evolution of Agas and 

empty surface sites: 

(5.1) 

The kinetic order indicates the complexity of the adsorption/desorption process. First 

and second order processes are most commonly observed and are identified by the 

behaviour of peak positions in response to increasing coverage [4,11], 

In first order processes, peak position remains unchanged when coverage is 

increased. A typical process is the desorption of non - dissociatively adsorbed 

molecules for which the gas evolution rate is linearly dependent on the number of 

adsorbed molecules. The desorption peak is asymmetric, rapidly falling immediately 

past the peak centre [11]. 

In second order processes, peaks move to lower energies (desorption 

temperatures) in response to increases in coverage. A typical second order process 

occurs when dissociated adsorbates recombine to form polyatomic molecules in the 

gas phase as a result of desorption. The inference in this case is that two suitable 

molecules must be located adjacent to one another for desorption to occur [3]. 

Second order desorption peaks can be identified by their symmetry about the peak 

centre. Integrating the area under the curve confirms that the coverage at the peak 

centre is half the initial coverage [12]. 
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Using standard chemical kinetics [4], the rate of desorption, 

where n is the surface concentration or coverage of adsorbed particles per unit area, 

T is the absolute temperature (K), 

k is the rate constant, 

a is the order of the desorption reaction, 
va is the pre - exponential factor (s-1), 

Ed is the activation energy of desorption (J moH), 

and R is the gas constant (J K"1 moH) [3,4,11,12], 

The simple Arrhenius equation used for this analysis provides a macroscopic 

description of a complicated sequence of microscopic processes. The rationale for 

applying this equation is that the desorption process can be treated as a series of 

interacting elements, each represented by a separate term [4]. The equation may be 

considered to be composed of three terns: the coverage term, the pre - exponential 

term and the exponential term. It is assumed that the coverage term, na, wholly 

describes film coverage and that the exponential term wholly describes the 

temperature dependence of the system. Menzel [4] gives the following descriptions 

of each of the terms: 

(i) The coverage term represents the number of particles taking part in the 

critical step in the desorption process; 

(ii) the pre - exponential term represents the frequency of attempts of the 

system to move in the direction of reaction; and 

(iii) the exponential term represents the number of attempts having the 

necessary minimum energy for this to occur. 
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The desoiption experiments discussed in this chapter were carried out rising a 

linear temperature ramp of the form 

where T is the temperature (K) at time t (s), T0 is the initial temperature (K) and p is 

the heating rate (K s*1)- The pressure - temperature data collected with the mass 

spectrometer during a temperature ramp is dependent on the relationship between the 

desorption rate and the pumping rate of the chamber. In these experiments the 

pumping rate was significantly greater than the desorption rate; desorption events, 

therefore, appear as peaks rather than plateaus in the pressure - temperature curves. 

The desorption rate under these conditions is directly proportional to pressure as 

measured by the mass spectrometer [11]. 

A desorption peak corresponds to a local maximum rate of desorption. 

Therefore, at the peak temperature, Tp, d
2n/dt2 m d2n/dT2 = 0. Differentiating 

equation 5.2 with respect to temperature and setting d2n/dT2 = 0 gives 

For first order processes the activation energy can be obtained direcdy from 

equation 5.4(b) if a suitable value for the pre - exponential factor, v l f is assumed. A 

value of 1013 s^ is widely used [11-14], and is justified on the grounds that pre -

exponential factors in chemical reactions and vibrational frequencies of surface 

bonds are of the same order [11], Activation energy is plotted as a function of peak 
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temperature for the heating rates used in these experiments in figure 5.6. The 

relationship between Ed and Tp is approximately linear (± 1.5%) for 1013 < (vx/P) < 

108. Redhead [12] expresses equation 5.4(b) empirically as 

While this method of obtaining activation energies is straightforward, significant 

errors may be encountered as the pre - exponential factor can differ from the ideal 

value by several orders of magnitude in some circumstances [15,16]. Errors can also 

be introduced if desorption is not first order or is mixed order [3,13]. 

The activation energy can be deduced without assuming a value for the pre -

exponential factor if peak temperature is measured as a function of the heating rate, P 

[13]. Values for P should vary over two orders of magnitude to ensure reasonable 

accuracy [12]. The activation energy for an arbitrary order process can be deduced 

[13] by rewriting equation 5.4(a) as 



Figurg 5.6 Activation energy of desorption (E^ as a function of peak temperature 

Tp for a first order reaction and a linear temperature sweep (T = T0 + pt). The pre 

- exponential factor v1 was assumed to be 1013 S'1. The heating rates (K s"1) used 

in these experiments were 0.25, 0.53, 0.75, 1.0, 1.7. The curves on the plots, 

moving from top to bottom, correspond to increasing heating rates. Plot (b) is an 

expanded region of plot (a) 

[adapted from ref. 12] 



Second order processes can be analysed using equation 5.4(c). Since coverage 

at the centre of a second order peak, n, is equal to half the initial coverage, %» 

equation 5.4(c) can be rewritten as 

I h[n0Ta-A-- Inb-S 
L PJ RTp IpEJ (59) 

If the desorption process is genuinely second order, then a plot of In [n0Tp| against 

1/T-will be linear with a slope of Ejj/R [11,12]. The pre - exponential factor can be 

found by substituting the value for Ed into equation 5.4(c). 
5.6.2 Modelling Thermal Desorption Behaviour 
Line shape analysis of multiple peak thermal desorption spectra allows the 

modelling of separate desorption processes. The most commonly used method 

involves deconvoluting spectra into a series of curves on the basis of structural 

features [14]. The activation energy for each of the processes can be estimated using 

the variants of the Arrhenius equation outlined in the previous section. 

These methods only take account peak position in determining the energetic 

characteristics of the desorption processes. It is generally assumed that desorption 

processes are either first or second order, depending on changes in peak position 

with coverage and whether peak line shape is symmetric or asymmetric. In reality 

desorption processes may be of mixed order, this difficulty is not addressed in the 

simple formulations discussed above [4,11,13]. 

An alternative approach involves explicitly incorporating contributions from 

different elements of a complex desorption process. Analysis of the rates of 

desorption from individual binding states can be used to take account of 

readsorption, the sticking probability for each binding state and interconversion 

between states during a thermal desorption process [14], 
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For example, the rate of desorption from the ith binding state may be 

expressed as follows 

where Si is the sticking probability of the ith state, P is pressute, m is adsorbate 

mass, k is Boltzmann's constant, Tg is the gas phase temperature and F{ is the net 

interconversion of other binding states to the ith state [17]. This approach to 

desorption analysis takes account of interactions between different binding states. 

A simple model has been developed for the thermal desorption behaviour of 

the porous a-C:H films used in this study [18,19], Knowledge of the structure of the 

porous surface obtained from other experimental techniques has been incorporated 

into the model system to provide a degree of physical reality. The key elements of 

the model are set out below; the results of the modelling are discussed in section 

5.7.2. 

The model system consists of a cylindrical pore of radius r and depth 1, 

opening into a pumped volume with a pressure P, which is monitored with a mass 

spectrometer. At the beginning of a model experiment, (time = 0), the pore is filled 

with an amount, n{\ of benzene which is given by pore volume and coverage. A 

variable temperature is applied to the pore; the temperature and the mass 

spectrometer signal are measured at discrete times. Benzene evaporates from the 

pore into the gas phase paving behind an increasing area of adsorbed benzene. The 

benzene is more strongly bound and desorbs at a higher temperature. The system 

can be analysed in terms of rate equations describing the behaviour of the three 

phases involved. The number of molecules in each phase are denoted as: liquid 

molecules, Rg adsorbed molecules, r^; and gas phase molecules, ng. 
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Evaporation processes are characterised by an enthalpy of vaporisation, AHV. 

Assuming ideal gas behaviour and that AHV is constant over the temperature range 

of interest, the vapour pressure, Pj, of a material j can be written as 

where Ax is a constant [20]. The surface tension, y, of a liquid when it is in the form 

of a droplet or bubble modifies the vapour pressure and hence evaporation 

behaviour. Similarly, when a liquid is contained in a cylindrical enclosure or pore, 

the surface tension of the meniscus formed reduces the vapour pressure, making it 

more difficult for the liquid to evaporate. The Kelvin equation gives a quantitative 

estimation of changes in vapour pressure arising from surface tension and interface 

curvature effects. The Kelvin equation can be written as 

where Pj* is the reduced vapour pressure for the material j , - y is the curvature of 

the meniscus and Vm is the molar volume of the adsorbate [20]. Combining 

equations 5.11 and 5.12 gives a reduced vapour pressure of 

where A2 is a constant. The adsorbate used in these experiments was benzene. 

At 293K benzene has a surface tension of 28.85 x 103 N m_l and a molar volume of 

8.89 x 10-5 m3 [21]. 

The rate of evaporation or, equivalently, the rate of change of the number of 

dn1 
molecules in the liquid phase, ~^~, is proportional to the surface area of the pore, r2, 

and Pj* and can be written as 
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where kj is a constant. A fixed pore volume constrains ^ to values greater than or 

equal to zero. 

dnp 
The rate of desorption of material adsorbed on the pore walls, ^ , is 

characterised by two competing processes and may be expressed as 

where 8 is thickness of the adsorbed layer and k2 corresponds to the pre -

exponential factor used in the Arrhenius analysis discussed in section 5.6.1. The 

first term corresponds to interconversion of material between the liquid and 

physisorbed states as the pore walls are exposed by evaporation. The evaporation 

process removes a volume of liquid to expose an area of surface covered by an 

adsorbed layer at a rate proportional to jL The second term describes the competing, 

first order desorption process using an Arrhenius equation of the form described in 

equation 5.2(b). 

The number of molecules in the gas phase is augmented by evaporation of 

liquid in the pore and desoiption from the pore walls and depleted by pumping. The 
dng 

rate of change of the number of molecules in the gas phase, "^", is given by 

where k3 is the pumping constant. The three terms correspond to evaporation, 

desorption and pumping, respectively. Initial conditions are assumed to be ng = 0, 

n_ = 0 and nj,= nj°. A constant of proportionality is taken up in the value assigned to 

no1. The mass spectrometer signal is proportional to the number of benzene 

molecules in the gas phase, ng. 

Solutions for the set of three differential equations discussed above may be 

found numerically. An optimisation was undertaken in which a computer generated 

mass spectrometer signal was compared with an experimentally derived mass 

spectrometer signal. There are eight adjustable parameters used in the optimisation: 

kl9 k2, k3, AHV, Ed, r, 5, and no1. Modified Runge - Kutta integration was used to 
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evaluate the differential equations in which the temperature at any time was 

determined from a cubic spine fit to the experimental data. The optimisation is a 

steepest descent (Powell) method [22]. 

The numerical evaluation of this set of differential equations was conducted by 

establishing reasonable starting values for each of the adjustable parameters and 

holding each value constant, in turn, while the others are optimised to fit the 

experimentally derived data. This process creates a matrix of values for all variables. 

This matrix can then solved to provide values for each of the parameters [18,19]. 

Knowledge of the experimental system can be introduced into the optimisation in the 

selection of the starting values. Parameter values were constrained to physically 

reasonable values, incorporating, where appropriate, experimentally derived 

characteristics of the desorption system. 

Peak positions (or peak energies) were established in the initial stages of the 

optimisation to provide a basis for fitting peak shapes. The remaining parameter 

values were determined using both the peak position and the line shape of the peak. 

The latter, arguably, contains most of the information about the desorption processes 

underlying each thermal desorption spectrum. Evaluation of peak energies was 

undertaken using the thermal desorption data corresponding to a benzene exposure 

of 4700L (see figure 5.9 in the next section). The peaks in this spectrum are more 

clearly defined than those in the three accompanying spectra (1900L, 180L and 50L) 

and therefore more suitable for optimisation. The energy values deduced for the two 

peaks were then applied to each of the remaining spectra in turn. Changes in peak 

energy with coverage are neglected. It is assumed, however, that these changes are 

small in comparison with changes in peak shape with coverage. 

A difficulty encountered with optimisations such as the one under 

consideration is compensatory adjustment of parameters. This occurs when one 

parameter is changed and the optimisation process automatically introduces a 

correction to another parameter to balance the change. Two pairs of parameters are 

linked in this way in this model: the parameter, ka, and the enthalpy of evaporation, 

AHV, (see equation 5.14(a)); and the pre - exponential factor, k2» and desorption 

activation energy, Ed, (see equation 5.15). The desorption activation energy can take 

on any value provided that the pre - exponential factor can be adjusted to compensate 

for the change. In this sense, these pairs of parameters are not independent 

variables. 
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Compensatory adjustment of parameters is caused by local minima in the rate 

equations being optimised. The optimisation may commence with an arbitrary value 

for the pre - exponential factor and an energy value which puts the peak in the 

correct position. A series of values for this pair of parameters exists, however, 

which provide a better curve fit; each of these pairs represents a local minima. Peak 

shape changes for each pair of parameters while peak position is unchanged. The 

best fit can only be found if the optimisation process can move between these local 

minima. The parameter changes requited for this to occur can result in a rapid 

increase in the function being optimised and a return to the original local minimum. 

The values returned by the optimisation are therefore largely determined by the 

starting values for the parameters. Sensitivity of the optimisation process to 

increases in the function value must be balanced against the need to efficiently locate 

minima. 

This difficulty can be resolved by creating a linear relationship between the pre 

- exponential and energy parameters, resulting in a single independent variable. 

Equations 5.14(a) and 5.15 can be rewritten so that the exponential terms 

incorporate the respective energy parameters and the logarithms of the pre -

exponential parameters (expressed as linear functions of the former). A linear 

relationship was established between the parameters by identifying energy values 

corresponding to a series starting values for the pre - exponential parameter. Slope 

and intercept constants are assigned to constrain the energy parameter to this set of 

values. The rate of evaporation can be expressed as 
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where In k2 has been replaced by a function of Ed. As the energy parameter is 

changed by the optimisation routine, peak position will always remain approximately 

correct as a result of the linear relationship discussed above. An additional 

independent parameter, e, is included in each of the exponential terms to allow small 

adjustments of the energy parameter. This effectively creates a narrow band of 

suitable energies. 

With such a large number of adjustable parameters, the validity of the results 

obtained using these methods depends on the accuracy of the parameter values used. 

In particular, care must be taken in arriving at values for the pre - exponential factors 

and energies, as discussed above. If values are arbitrarily assumed then precise 

curve fits can be obtained which contain no physical information at all 14,23]. 

5.7 Results and Discussion 

5.7.1 Determination of Activation Energies using Arrhenius Analysis 

The desorption behaviour of the amorphous hydrogenated carbon (a-C:H) 

films was studied using a range of dosiag and heating conditions. Benzene and a 

mixture of benzene and air were the adsorptives used for the experiments. The 

thermal desorption spectra shown in figures 5.7, 5.8 and 5.9 were obtained for a 

range of benzene exposures using a-C:H films of different thicknesses (figure 5.7, 

48nm film; figure 5.8, 83nm film; figure 5.9,190nm film). Note that an exposure at 

a pressure of lxHh6 ton* for 1 second is defined as 1 Langmuir (L). The spectra are 

characterised by two coverage - dependent peaks corresponding to different binding 

states and energies. The ratio of the intensities of the two peaks changes with 

exposure. 
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Figure 5.8 Thermal desoiption spectra for range of exposures of benzene obtained using a 83nm thick a-C:H film. 



Thermal desoiption spectra for range of exposures of benzene obtained using a 190nm thick a-C:H film. 
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Arrhenius analysis* as discussed in section 5.6.1, was used to obtain the 

activation energies for the two binding states observed as peaks in the thermal 

desorption data. The empirical expression derived by Redhead [12] and shown as 

equation (5.5), was used for the analysis. A value of 1013 s_1 was assumed for the 

pre - exponential factor. The gas constant R was taken to be 8.314 J mol1 K-1. 

Table 5.1 shows the calculated activation energies for the thermal desorption curves 

shown in figures 5.7, 5.8 and 5.9. The approximate, mean activation energies for 

the two binding states identified were: (a) 85kJ mol"1 and 88kJ mol-1 for the 48nm 

a-C:H film; (b) 83kJ mol"1 and 90kJ mol'1 for the 83nm film; and (c) 81kJ mol-1 

and 95kJ mol-1 for the 190nm film. The heating rates used to obtain these thermal 

desorption spectra ranged from 1.1 - 1.3K s_1, as indicated in the table. 

Figure 5.10 shows the thermal desorption behaviour of a 190nm a-C:H film in 

response to various exposures of a mixture of benzene and air. This adsorbate was 

used as a result of an experimental misadventure rather than by design; the 

desorption behaviour of oxygen and nitrogen was not investigated using TDS. The 

results for the adsorption of benzene and air, however, illustrate a number of aspects 

of this adsorption/desorption system and have been retained in this discussion. 

The spectra show the partial pressure of benzene evolved from the film as a 

function of temperature. As before, two coverage dependent peaks are observed, 

corresponding to desorption from binding sites of different energy. The intensity of 

peaks is reduced in comparison with those observed for a pure benzene adsorptive 

(figure 5.9). Benzene adsorption is apparently inhibited either by preferential 

adsorption or by pore blocking effects. The activation energies for the thermal 

desorption spectra shown in figure 5.10 are recorded in table 5.2(a). The energies 

for the two peaks are approximately 82kJ mol"1 and 99U mol"1. The higher energy 

peak had a large FWHM and reduced intensity, making the assignment of a centre 

temperature difficult. Co - adsorption of benzene and contaminant gases is an issue 

in the design of an industrial production process for temperature limited ETCs. The 

incorporation of contaminants such as air and water vapour is unavoidable in such a 

process. 

There are a number of shortfalls with Redhead's method, in particular, the 

estimate of the pre - exponential factor. If, for example, a value of 1012 s_1 is 

assumed for the pre - exponential factor, the values for the activation energy are 

reduced by around 7%. Experimental uncertainties also have a significant effect on 

estimates of activation energy. Measurements of temperature in the these 



Table 5.1 Activation energies of desorption peaks for a range of film thicknesses 

and adsorbate exposures, calculated using Redhead's empirical method [12], Tpl, 

Tp2» Epi and Ep2 correspond to the centre temperatures and calculated activation 

energies, respectively, of the two binding states identified in the thermal desoiption 

spectra. 



Figure 5.10 Thermal desorption spectra for range of exposures of a mixture of benzene and air obtained 

using a 190nm thick a-C:H film. 



Table 5.2 Activation energies of desorption peaks calculated using Redhead's 

empirical method [12]. Tpl, Tp2, Ep! and Ep2 correspond to the centre temperatures 

and calculated activation energies, respectively, of the two binding states identified 

in the thermal desorption spectra. 

(a) Adsorbate used was a mixture of benzene and air. 

(b) Constant exposure (300L), heating rate ranged from 0.25 to 1.7K s"1. 
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experiments were made using type K thermocouples attached to the corner of the 

sample. The opening of the mass spectrometer cone was positioned in the centre of 

the sample. Temperature offsets between the sample centre and edge can be caused 

by different heating rates and conduction rates or by the heat sinking effect of the 

sample supports. Uncertainty in temperature measurement can also occur due to 

spurious offsets in the thermocouple circuit. The uncertainty in the measurement of 

temperature at the centre of the sample, taking into account all sources of error, was 

estimated to be less than ±10K. This corresponds to an error of about 4% in the 

energy calculation. The total uncertainty in the energy calculation is expected to be 

less than ±15%. 

A number of potentially more reliable methods for deducing activation energies 

exist using thermal desorption spectra obtained with a range of heating rates. 

Activation energies are given by the slope of various functions of peak temperature 

and heating rate. Table 5.2(b) shows the heating rates and centre temperatures of a 

series of thermal desorption experiments. An exposure of 300L of benzene was 

desorbed from a 48nm a-C:H film using heating rates ranging from 0.25 to 

1.7K s_1. The activation energies of the two peaks calculated using the Redhead 

analysis described above are also included (approximately 86kJ mol-1 and 89kJ mol-

*). The rate of evolution of benzene increases with heating rate and the peak centres 

are shifted to marginally higher temperatures. 

Figure 5.11(a) shows a plot of hi 
T2 

as a function of Tp for the higher P 
energy desorption peak (Tp2, Ep^. The slope of the plot is given by equation 5.7. 

The activation energy calculated for the peak using this method is approximately 

220kJ mol-1. Figure 5.11(b) shows a plot of log P as a function of log Tp for the 

higher energy desorption peak (T^ Ep2). The slope of the plot is given by equation 

5.8. The activation energy calculated for the peak using this method is also 

approximately 220kJ mol-1. 

These results are inconsistent with the activation energies calculated using the 

Redhead method, even allowing for errors in the assumption of the pre - exponential 

factor and temperature measurements. Reasonable results are expected only if the 

heating rate is varied over two orders of magnitude. The apparatus used for these 

experiments, however, was not designed to accommodate this requirement so the 

heating rate could only be varied over less than an order of magnitude. These results 



Figure 5.11 
(a) Plot of ln(Tp2

2/p) as a function of 1/Tp2. The slope is equivalent to Ej/R. 
(b) Plot of log(p) as a function of log(Tp2). The slope is equivalent to E(j/RTp + 2. 
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can be discarded on the grounds that the range of heating rates achievable was far 

too small to obtain realistic results. 

5.7.2 Discussion of Desorption Modelling 

The desorption model described in section 5.6.2 was applied to the thermal 

desorption data shown in figure 5.9. A curve fit of a thermal desorption spectrum 

(4700L benzene exposure) is shown in figure 5.12, accompanied by the 

experimental data points and heating rate. A precise curve fit has been obtained for 

both of the desorption peaks using the simple evaporation/desorption model for a 

single pore of fixed radius. Table 5.3 shows the values for the activation energies, 

initial coverage and model pore dimensions for the desorption spectra shown in 

figure 5.9. 

The accuracy of the model and the optimisation process can be measured by 

the combination of the closeness of the fit and whether or not the parameter values 

are physically reasonable. The optimisation process returned a value of 63.2kJ mol-1 

for the higher energy desorption peak in comparison with an Arrhenius value of 

93.1kJ mol"1. While these values differ by about 30%, the result is satisfactory 

given the simple single pore model used. The optimisation process returned a value 

of 33.0kJ mol*1 for the lower energy desorption peak in comparison with a 

significantly different Arrhenius value of 81.0kJ moH. Approximating lower energy 

gas evolution from the surface by evaporation is apparently unsatisfactory. The 

current model, for example, takes no account of the known distribution of pore sizes 

in these films or the possibility of percolation effects [1,24], 

The exposure (L) is proportional to the number of molecules hitting the sample 

surface. The initial coverage, no1, is proportional to the number of molecules 

sticking to the film surface. Comparison of the corresponding values for exposure 

and coverage gives information about variations in the surface sticking coefficient 

with increasing coverage. 

The pore radiu^ r, in this model represents some form of weighted average of 

all the pores and the pore length, 1, is proportional to the film thickness. The values 

calculated by the model for pore radius and pumping constant should remain 

constant as the same film was used for all experiments; only the exposure and 

heating rate vary between experiments. This is observed for the three higher 

exposure experiments. The model breaks down for the 50L experiment, probably 



Figure 5.12 Thermal desorption spectrum for a 4700L benzene exposure and a 

corresponding model desorption curve calculated using the methods described in 

section 5.6.2. The thermal desorption temperature ramp, used in the modelling 

process, is also shown. 



Table 5.3 Activation energies of desorption peaks for a range of adsorbate exposures calculated using the model discussed in section 

5.6.2. The data used for the modelling correspond to the thermal desorption spectra and data shown in figure 5.9 and table 

5.1(c). The peak energies were calculated for the 4700L desorption spectrum. The values for coverage, pore radius, thickness 

and the pumping constant were optimised for all exposures for the calculated peak energies. 
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because the shapes of the desorption peaks are not clearly defined and curve fitting is 

considerably more difficult 

Pore radius must be always greater than or equal to the thickness of the 

adsorbed layer, 5, within the pore for a physically reasonable result. The 180L and 

1900L experiments returned approximately equal 5 values which suggests that after 

evaporation, the pore still remains almost completely filled. The 4700L experiment, 

however, returned a pore radius which is slightly smaller than the thickness of the 

adsorbed layer (a non - physical result). The pore radius determined in the 

optimisation (~1.5xl0-9m) is in good agreement with micropore radii deduced in 

previous benzene adsorption studies using these a-C:H films (0,4 - 1.0x1 O^m) [1]. 

These results demonstrate that a useful analysis of the thermal desorption 

behaviour of a porous material can be undertaken using a simple model. However, a 

number of improvements to the model used in this study have been identified. 

Interrelated parameters, such as pore radius and adsorbed film thickness, should 

have explicit constraints placed on the range of permissible values. Similarly, 

constraints should be applied to parameters which remain constant for all 

experiments, such as pore radius and pumping constant. Simultaneously optimising 

parameter values for a number of desorption spectra may not be feasible due to long 

computing times. Applying these constraints improves the accuracy of the 

optimisation process by incorporating known properties of the system. 

The "singlepore" model used in this study should be extended to take account 

of the distribution of pore sizes observed in these amorphous carbon films. Ideally, 

an expression for the pore radius distribution is required which includes micropores, 

mesopores and macroscopic surface roughness. The desorption behaviour 

approximated by evaporation in the current model may then be more accurately 

expressed as desorption from lower energy mesoporous sites. Convoluting the pore 

radius distribution with an expression for desorption again will require considerable 

computer time. 

5.7.3 Discussion of Thermal Desorption Behaviour 

The thermal switch proposed for ETCs requires that over a narrow temperature 

range, in the vicinity of 350K, a sufficient quantity of gas is released from the a-C:H 

film to provide a conductive heat loss path to the surroundings. The activation 

energy for desorption (or desorption temperature) and the quantity of gas evolved 
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are linked by the temperature dependence of gas sticking coefficient and by changes 

in heats of adsorption with film coverage. The effect of film thickness on adsorption 

behaviour is also an issue in optimising switching behaviour. The following 

discussion relates phenomena observed in the ultrahigh vacuum regime used for 

these experiments to similar behaviour studied using a much higher pressure regime. 

Isosteric heats of adsorption (q^) for benzene adsorbed on a-C:H films have 

been determined experimentally and theoretically by S.J. O'Shea [1], The isosteric 

heat, by definition, is the heat liberated per mole by the reversible adsorption of an 

infinitesimal amount of gas at constant temperature and pressure [1]. The adsorption 

potential, e, is related to the isosteric heat by 

e = -AH = q s t -q 0 ( 5 1 9 ) 

where -AH is the change in enthalpy and qo is the heat of vaporisation. The 

isosteric heat was evaluated using the DR equation (see section 2.6.2) as follows 

qst(DR) = q o + V=^ln9 ^ 

where (3 and k are constants and 9 is the fractional surface coverage. Figure 5.13 

shows the isosteric heat as a function of adsorbate relative pressure. Experimental 

data are presented for benzene adsorption on films baked to 770K (500°C) and 

570K (300°C), together with corresponding values for q^ calculated using equation 

5.20. 

The thermal desorption experiments discussed in this chapter were undertaken 

using benzene pressures of around 10-6 torr (or a relative pressure of ~10~8 at 

298K). This pressure regime corresponds to the left hand edge of the plot shown in 

figure 5.13. The isosteric heat of adsorption of benzene at a relative pressure of 

~10~8 at 298K on an a-C:H film baked to 670K should be approximately 

90kJ moH. This is in excellent agreement with the values for the desorption 

activation energy Ed deduced using Arrhenius analysis for the higher energy thermal 

desorption peak. Adsorption reversibility implies that the heat of adsorption and the 

activation energy for desorption should be equal in magnitude. It is to be noted that 

irreversible adsorption has been observed for some films baked at lower 

temperatures (~570K) and for shorter periods of time. The comparison of these 

energy values (Ed and q^), calculated using separate experimental data and 



Figure 5.13 Isosteric heat of adsorption of benzene on baked (570K, 770K) 

spectrally selective films on the type used in this study, calculated at 303.5K. The 

latent heat of vaporisation for benzene and isosteric heats of adsorption calculated 

using the DR equation (equation 5.18) are also shown. The adsorption experiments 

described in this thesis were undertaken in a pressure regime located between 

5 x 10*10 torr and 1 x 1(H toir. This corresponds to & relative pressure range of 

around lO*11 to 10~6 for a benzene adsorptive or at the left hand axis of the figure 

above, [reprinted from ref. 1] 
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techniques, provides a link between the ultrahigh vacuum and high vacuum pressure 

regimes used for adsorption studies of a-C:H films. These results confirm that the 

broad higher energy peak observed using thermal desorption methods can be 

attributed to microporous adsorption sites. 

A comparison of figures 5.7, 5.8 and 5.9 shows that the peak shape and the 

area under the curves change for the films of different thickness. As film thickness 

increases, the lower energy peak is shifted to lower values and the FWHM of the 

peak is increased significantly. It is proposed that this peak corresponds to 

desorption from mesoporous regions of the film. These regions are immediately or 

readily accessible to the film surface. Larger pore sizes act to reduce the energy with 

which adsorbed species are bound to the surface. Rapid desorption over a relatively 

-small temperature results in a narrow, intense desorption peak. Decreases in peak 

energy with increases in film thickness may reflect variations in the overall pore 

structure of the film 

As film thickness increases, the FWHM of the higher energy peak increases. 

The centre temperature (and hence energy) of the peak is also shifted to higher 

values. It is proposed that the broader higher energy peak corresponds to desorption 

from the microporous region of the film. A distribution of pore sizes exists and 

therefore surface/adsorbate binding energies are spread over a wider range with a 

higher mean value. The changes in peak shape suggest that, on average, increased 

energies and increased times are required to eject adsorbed material from the internal 

adsorption sites of thicker films. While overall pore connectivity is high, pore 

accessibility is apparently diminished in thicker films. The percolation threshold of 

the film will determine the extent to which rapid desorption is inhibited by pore size. 

The rate of temperature change also varied slightly between experiments and may 

affect peak shape. Observations, however, suggest that this is a secondary effect in 

comparison with those discussed above. 

The desorption phenomena evaluated in this study have been treated as first 

order processes for simplicity. Evidence to date suggests that benzene is 

physisorbed to the a-C:H film and desorbs via a first order process. Second order 

processes generally involve intermediate states or co - operative desorption. 

Restricted pore accessibility and percolation in porous films may result in a 

desorption process being more accurately described as a mixed order process. 

Desorption order requires more thorough consideration in any future desorption 

studies of this system. 
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In these thermal desorption experiments, the rate of pumping exceeded the rate 

of gas evolution from the film. The desorption rate (or number of molecules leaving 

the surface per unit time) is directly proportional to pressure [11]. Therefore, the 

total number of molecules desorbed during an experiment is proportional to the area 

under the thermal desorption (pressure vs time) curve. Figures 5.14(a) - (c) show 

the areas under the TDS curves as a function of exposure for three films of different 

thickness. The total area under each curve was calculated with no distinction made 

between the two desorption peaks; uncertainty in the area values was estimated to be 

less than 10%. A similar increase in area with increased exposure is observed for 

each film thickness. This reflects a reduction in the sticking coefficient as film 

coverage is increased. The activation energies of the higher energy peak also moved 

to lower energies with increased coverage for the 83nm and 190nm films. The 

magnitude of the energy change was about 2kJ moH. Adsorption sites are filled 

sequentially starting with the highest energy sites. Molecules adsorbed at higher 

coverages are therefore necessarily bound with a lower energy for a surface with a 

distribution of pore sizes. 

Previous studies of these a-C:H films at higher pressures [1,24] have shown 

that the adsorption capacity is proportional to the film thickness. This relationship 

between film thickness and adsorption capacity implies that the film is uniformly 

porous and that the entire pore volume is accessible to the adsorptive when the films 

are completely degassed. The areas under the TDS curves for the films used in this 

study are not proportional to film thickness as expected. Various factors may have 

contributed to thii inconsistency. The repeatability of thermal desorption 

experiments was an aspect of the experimental work that required considerable 

attention. Experimental conditions are consistent within each of the sets of thermal 

desorption spectra. Differences between the sets of spectra arise from unavoidable 

differences in experimental conditions. Differences in film preparation may also be a 

factor, although considerable care was taken to standardise preparation techniques. 

The adsorption capacity of these films, for example, is strongly dependent on the 

type of heat treatment applied to the film during preparation [1]. Freshly prepared, 

unbaked films show very little adsorption, whereas baked films (670K, 60 minutes) 

show greatly enhanced desorption peaks. Adsorption isotherms of as - prepared 

films show mesoporous characteristics [24]. 



Figure 5.14 Area under pressure - time thermal desorption curves as a function of 

benzene exposure for three a-C:H films of different thickness. The area is 

proportional to the number of molecules evolved during the desorption process. 
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These thermal desorption experiments have revealed two important aspects of 

the adsorption/desorption mechanism under investigation. Firstly, the activation 

energies for desorption deduced using these methods are in agreement with energies 

calculated using a much higher pressure regime. A complete description of the 

mechanism can be developed over a pressure regime extending from the ultrahigh 

vacuum region to atmospheric pressure using this link between thermal desorption 

and volumetric adsorption methods. Secondly, thermal desorption has been used to 

reveal the constituent parts of a complicated desorption process. Significant changes 

in desorption behaviour are revealed as a result of changes in exposure and film 

thickness. The line shape of desorption peaks, for example, is very sensitive to film 

thickness. The activation energy for the peaks, however, only changes by around 

10% between a 48nm thick film and a 190nm thick film. TDS also allows the use of 

more convenient experimental techniques and methods of measurement at low 

pressures. The combination of the experimental results obtained in this study and in 

the previous studies provides the basis of a very thorough understanding of a 

complicated adsorption system. This understanding is directly applicable to the 

adsorption behaviour occurring in thermal switching ETCs. 

5.8 Summary 

An ultrahigh vacuum system has been designed and constructed to provide a 

clean environment for gas adsorption and desorption experiments. A range of 

sample mounting devices and gas dosing facilities have also been designed to 

facilitate the experiments. This type of vacuum system was used to extend the 

pressure range accessible for experiments and to increase the sensitivity with which 

low level adsorption processes could be investigated. 

Apparatus for thermal desorption spectroscopy (TDS) and work function 

studies (discussed in the next chapter) were incorporated in the vacuum chamber. 

The TDS system consisted of a sample mounting incorporating a 2K per second 

heater and a shielded mass spectrometer. The output from the system was recorded 

using a computer controller datalogger. 
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TDS has been used to study the benzene adsorption behaviour of a-C:H films. 

This material is identical to the surface layer of the spectrally selective films 

employed in ETGs. It was found that peaks corresponding to two discrete types of 

binding site could be identified. The peak intensity was dependent on coverage while 

peak position was dependent on both coverage and film thickness. A narrow 

desorption peak was observed with an activation energy in the range of 81 - 86kJ 

mol*1. This peak is thought to arise from desorption from the mesoporous region of 

the film surface. A second, broader desorption peak was observed with an activation 

energy in the range of 87 - 95kJ moF. The position and FWHM maximum of this 

peak were dependent on film thickness and coverage. This peak is thought to arise 

from desorption from the microporous region of the film surface. Changes in the 

line shape of the higher energy desorption peak suggest that pore accessibility and 

the time required for the adsorbate to reach the film surface are dependent on film 

thickness. 

Arrhenius analysis was used to estimate the activation energies of the 

desorption processes observed. Best results were obtained using Redhead's 

empirical formulation [12] and assuming a value of 1013s_1 for the pre - exponential 

factor. Attempts were made to calculate activation energies without such an 

assumption by varying the heating rate used in the thermal desorption experiments. 

However, the range of heating rates available using the apparatus in its current form 

was insufficient to allow accurate results. A simple model for the desorption system 

was also devised based around the processes of evaporation and desorption from the 

pores and pumping of the evolved material out of the experimental vessel. The 

desorption activation energies for the two desorption peaks in a 190nm thick film 

were calculated to be 33.0U moH and 63.2kJ mol-1. The average pore radius was 

calculated to be ~1.5xl0-9m which is consistent with estimates of micropore radii 

made in previous studies of these films [ 1 ]. 

The adsorption capacity of the films, approximated by the area under the 

desorption curves, was determined as a function of exposure for films of different 

thickness. The proportionality between film thickness and adsorption capacity 

previously observed could not be demonstrated due differences in experimental 

conditions. Consistent variations in area were observed indicating reductions in 

sticking coefficient with increased exposure and that the pore structure of the film is 

well connected and accessible to the adsorbing species. 
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The desorption peak energies calculated in this study have been shown to be 

consistent with energy values calculated using higher pressure adsorption 

experiments and the DR equation in a previous study [1], This provides the basis of 

a very thorough understanding of the adsorption/desorption mechanism under 

investigation over a pressure regime extending from the ultrahigh vacuum region to 

atmospheric pressure. 

Current laboratory work indicates that the thermal switch will operate with 

benzene partial pressures of the order of 10_1 to 104 torr. The adsorption sites of 

importance in this higher pressure regime are not filled and therefore unobservable in 

an ultrahigh vacuum pressure regime used in this study. Thermal desorption 

spectroscopy, however, provides an understanding of the relationship between 

adsorption, film structure and morphology. The existence of a range of micropores 

provides further evidence of the complexity of the film structure. In addition, these 

sites may have important technological implications if they acted to adsorb impurities 

which then blocked off parts of the film from the desired adsorbate. 
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CHAPTER 6 

Work Function Studies of Gas Adsorption Behaviour of 
Amorphous Carbon Films 

6.1 Introduction 

6.1.1 Introduction 

A major goal of this study was to develop experimental techniques which 

discriminate between surface and bulk gas adsorption. Adsorption behaviour 

observed in amorphous carbon films reflects both the surface and the subsurface 

aspects of the interaction. Work function studies of gas adsorption are very sensitive 

to surface processes and are not influenced by material adsorbed within the film 

bulk. A Kelvin probe was designed and constructed to measure small changes in the 

work function of the surface The thermal desorption studies discussed in the 

previous chapter, by comparison, were used to investigate desorption from the pores 

of the amorphous carbon films. TDS can discriminate between desorption processes 

with different activation energies but it not surface sensitive. Combining the results 

obtained using both these techniques allows information to be extracted which 

differentiates between surface and bulk adsorption/desorption interactions. 

Optimisation of thermal switching behaviour is dependent on establishing the 

interrelationship between film morphology and gas adsorption behaviour. An a-C:H 

film forms the outermost layer of the spectrally selective film employed in the ETC. 

It has a dominant effect on overall adsorption/desorption behaviour [1], 

In this chapter, a discussion is presented of the design, construction and 

operation of the Kelvin probe. A number of modifications were made to the Kelvin 

probe and a variety of performance tests undertaken during the process of 

optimisation. Gas adsorption results obtained using the Kelvin probe are presented 

which show work function response of a-C:H films to a variety of adsorbates. The 

irreversibility of some adsorption processes and the adsorption of residual gases 

from the vacuum chamber are also discussed. A comparison of results obtained 
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using thermal desorption spectroscopy and work function studies allows a number 

of conclusions to be made about the gas adsorption processes observed. 

6.1.2 Work Function 

The electron distribution at the surface of a solid is continuous, falling off over 

a short distance into the vacuum. The fixed atomic centres are surrounded by an 

electron cloud resulting in a separation of charge [2], as shown in figure 6.1. The 

work function (WF) or the amount of energy required to remove one electron from 

the surface [3] can be defined as the difference between the electrochemical potential 

u\ of electrons inside the surface and the electrostatic potential <J> of electrons just 

outside the surface [4], Equivalently, WF may be expressed as the difference 

between the Fermi level and the vacuum level in the case of both metals and 

semiconductors. The photoelectric threshold for metals is equal to the work 

function, whereas in semiconductors it is given by the energy difference between the 

top of the valence band and the vacuum level [5]. The a-C:H films used in this study 

ace classed as semiconductors. 

Measurements of WF can be used to monitor the state of a surface. Gas 

adsorption and desorption, contamination and decontamination and any reaction or 

change of state of adsorbed material produce measurable changes (of the order of 

volts) in CPD [4], Sensitive measurement techniques allow very low levels of 

adsorption to be detected in contrast with many other measures of adsorption which 

are only reliable in the monolayer coverage regime. 

The electronic surface state of a material is determined primarily by the outer 

atomic layers which shield the lattice bulk. The response to adsorption arises from 

differences in the electron distribution of adsorbed molecules and the surface atoms 

bound into a lattice structure. The chemical potential of a crystalline surface can be 

changed by the application of stress. Elastic deformations of the lattice volume cause 

changes of the order of 100p.V [3,6], Changes in temperature and the application of 

electric fields are also sources of WF change [3]. 



Figure 6.1 Charge distribution at a film surface showing the separation of charge 

arising from fixed atomic centres and their surrounding electron clouds. 

(a) Equipotential lines at an electric double layer. A potential step is formed if the 

centre of this layer corresponds to a surface plane. 

(b) Charge distribution for a fixed lattice of positive ions surrounded by a distorted 

electron cloud. Double layers can be formed with either a positive or negative net 

charge outside the surface, [reprinted from ref. 7], 
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6.2 Methods of Measuring Work Function 

6.2.1 Absolute Methods 

A range of experimental techniques exists for making absolute measurement of 

WF. All are based on the stimulation and quantification of electron emission from 

the sample material. The absolute measurement of WF is made experimentally 

difficult by phenomena associated with sample charging, high temperatures and high 

fields. 

Thermionic emission can be used to measure absolute WF of surfaces. The 
thermionic emission saturation current density JTE of electrons emerging from a 

surface is given by 

(from the Richardson - Dushmann equation), where T is the absolute temperature, f 

is the WF and k is Boltzmann's constant [3]. Applying an electric field to the system 

effectively lowers the WF of the material resulting in an emission current which is 

dependent on both sample temperature and applied field. An appropriate value for <j) 

can be extracted from measurements of such emission, although the situation is 

complicated by the temperature dependence of $ [3]. 

Photoelectric measurements are a more versatile means of determining the 

absolute WF of a sample. The total photoelectron current increases with the energy 

of the incident radiation when hv is greater than the photoelectric threshold. Only 

thermionic emission is observed below the photoelectric threshold. Most metals have 

thresholds of a few electron volts so ultraviolet radiation is commonly used to study 

work function [7]. Information is extracted by determining the photoelectric current 

as a function of the wavelength of the incident light. These experiments can be 

performed using a variant of ultraviolet photoelectron spectroscopy (UPS). The 

principal instrumental requirements are a tunable ultraviolet source and an electron 

energy analyser with satisfactory low energy resolution, such as a retarding field 

analyser (RFA) or a cylindrical mirror analyser (CMA), 
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Work functions can be absolutely determined using electron spectroscopies 

such as XPS and AES. The ability to measure electron current from a sample as a 

function of energy allows the photoelectric threshold to be determined in a single 

process. The energetic onset of secondary electron emission gives the work function 

subject to the effects of sample charging [8]. Polycrystalline surfaces consist of 

patches with significantly different WFs. Combining WF measurements with 

scanning AES allows maps of work function topography to be created [8]. The 

spatial resolution is determined by the electron beam spot size and the accuracy of 

beam scanning. This contrasts with other methods where average WFs are measured 

or where patch detection depends on the applied field or energy of the incident 

radiation [3]. 

As expected from the previous discussion, work function varies between 

crystal faces. For example, the (111) crystal face of tungsten has a WF of 4.39eV 

whereas the (112) crystal face has a WF of 4.69 eV [7]. A field emission 

microscope (FEM) can be used to observe these WF differences if a strong 

accelerating field is applied to a finely pointed crystal tip. A measurable electron 

current results from electron tunnelling. Electrons arising from the various crystal 

faces appear as fluorescent spots on a nearby phosphor screen. The incorporation of 

a moveable Faraday cup allows the individual WFs to be measured rather than just 

the average value [3]. 

The scanning tunnelling microscope (STM) operates in a similar mode to the 

FEM with an applied field causing electrons to tunnel out of a sample to a finely 

pointed tip. The very small tip - to - surface distance and radius of curvature of the 

tip reduce the required magnitude of the applied field to the order of a few volts. The 

WF at a single point can be deduced by fixing the tip position and measuring the 

I - V characteristic, that is, the change in tunnelling probability with applied field. 

6.2.2 Relative Methods 

Relative methods of determining WF rely on measuring changes in the contact 

potential difference (CPD) between a sample and reference surface. The CPD is 

equal to the difference in WFs of the sample and reference electrodes for zero 

applied potential difference [4]. The problems associated with the absolute methods 

discussed above are generally avoided as experimental conditions can be more 

carefully controlled. These techniques are useful for studying gas adsorption where 

changes in WF in response to adsorption mirror various aspects of the process itself. 
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Changes in CPD are commonly studied using either diode or condensor 

methods. The former method relies on the characteristics of the thermionic diode. 

The flow of electrons from a hot wire cathode to some remote anode depends on the 

applied potential between the two points. Changes in the I - V characteristic of a 

diode system will occur if the surface potential of the anode is changed by 

adsorption. The change in CPD is given by any shift in the potential required to 

maintain a constant current [4], Diode systems can be operated in either retarding 

field or space charge limited modes where the diode anode is slightly negative or 

positive compared with the cathode, respectively [4]. 

The CPD between a sample and reference electrode can be measured by 

sensing the electric field existing between the two electrodes as a result of the 

difference in surface potentials. These experiments are collectively referred to as 

condensor methods of measuring CPD. All variations are contactless and hence the 

surface condition of the sample is not changed by the measurement process [3]. 

Experiments are generally undertaken at room temperature, with low applied 

potentials and without electron or proton bombardment. These favourable 

experimental conditions render condensor methods extremely versatile for studying 

the effects of gas adsorption and changes in temperature. 

Several static capacitor and field effect probe techniques have been devised 

which preserve contactless measurement and also eliminate interference associated 

with vibrating capacitors (the latter are discussed in the next section). 

The static capacitor method detects a flow of charge between the sample and 

reference electrodes when the CPD is changed by gas adsorption or temperature 

change [4]. Only changes in CPD can be detected using this technique. The main 

difference between the dynamic and static methods is in the application of nulling 

voltages. The electric field between the plates of the vibrated capacitor is maintained 

at zero by a constantly applied nulling voltage. In the static case, a nulling voltage is 

rapidly applied to reduce charge flow to zero in a time much smaller than the time 

constant of the capacitor/reference electrode circuit [9], 

The field - effect probe (FEP) provides a static, non - intrusive means of 

measuring CPD. The FEP consists of a modified MOSFET device, as shown in 

figure 6.2. The sample acts as the MOSFET gate with the electric field between the 

sample and probe inducing a charge in the substrate, therefore, determining the 



Figure 6.2 The Field Effect Probe (FEP). 

(a) Cross section of the probe and sample surface. The gate is formed by the 

sample electrode, with the conductivity of the source/drain path modulated by the 

electric field induced by any contact potential difference existing between the probe 

and the sample. 

(b) Schematic description of the probe and associated instrumentation. 

[reprinted from ref.10] 
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source/drain conductivity. If an enhancement/depletion type device is used then both 

positive and negative fields can be detected.and used to control a nulling circuit. A 

shortcoming of this device is the temperature dependence of the source/drain 

conductivity. Temperature compensation can be achieved either by the incorporation 

of an additional n - p - n junction in the probe construction or by immersing the 

probe and sample in a constant temperature bath. In the latter case, instrument 

resolution has been optimised to ImV. This is a very versatile technique, finding 

application in both surface science and electrochemistiry, in air, vacuum and liquid 

environments [10]. 

Other condensor methods reported include an electron interferometer system 

and a ribbon/sample system in which an a.c. and d.c. signal is applied between the 

electrodes and the CPD deduced using a bridge arrangement [3]. 

6.3 The Kelvin Method 

6.3.1 Implementations of the Kelvin Method 

The most widely used condensor technique is the Kelvin method. This 

vibrating capacitor technique is based on the original work of Lord Kelvin (1898) 

[11] and developed by W.A. Zisman (1932) [12]. The Kelvin method is a 

contactless, non - intrusive method of measuring changes in CPD between a sample 

and a closely spaced parallel reference electrode, forming a parallel plate capacitor 

[11]. The surface potential of the sample and reference electrodes is related to the 

respective Fermi levels by WF. If the WFs of the two electrodes are unequal then a 

non * zero electric field will exist between them at zero applied voltage. Vibration of 

the reference electrode with respect to the sample changes the capacitance of the 

system and produces an a.c. signal at the same frequency as the vibration. 

A nulling voltage can be applied between the electrodes to reduce the electric 

field in the gap to zero. Under zero - field conditions no charge flows between the 

equipotential electrodes as a result of the movement of the electrodes, hence, no 

signal is detected in the external circuit. The Kelvin method is a null technique with 

results independent of the gap between the surfaces to first order. 
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Gas adsorption, changes in temperature and other external influences can 

change the surface potential of the sample. A corresponding change in the CPD 

between the sample and reference electrode occurs if the latter is suitably inert. An 

adjustment of the nulling voltage is required to restore the null state as the electric 

field between the electrodes is no longer zero. Changes in CPD are measured by 

recording changes in the nulling voltage in response to experimental conditions. 

The original vibrating capacitor instrument devised by Zisman [12] has been 

adapted for many different applications. Kelvin probes vary in size, methods of 

vibration and shielding. Figure 6.3 describes a commercially available instrument 

(KFA) consisting of a vibrating metal reed driven by piezoelectric ceramic foil. The 

end of the reed is formed into the reference electrode. All electrical connections are 

made to the sample. No measures for reducing stray signals detected by the probe 

have been implemented in this design. A resolution of 100 |J.V for 10 second signal 

averages is reported [13]. Reference electrodes for this type of Kelvin probe range 

from thin reeds to wire loops and grids. 

Another widely used variation of the Kelvin probe consists of a reference 

electrode attached to an electromagnetically driven, resonant mounting bar. Drive 

mechanisms operate in a push - pull fashion as in a loudspeaker or from side - to -

side with the mounting bar supported at a suitable pivot point. Drive mechanisms 

can be located inside or outside the vacuum chamber. Such systems are considerably 

more bulky than the piezoelectric devices. 

The use of a guard ring around the reference electrode in a Kelvin probe 

system provides enhanced shielding of the electrode and also ensures approximately 

plane parallel geometry by reducing fringing fields at the electrode edges [14], The 

guarded electrodes designed and constructed for this work will be discussed in 

section 6.5.1. Apparatus incorporating a large diameter Kelvin probe can be 

configured to integrate WF information over large areas, giving average values. 

Alternatively, small diameter probes can be used to scan very small areas, producing 

WF maps [15]. The spatial resolution of the measurements is determined by the 

reference electrode diameter. This in turn affects the voltage sensitivity since the 

reduced signal from a fine electrode can give rise to signal - to'- noise difficulties 

[16]. 



Figure 6.3 KFA Kelvin Probe. 
This commercially available instrument consists of a specially shaped, vibrating 

reed (V,R) which is driven by piezoceramic foil (P) attached along the midsection. 

The reed is supported and anchored with a holding screw (H) in a cylindrical shield 

housing (A). All electrical connections (C) are made to the specimen (S). No 

measures for reducing stray capacitance detected by the probe have been 

implemented in this design, however, a resolution of O.lmV for 10s signal 

averages is reported, [reprinted from ref. 13]. 
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Changes in the work function of the sample are measured relative to the work 

function of the "reference" electrode. It is essential, therefore, that the work function 

of the reference electrode maintains a constant absolute value at all times during 

experiments. For this reason, reference electrodes are formed from or coated with 

materials which minimise gas adsorption. Reference electrode inertness can be tested 

by selecting experimental conditions (elevated sample temperature, for example) 

which minimise gas adsorption by the sample. Alternative methods include the use 

of TDS and QCM to quantify adsorption. 

The discussion of the Kelvin probe has been confined, thusfar, to vibrating 

electrode devices. The only essential feature of a Kelvin probe is movement. 

Kelvin's original system, for example, was a non - periodic device, based around a 

gold leaf electrometer [11]. Other implementations of the Kelvin probe include a fine 

vibrating wire, used to investigate spatial variations in WF arising from adsorption. 

Spatial resolutions of 50^m are obtained by moving the wire reference electrode 

parallel to the sample surface [3]. Changes in WF in response to atomic 

bombardment can be observed using a Kelvin probe operating in a pendulum mode. 

The reference electrode moves from side to side, parallel to the sample surface, 

leaving the sample and guard ring exposed to a flux of atoms for a significant 

portion of the operating cycle [3]. These Kelvin probe variants trade - off unique 

operating features with the design simplicity and superior signal - to - noise 

characteristics of vibrating electrode devices. 

6.3.2 Theoretical Description of the Kelvin Method 

In this section a simple analysis is presented of a periodically excited Kelvin 

probe of the type- used in this study. The reader is also referred to a number of 

analyses presented in the literature [17-23]. 

The Kelvin probe (or reference electrode) and the sample form a parallel plate 

capacitor. For the stationary case, capacitance is given by 

r eA 
*~stat - d 

stat (6.2) 

where E is the permittivity of the material between the electrodes, A is the surface 

area of the probe, and d ^ is the stationary probe - sample separation. Zisman [12] 

first proposed that the reference electrode be vibrated with respect to the sample. 
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A sinusoidally varying electrode spacing can be described by 
d = d0 + d1sin(o)t) (6.3(a)) 

= d0[l+Ysin(cot)] ( 6 3 ( b ) ) 

where d0 is the mean probe - sample spacing, dx is the vibration amplitude, CO is the 

angular frequency of vibration and y equals dx / do- Capacitance can be rewritten 

[17,19,24] as 
C = — 

d (6.4(a)) 
= eA 
" d0[l+Ysin(cot)] ( 6 > 4 ( b ) ) 

The signal which arises due to the variations in the geometry of the capacitor under 

open circuit (constant charge) conditions may be written as 
C " eA (6.5) 

where Q is the charge residing on the reference electrode and C is given by equation 

6.4(b). 

The Kelvin probe is not a truly isolated system. It is capacitively coupled to the 

walls of the vacuum chamber containing it, as well as to the other components 

within the vacuum system. Microphonic signals can be generated by the vibration of 

signal carrying leads with respect to the chamber and the surrounding shielding. The 

signal produced at the probe output, therefore, includes components due to these 
pick up signals with the same frequency and in a constant phase relationship with the true signal [20,21]. Stray capacitances can also be a significant problem in Kelvin probe systems. Sources include capacitive coupling between the edges of the Kelvin electrode and the adjacent guard ring and casing and the capacitance of signal carrying leads within metallic shields. A simple equivalent circuit for the Kelvin probe and associated pick up and stray signals is shown in figure 6.4. 



Figure 6.4 Equivalent circuit for the Kelvin probe comprising parallel capacitances 

C, due to the Kelvin probe, Cp, due to pick - up arising from microphonic signals 

and capacitive coupling'between the Kelvin probe and the walls of the vacuum 

system and Cs due to stray signals arising from sources such as the connection 

leads. The contact potentials Vb + A(|), A<t>p and A$s are acting at these capacitances, 

respectively. The current i(t) caused by changes in the capacitances flows through 

the load R, which represent the input of a current sensitive preamplifier and lock - in 

amplifier in combination. The output voltage Vb of the detection system is shown, 

applied to the sample. 
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The Kelvin method is a null technique. The condition for the null state is that 

the electric field in the gap between the probe and the sample is zero. The potential 

difference across the Kelvin capacitor at any time is given by the sum of the CPD 

(AJ|>), and the applied bias voltage, Vb so in the null state 

A$ + Vb = 0 ( 6 < 6 ) 

Changes in CPD in response to gas adsorption are deduced by recording 

adjustments of Vb required to restore and maintain the null state. The pick u$> 

capacitance (CJ and the stray capacitance (Cs) act in parallel with the Kelvin probe 

and represent the sum of all individual pick up and stray capacitances, respectively. 

These capacitances reduce the true signal by the capacitive division. The total charge 

on the reference electrode, taking into account pick up and stray signals [20], is 

given by 

Q=C(A<^ + Vb) + CpA(t>p+CsA<(.s ( 6 ? ) 

The stray capacitance is time invariant and has no effect on the true signal other than 

capacitive division. The pick up capacitance can produce a signal at the same 

frequency as the true signal and with a constant phase relationship, as mentioned 

above. While phase sensitive detection minimises the effect of the pick up signal, the 

null point of the probe and the required bias voltage can be affected if the phases of 

two signals are similar. Changes in work function can be measured satisfactorily 

provided the pick up signal remains constant 

The Kelvin capacitance is given by equation 6.4(b). For small values of y, the 

probe - sample separation is large with respect to the vibrational amplitude of the 
eA 

probe and the capacitance varies sinusoidally around a value given by d0 . The 

output signal under these conditions is also approximately sinusoidal. A distortion of 

the output signal can be expected as y becomes larger because probe vibration can no 

longer be considered as a perturbation of the probe - sample separation. Distortion of 

the output signal at small separations has been observed in small area Kelvin probes 

in the laboratory. In practice, the factor limiting the smallest probe - sample 

separation if the non - parallelism of the electrode surfaced No distortion of output 

signal was observed in the current experiments due to fee use of band pass filtering. 



-111-

A great deal of effort was invested in Kelvin probe design and optimisation to 

reduce or eliminate unwanted signal detection. Capacitive coupling can be reduced 

by careful shielding and by maximising the distance between the probe and the 

chamber walls. The Kelvin probe design adopted (discussed in section 6.4.1) 

incorporates a earthed guard electrode surrounding the Kelvin electrode. The guard 

electrode is stationary with respect to the Kelvin electrode. Microphonic signals can 

be reduced or eliminated by careful anchoring of leads and preamplifier components 

so that they remain stationary with respect to the surrounding earthed shielding. The 

effect of stray capacitances can be minimised by positioning the preamplifier as close 

as possible to the Kelvin electrode. While some signal loss was unavoidable in this 

Kelvin probe system, no in - phase pick up was detected from this source during 

performance testing. A fuller discussion of shielding and filtering techniques is 

presented in section 6.5.1. 

6.4 Design and Construction of Kelvin Probe 

6.4.1 Guarded Electrode Design 

The Kelvin probes used in this work were designed using a guarded electrode 

configuration. Figure 6.5 shows the two versions of the Kelvin probe constructed 

for use with different size samples. The design features a circular electrode disc with 

a threaded mounting post incorporated in the centre of the rear surface. The electrode 

was located very close to a guard ring formed by the probe casing (a gap of around 

0.2mm was achieved), but electrically insulated from it using two ceramic spacing 

washers. The edge of the electrode disc was recessed to form a thin lip which 

minimises capacitive coupling between the electrode and the probe casing. The probe 

casing was closed at the top using a snugly fitting lid to complete the shielding. 

The Kelvin probe was manufactured using UHV compatible materials 

(stainless steel (316 type) and machinable ceramic (Macor, Corning Glass)) to 

permit bakeability, and to achieve minimum outgassing levels in the vacuum 

chamber. The face of the electrode and the guard ring were ground flat using 

abrasive papers (silicon carbide, grades 400, 600 and 1200). A mirror finish was 

imparted using a fine abrasive metal polish. On completion of fabrication the probe 

was disassembled and cleaned using a vapour degreaser and acid bath 

electropolishing. 



Figure 6.5 Cross sectional views (to scale) of the guarded Kelvin probes used in 

this study, (a) probe with 15mm diameter electrode face; and (b) probe with 6mm 

diameter electrode face. There is a 0.2mm gap between the electrode disk and the 

guard ring in each case. Electrical connection is made via 5mm diameter hole in the 

probe body 
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Measurements of CPD require an inert reference electrode so that only the 

adsorptive behaviour of the sample contributes to experimental results. Kelvin 

electrodes are commonly faced with a material such as gold [4,19,21,25] or tin 

oxide [4,9,17,21] to minimise adsorption. A reasonably robust film was required to 

avoid the need for regular recoating. The adhesion of gold films on the stainless steel 

electrodes used in this study was unsatisfactory. Consequently, the face of the 

electrode disc was coated with a 4(X)A layer of tin oxide. The film was deposited by 

electron beam evaporation using a vacuum coating system (Airco Temescal). The 

electrode was heated to approximately 500K during deposition to promote adhesion. 

The inertness of the reference electrode was confirmed by a number of gas 

adsorption experiments. The work function behaviour of the reference electrode is 

discussed in more detail in section 6.7. 

A number of Kelvin probe mountings were tested for mechanical stability and 

satisfactory vibratory characteristics. Various resonant bar mountings were 

constructed using a tube welded into a recessed vacuum flange. The tube protruded 

from either side of the flange supporting the Kelvin probe inside the vacuum 

chamber. This flange also provided a connection point for a vibratory drive outside 

the vacuum chamber. A number of different wall thicknesses and recessing profiles 

were tested. The advantages of this design are good mechanical stability and the 

isolation of the electromagnetic drive coil from the probe. It was found, however, 

that all the mountings tested resonated at much higher frequencies than desired 

(thousands of Hz rather than hundreds of Hz) and with a small vibrational 

amplitude. The welded construction of these mountings prevents subsequent 

adjustments and lengthens any optimisation process. 

A pivotting Kelvin probe mounting was eventually adopted for use (see figure 

6.6). The mounting consisted of a stainless steel tube, sealed at the vacuum end 

using an insulated electrical feedthrough [26], The feedthrough was used to carry the 

probe signal to a preamplifier inside the tube. A stainless steel collar was brazed onto 

the tube at a position which would locate the Kelvin probe centrally in the vacuum 

chamber. A stainless steel bellows was brazed to the collar and to a Conflat flange, 

completing the vacuum feedthrough. The mounting tube was supported by two 

stainless steel pins resting in recesses in the collar. These pins in turn were attached 

to a frame extending from the vacuum flange. 



Figure 6.6 Kelvin probe and the associated pivoting feedthrough. The 
feedthrough consists of a pivoted collar electron beam brazed to the probe mounting 
tube and a stainless steel beUows. The other end of the bellows is welded, via an 
adapter, to a Conflat flange. 
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Electron beam brazing was employed during the construction of the pivotting 

mounting. The brazing was performed under a vacuum bell jar and in clean 

conditions. The work piece was placed on a platform which could be raised to a 

potential of 1000 -1500^. A tungsten filament was formed around the work piece at 

a distance of about 2mm and fired before use. A high current was passed through 

the filament (~ 20A), inducing electron cun*ent from the filament to the work piece 

(up to 2A depending on the size of the work piece). The work piece was heated by 

electron bombardment, melting a silver copper eutectic braze ring placed at the 

joining site. This method of brazing is completely flux free and clean. Three electron 

beam brazes were required in the construction of the pivotting feedthrough to join a 

number of pieces with vastly different thermal masses. 

The bellows provided the flexibility for the vibration of the probe. The probe 

was vibrated at one of the resonant frequencies of the mounting during work 

function experiments By adjusting pivot stiffness the resonant frequency of the 

probe could be changed by 5 to 10Hz. This design provided adequate vibratory 

motion, but fairly poor mechanical stability. The Kelvin probe showed some 

susceptibility to laboratory vibrations. The problem was significantly reduced when 

the rotary pumps associated with the vacuum chamber were moved to a remote 

location. 

The oscillatory force on the probe was provided using a soft iron slug and coil 

in combination. The soft iron slug was clamped to the top of the mounting tube, 

with the coil mounted adjacent to the slug with an adjustable bracket. A light 

compression spring was used between the tube and the bracket to adjust the resting 

position of the probe and the stiffness of the vibrating assembly. The frequency of 

probe oscillation was twice the coil driving frequency which reduced interference of 

the drive signal with the probe output signal. 

6.4.2 Signal Detection and Data Acquisition 

Optimal system performance depends on efficient signal generation and tow 

noise signal detection. The signal from the Kelvin probe was detected using a low 

noise preamplifier and lock - in amplifier. The preamplifier circuit designed for the 

Kelvin probe is shown in figure 6.7. A low noise, high input impedance (1012Q) 

JFET operational amplifier (LF411CH) was used with 56MQ input resistance and 

36MQ feedback resistance. The input resistance was included to provide better 

amplifier stability. The amplifier operates as a current - to - voltage converter. In this 



Figure 6.7 Kelvin probe preamplifier circuit 
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configuration, the Kelvin electrode is virtually grounded and therefore the inverting 

input of the operational amplifier^ effectively at ground potential. Virtually none of 

the signal current flows through the 56MQ input resistor; it is all channelled through 

the 36MQ feedback resistor to give a voltage output 

An amplifier housed in a metal can was used with components being soldered 

directly to its legs, avoiding the need for a bulky circuit board. The miniaturised 

device was inserted into the probe mounting tube to make an electrical connection 

with the Kelvin electrode via the electrical feedthrough. The preamplifier was located 

as close as possible to the Kelvin probe to minimise signal losses by capacitive 

division. The detected voltage is reduced by the divider effect of the capacitance of 

the Kelvin probe (« lOpF) and the capacitance of the electrical connections §* 12pF) 

and the input capacitance of the preamplifier (=* 2pF). The amount of stray 

capacitance introduced is reduced by minimising the length of the connections. 

Noise levels on the Kelvin probe output are also reduced. Changes in the 

experimental apparatus during the course of the study necessitated an extension of 

the probe mounting tube. This unavoidably increased the effect of stray capacitance. 

The preamplifier was carefully shielded and grounded to minimise pick up of 

50Hz noise from the power mains. A lock - in amplifier (PARC 5104) (LIA) was 

used in the second harmonic mode with the driving signal as the reference 

frequency. This converted the ax. Kelvin probe signal into a dx. output. 

Automatic adjustment of the nulling voltage (NV) is a desirable operating 

feature of a Kelvin probe system. A mechanical device based around a motor driven 

potentiometer was constructed to control the NV applied to the sample electrode. The 

LIA output was amplified with an operational amplifier and used to switch one of 

two relays depending on the sense of the signal. The relays controlled a d.c. motor, 

which in turn made mechanical adjustments to the setting of a ten - turn 

potentiometer. The NV was controlled directly by the potentiometer. While the probe 

output and NV were electrically isolated using this device, the mechanical nature of 

the device increased the response time compared with electronic circuits and was a 

source of electromagnetic noise [27]. 

An electronic autonull circuit was devised and adopted for use with the Kelvin 

probe. Hie dx. output of the LIA was inverted, amplified and regulated, then 

applied to the sample. The autonull circuit used a low noise, low offset, low drift, 

high gain operational amplifier (OPAlllAM) and a standard operational amplifier 
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(LM11CN), in combination, to supply the NV to the sample. Figure 6.8 shows the 

circuit design for the autonull circuit [28]. The circuit had a time constant of around 

8 seconds. 

Changes in CPD were recorded as a function of temperature and gas dose 

duration. Data were recorded using a computer controlled datalogger (Data 

Electronics DT100 Datataker), programmed for a variety of recording and signal 

averaging tasks. It was found that using 0.1-1 second LIA time constants and time 

averaging NVs over 10 - 30 second intervals for each data point eliminated most of 

the spurious fluctuations. These fluctuations originated from the autonull "hunting" 

for a NV in response to a small change in the LIA output Adjustments to the NV 

using the autonull circuit were limited only by the interaction between the time 

constants of the autonull circuit and the LIA. At no stage was the resolution of NV 

adjustments affected by noise, instabilities or other flaws in the autonull circuit 

6.5 Optimising Kelvin Probe Performance 

6.5.1 Shielding and Filtering 

The Kelvin probe is a highly sensitive means of detecting changes in WF. A 

consequence of this sensitivity is a high susceptibility to the detection of noise. 

Optimal Kelvin probe performance is requires rigorous shielding of all noise 

sensitive components, maximising the signal - to - noise ratio. Types of interference 

which must be taken into account include external electromagnetic noise arising from 

power mains and laboratory instrumentation, external vibration, capacitive pick - up 

and stray capacitances. 

Electromagnetic noise was detected from several large d.c. and r.f. power 

supplies in the laboratory. Additional high frequency noise was observed, probably 

originating from the two turbomolecular pumps connected to the vacuum chamber. 

The reduction of external electromagnetic noise from the Kelvin probe output was 

achieved by shielding and filtering. All signal carrying leads were constructed from 

coaxial cables with BNC type connectors. Cable lengths were kept as short as 

possible to minimise the detection of 50Hz mains noise and spurious r.f. signals. All 

shields and instrument earth points were connected together in such a way as to 

avoid the creation of earth loops. The preamplifier power source was found to 



Figure 6.8 Electronic autonull circuit 



-116-

contribute to noise in the Kelvin probe output. Two 9V batteries, connected in series 

and tied to the instrument earth, were substituted for a mains driven power supply. 

Coaxial cable was used for each of the power input leads to the preampli||l& 

Detection of the Kelvin probe signal was facilitated with use of phase sensitive 

detection. Signals at frequencies other than the desired frequency were eliminated 

using the LIA. Adjustments were made to the LIA gain to give maximum signal 

response and to the LIA time constant to eliminate the effect of high speed transient 

events. The time constants used in these experiments (0.1 to 1 second) were much 

shorter than the time constants of the gas adsorption behaviour (of the order of 

hours) being studied so no information was lost due to signal averaging effects. The 

LIA incorporates a line filter which eliminates 50Hz noise and a tracking filter which 

exhibits a fundamental (sine wave) response. The filtering passband is centred at the 

reference frequency or the second harmonic of the reference frequency, depending 

on the mode of LIA operation. This form of filtering rejected a large proportion of 

the noise passed by the Kelvin probe shielding. 

The Kelvin probe system is susceptible to mechanical vibrations arising from 

poor stability of the mounting. The requirements for the vacuum chamber changed 

as the experimental programme evolved resulting in several modifications and 

extensions of the mounting-arm. The aim is pivotted outside the vacuum chamber by 

two lubricated stainless steel pins. The relatively large mass of the probe and 

mounting arm and a lack of stiffness readily transmits external vibrations along the 

mounting arm in a lever fashion. Pivot stiffness could not be greatly increased 

without reducing the amplitude of vibration or causing galling of the stainless steel 

pins in their locating holes, which resulted in irregular vibration. 

A variety of measures were taken to reduce the effect of vibration including 

removing the rotary pumps to a remote location, optimising pivot adjustment and 

controlling movement around the apparatus. Vibration from the turbomolecular 

pumps did not affect the system principally because the resonant frequency of the 

Kelvin probe is several orders of magnitude below the operating frequency of the 

pumps. Further development of this Kelvin probe system should directed towards 

improving mechanical stability. Current designs for compact STMs, for example, 

are light - weight, small in size and have resonant frequencies of the order of MHz. 

This results in superior mechanical stability by reducing susceptibility to laboratory 

vibrations. 
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Microphonic signals are caused by the vibration of signal carrying components 

with respect to shields and other chamber hardware. In this experiment, for 

example, microphonic signals may arise from vibration of the leads in the oscillating 

mounting tube even though they are snugly fitted. A simple means of reducing the 

effect of microphonic signals is to place an earthed, conducting metal shield around 

suspect components. If this shield is stationary relative to the leads then the earthing 

will act to eliminate microphonics. 

The Kelvin probe is designed to reduce the detection of unwanted signals and 

to present a flat and plane parallel electrode surface to the sample. The probe case 

forms an earthed guard ring around the detection electrode, maintaining a plane 

parallel electric field between the probe and the sample [14]. Its function is to avoid 

fringing of the electric field at the edges of the detection electrode thereby reducing 

the detection of signals due to pick up and stray capacitance [6]. It also serves to 

shield all the other surfaces of the electrode. The probe could have been designed to 

include a driven guard, A driven guard ring is similar in form to an earthed guard 

ring; an example is shown in figure 6.9. The probe signal is fed back onto the guard 

ring, eliminating the parallel capacitance effects of the guard. As the probe displayed 

a high sensitivity a driven guard was deemed to be unnecessary. 

The effects of stray capacitance can be reduced by connecting the vibrating 

Kelvin electrode to earth and monitoring the electrical output of a stationary, guarded 

sample electrode. Connecting the chamber and the Kelvin probe to earth removes 

capacitive coupling likely to produce a signal that will affect the output [20]. 

Capacitive coupling of hardware to the vacuum chamber is another source of stray 

capacitance. The signal carrying cables and components give rise to a stray 

capacitance which is independent of the Kelvin capacitor. There are several ways of 

reducing this type of pick up signal including maximising the distance between the 

chamber walls and the detection electrode and other hardware, using earthed shields 

around noise sensitive components, and using conducting screens on the inner walls 

of the chamber which can be set at appropriate potentials [17,22,23]. 

Another source of error arises from the Kelvin electrode and the sample 

electrode not being precisely parallel. The electrodes are positioned by sight, which 

limits the accuracy of their alignment The design of the vacuum system does not 

allow the angular orientation of the Kelvin electrode to be adjusted once in position. 

The effect erf the non * parallelism is to cause different parts of the surface to 

contribute to the signal by different amounts. Non - parallelism, thus, gives a 



Figure 6.9 Kelvin probe incorporating a driven guard ring 

The probe (P) vibrates 'with respect to the sample (S). The resulting signal is 

amplified by the voltage-follower preamplifier (A), then fed to the lock-in amplifier 

(L) and also fed back onto the guard (G). 

[reprinted from ref. 25] 
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spatially weighted average of work function changes. This would become important 

if, for example, the weighting was changed by variations in parallelism or changes 

in the size of the gap. The magnitude of this effect falls off rapidly as the probe -

sample separation is increased and the weighting of the non - uniform separation 

diminishes. The problem can be minimised by selecting larger probe - sample 

separations. 

6.5.2 Setting Up the Kelvin Probe 

The method used for setting up the Kelvin probe has a significant impact on 

the level of noise detected and on the accuracy and reproducibility of work function 

measurements. Two procedures were developed for setting up the Kelvin probe 

before each experiment to obtain optimal signal quality: a standard method and a 

reduced pick - up (RPU) method. The standard method maximises the amplitude of 

the "true" Kelvin signal. Pick - up signals will be detected only if the phases of the 

true signal and pick - up signal are similar. It is assumed that pick up signals 

maintain a constant phase relationship with the true signal and will be substantially 

eliminated using phase sensitive detection and band pass filtering. The RPU method 

is designed to eliminate pick - up signals. Phase sensitive detection ensures that the 

true signal will not be completely attenuated while a constant phase relationship 

exists. The steps constituting each method are set out below. The RPU method is the 

same as the standard method with the exception of step (iii). 

(i) All equipment is switched on and allowed to stabilise for about 15 minutes; 

this includes the probe preamplifier, the oscillator which drives the probe coil, the 

autonull circuit, the LIA, the oscilloscope and the datalogger. During this period, 

communication between the computer and datalogger is established. The oscillator 

signal and probe signal are both displayed simultaneously on an oscilloscope to 

assist in probe adjustments. 

(ii) The autonull circuit output is disconnected from the sample and replaced by a 

stabilised power supply. A bias voltage of about 3 - 5Vd.c. is applied to the sample. 

The probe signal is monitored on the oscilloscope while the sample is moved up as 

close as possible to the probe (the frequency of the probe signal is twice the 

oscillator frequency). The oscillator frequency is adjusted to obtain a suitable 

resonant frequency and a stable, high amplitude probe signal. The bias voltage is 

varied to confirm that the probe signal varies simultaneously and that a true signal 

has been obtained. 
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(iii) Standard Method Initial settings for the LIA: 
second harmonic (2F) mode 

line filter and tracking filter activated 

sensitivity 1 - 3mV 

time constant 1-3 seconds 

Sensitivity and time constant are chosen to maximise signal amplitude and 

minimise signal noise and drift. The LIA phase setting is varied until the LIA d.c. 

output reads zero. The phase is then advanced by 90° to obtain maximum d.c. 

output. 

(iii) RPU Method Initial settings for the LIA: 

second harmonic (2F) mode 

line filter and tracking filter activated 

sensitivity 1 - 3mV 

time constant 1-3 seconds 

Sensitivity and time constant are chosen to maximise signal amplitude and 

minimise signal noise and drift. The LIA phase setting is varied until the LIA d.c; 

output reads zero. The phase is then advanced by 90° to obtain maximum d.c. 

output 

The Kelvin probe is carefully withdrawn from the sample, causing a decrease 

in the amplitude of the detected signal. The probe - sample separation is increased 

until the bias voltage applied to the sample has no effect on the detected signal. The 

remaining signal is due to pick - up effects alone. The LIA phase is readjusted until 

the LIA d.c. output reads zero. The probe is then advanced towards the sample, 

causing an increase in the signal detected. The d.c. output of the LIA now is wholly 

due to the true Kelvin signal. 

(iv) The stabilised power supply is disconnected from the sample and replaced by 
the output of the autonull circuit The Kelvin probe system is allowed to stabilise and 
establish a null (- 1 minute). 

(v) Adsorption experiments are performed using the computer and datalogger to 
record the dx. output of the autonull circuit as a function of time while gas dosing is 
in progress. 
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Both methods were tested during the Kelvin probe optimisation process. The 

standard method method was adopted for use as it reliably provided a stable, low 

noise probe signal. Littie interference from pick - up signals was detected after probe 

shielding had been optimised. Pick up signals which are constant with time will not 

affect measurements of changes in work function. The RPU method reduced the 

detection of spurious signals but also significantly attenuated the Kelvin signal in 

most circumstances. The phase relationship between the pick - up signal and the true 

signal was found to vary between experiments. 

6.5.3 Kelvin Probe Performance Tests 

A series of tests was undertaken to assess the performance of the Kelvin probe 

and to determine the most stable, low noise operating configuration. Many 

parameters associated with probe operation were adjusted to improve performance 

including, for example, the particular resonant frequency used to produce 

oscillation. The probe was found to have a number of resonant frequencies in the 

range of 100 - 300Hz. The settings of the LIA were also adjusted to maximise noise 

filtering while retaining signal quality. Kelvin probe resolution was determined be to 

< 500^-V for 10 second signal averages, under ideal conditions. Resolutions of 

< 300|xV were achievable using 60 second time averages. This level of performance 

was not deemed to be necessary for the current experiments. Figure 6.10 shows the 

noise levels on the output signal. 

The output signal from the Kelvin probe was frequency analysed in the range 

of 0 to 500Hz (using an HP Dynamic Signal Analyser). Figure 6.11 shows the 

power spectrum of the probe output and the ampEtudes of the various frequency 

components. The peaks marked with an arrow and " V"s represent the fundamental 

frequency of probe oscillation and its harmonics respectively. The peaks marked 

with "DF" correspond to the probe driving frequency (= 68Hz). 

Figure 6.11(a) shows the relative amplitudes of the harmonic components and 

noise components of the output signal. The probe power output at the fundamental 

frequency at resonance is three orders on magnitude greater than the next largest 

component. High signal - to - noise ratios, therefore, are achievable if the 

fundamental frequency is used. The coil/soft iron slug combination used to drive the 

probe si twice the input oscillator frequency significantly reduces the driving 

frequency component (68Hz) of the output signal. The noise component of the fully 



Figure 6.10 Output from the Kelvin probe system operating under best 

experimental conditions. The horizontal lines on the plot are separated by 500^.V. 

Noise levels are less than 500p.V with some signal drift about the mean value. The 

nulling voltage is sampled approximately 4 times per second, by the datalogger and 

averaged over 10 second time intervals. 



a 

Figure 6.11 Kelvin probe power output: (a) filtered lock-in amplifier output; (b) unfiltered lock-in amplifier output; and 

(c) unfiltered lock-in amplifier output, no driving frequency applied to the probe. The driving frequency is indicated in (a) 

and (b) by "DF". 



-121-

filtered probe output is not broadband but restricted to definite frequency ranges. 

Figure 6.11(b) shows the unfiltered LIA output. A comparison with figure 6.11(a) 

gives a measure of the effectiveness of the LIA tracking filter in reducing the level 

and range of noise components of the probe output 

Figure 6.11(c) shows the unfiltered output from the LIA when no driving 

frequency is applied to the Kelvin probe. Most of the unwanted signal components 

are independent of probe oscillation. The 50Hz mains pick up and its harmonics are 

eliminated by the line filter of the LIA in normal operation. The other pick up signals 

originate from vibrational or electromagnetic noise from equipment in the laboratory 

and the signal detection circuitry. The amplitudes of all unwanted signals are more 

than four orders of magnitude less that of the fundamental frequency. 

A number of calibration tests of Kelvin probe performance have been reported 

[22,23,25,29] which test the linearity of the Kelvin probe response and the effect of 

probe - sample separation on probe output and nulling voltage. A selection of these 

tests were performed to assess the performance of the Kelvin probe system 

constructed for these experiments. 

Figure 6.12 shows the relative probe output as a function of the voltage 

applied to the sample for a'range of probe - sample separations. The relative probe 

output is defined as the output voltage of the LIA and is proportional to the output 

voltage of the probe. The probe output is linear over the range of voltages used in 

this test for each of the probe - sample separations. Harris and Fiasson [25] carried 

out a similar calibration for a guarded Kelvin electrode and also found a linear 

relationship between the applied voltage and the probe output voltage. Significantly, 

all the calibration curves intersect at one particular point. The value of the applied 

voltage at this point represents the CPD between the surfaces. The probe - sample 

separations quoted neglect probe vibration. The vibrational amplitude of the probe 

was estimated to be about 0.1mm, increasing the actual separation by 0.05mm. 

Figure 6.13(a) shows a log - log plot of the relative probe output as a function 

of probe - sample separation. As before, the plot does not take account of the 

vibrational amplitude of the probe. Lines with slopes of -1.5 and -2 are also shown. 

Equation 6.6 requires that the probe output should fall off as the inverse square of 

the probe - sample separation. For separations in the range of 0.1 to 0.8mm, the 

change in probe output with separation is best approximated by a slope of -1.5. For 

separations approaching 1mm, a line of slope -2 can be fitted. It has been suggested 



Figure 6.12 Output response of the Kelvin probe for a range of voltages applied to 

the sample and a range of probe - sample separations. The probe response is linear 

beyond the range of measurement. The probe - sample separations quoted neglect 

probe vibration. This adds approximately 0.05mm to each of the quoted 

separations. For small closest separations (d < 0.02mm) a non - linear output 

response is expected because the probe vibration (-0.1mm) is too large to be 

considered a perturbation of the probe - sample separation. Non - linearities are not 

observed because the narrow band filter incorporated in the LIA eliminates any 

higher order effects. 



Figure 6.13ftri 
Plot of nulling voltage applied to sample as a function of probe - sample separation. 
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that the behaviour of the probe output is influenced at smaller separations by the 

probe vibration. In particular, linear variation in the change in capacitance caused by 

probe vibration is only possible if the probe - sample separation is sufficiently large 

that it can be considered constant [25]. 

Figure 6.13(b) shows the change in nulling voltage as the probe sample 

separation is increased. The nulling voltage required to maintain a null state is 

reduced as the probe - sample separation is increased to 1mm. The Kelvin method is 

a null technique and, in principle, the nulling voltage should be independent of probe 

- sample separation. In practice, the voltage required to maintain a null changes, and 

is less well determined as the separation increases. The autonull circuit follows the 

lower edge of the range of values so the nulling voltage appears to be reduced [25]. 

The experiments discussed in section 6.7 were undertaken using the minimum 

possible separation at which a stable signal could be obtained from the Kelvin probe. 

Separations found to be suitable for these experiments were estimated to be in the 

range of 0.05mm to 0.1mm. 

6.6 Experimental Method 

The Kelvin probe system described in section 6.4 was used to investigate the 

gas adsorption behaviour of amorphous hydrogenated carbon (a-C:H) films. The 

layout of the experimental apparatus is shown schematically in Chapter 5, figure 

5.2. The base pressure of the chamber was 5xl0*10 torr. 

The Kelvin probe was operated at frequencies of 130 - 150Hz and 220 -

240Hz. These ranges correspond to two of the resonant frequencies of the probe. 

The precise position of the resonance can be altered slightly be varying the stiffness 

of the pivotting feedthrough. Best results were obtained using a frequency of about 

136Hz. Driving frequencies were half these values because of the frequency 

doubling effect of the soft iron drive. The vibrational amplitude of the probe for the 

adsorption experiments was estimated to be about 0.1mm, with a mean probe -

sample separation of 0.05 - 0.1mm. 
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Signal outpi^ from the Kelvin probe was detected with a low noise 

preamplifier circuit and LIA, in combination. An autonull circuit was used to 

automatically adjust the NV applied to the sample to maintain the null state. The NV 

was recorded as a function of time and sample temperature using a computer 

controlled datalogger. The experimental error associated with the work function 

results incorporated uncertainties from electronic circuitry (~5%) and signal noise 

detected by the Kelvin probe. The resolution of the CPD measurements ranged from 

0.5 - lOmV, depending on probe set up and success with signal optimisation. This 

is equivalent to about 1 - 10% of the total change in CPD in any of the experiments 

reported. Combined experimental error is estimated to be less than 20%. 

The a-C:H films were sputter deposited onto polished, high purity copper 

substrates (Goodfellow, 99.99%) in a cylindrical magnetron sputter coater, as 

described in Chapter 2. Films with a range of thicknesses were used to investigate 

the thickness dependence of gas adsorption. Several series of gas adsorption 

experiments were carried out Adsorptives were introduced into the chamber using a 

leak valve. Films were dosed whilst being monitored with the Kelvin probe. An 

exposure at a pressure of lxlO-6 torr for 1 second is defined as 1 Langmuir (L). 

Liquid adsorbates were freeze degassed before being admitted to the main chamber 

[30]. Adsorptives used during the course of the experiments included benzene 

(99+%), water (double distilled), ultrahigh purity (99.999%) nitrogen and ultrahigh 

purity (99.99%) oxygen. A mixture of benzene and air was also used as a result of 

misadventure. The composition of this mixture was not accurately determined but 

estimated to be approximately equal parts of benzene and air. 

Experiments are described in section 6.7.2 in which the benzene adsorptives 

have differing purity. The highest adsorptive purity was achieved using a quantity of 

molecular sieve (4A type, 1.6mm pellets, Linde, Union Carbide) to adsorb any 

water remaining in the benzene. The sieve material was baked at 450K for about 70 

hours before use. In addition, the gas dosing line was baked to 450K for about 24 

hours to remove any residual contamination from previous experiments. 
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6.7 Results and Discussion 

fi.7.1 Preliminary Adsorption Studies 

A number of preliminary adsorption studies of a-C:H were undertaken to 

establish the broad parameters of adsorption behaviour. Benzene and a mixture of 

benzene and air were adsorbed onto a baked film (670K, 60 minutes). The as 

deposited film was measured to be 190nm thick before baking. A mixture of 

benzene and air was used as the result of an experimental misadventure rather than 

by design, as discussed in the previous chapter. The work function results hwe 

been included in this discussion as they demonstrate some remarkable adsorption 

behaviour and form the basis of a continuing study of the adsorption behaviour of 

a-C:H films. 

Figure 6.14(a) shows rapid and immediate changes in the work function of an 

a-C:H film resulting from dosing with a mixture of benzene and air. Previous 

adsorption studies [1,30,31] indicate that benzene adsorption on an a-C:H film 

surface under ultrahigh vacuum conditions is thermodynamically unlikely. One can, 

therefore, conclude that one or more components of air, assumed to be primarily 

nitrogen, oxygen and water vapour, are readily adsorbed by the film surface. This 

behaviour is considered in detail in the next section. 

Figure 6.14(b) shows the change in work function of a baked a-C:H film 

(670K, 60 minutes) in response to the adsorption of benzene and a mixture of 

benzene and air. Dosing the film with benzene does not produce any change in work 

function which is consistent with previous studies [30,31].This behaviour suggests 

that no benzene is adsorbed at or near the film surface. 

For exposures of less than SxlC^L, the adsorption of benzene and air appears 

to be irreversible. Partial reversibility in adsorption has been observed for exposures 

of 2xl05L (see figure 6.15). This adsorption is similar to that observed for higher 

exposures of similar films. This behaviour represents the lower limit of the 

behaviour measurable in volumetric [30] and QCM studies [31], Some hysteresis 

(irreversible adsorption) has been observed in volumetric studies at low pressures 

for both baked films (670K, 60 minutes) and films preadsorbed with air [30]. 



Figure 6.14(b1 Comparison of the effect on CPD of identical exposures of 
benzene and a mixture of benzene and air. 



Figure 6.15 Changes in the CPD in response to the adsorption of a mixture of 

benzene and air were found to be partially reversible for exposures of 2 x 105 L. No 

reversibility in adsorption behaviour was observed for exposures less than 

5 x 10* L. This behaviour is consistent with the adsorption hysteresis observed in 

higher pressure regimes. 



-125-

Work function changes of around 10 - 20mV were observed in all experiments 

i^gr the last few degrees of sample cooling following baking of the sample. This 

behaviour is consistent with the adsorption of residual gases in the vacuum system 

by the degassed sample. Identical behaviour has been observed in QCM studies of 

this film at pressures around 10"8 torr [32]. Surface production and ETC handling 

pressures are of the order of 10'7 torr and the pressure in the vacuum space of the 

ETC is of the order of 10*4 torr. It is assumed therefore that adsorption of residual 

gases in evacuated tubular collectors is unavoidable. 

The effect of adsorbed molecules on the further adsorption characteristics of 

the film is important and warrants consideration as part of the overall adsorption 

mechanism. In previous studies, tenacious adsorption of air has been observed for 

baked films (770K, 60 minutes), requiring extended baking for full removal [30]. 

The adsorption of air affects benzene adsorption causing pore blocking and a 

decrease in pore connectivity. This has implications for higher pressure adsorption 

studies [30,31] as adsorption is found to be proportional to film thickness 

suggesting that pore accessibility and connectivity are not greatly affected by film 

thickness. 

6.7.2 Work Function Response of a-C:H Films to Different Adsorptives 

A series of adsorption experiments was undertaken to identify the species 

participating in the adsorption processes discussed in the previous section. The 

adsorptives used for these experiments were nitrogen, oxygen, water and benzene. 

Figure 6.16 shows increases in CPD in response to exposure to ultrahigh 

purity nitrogen (99.999%). The changes in CPD are qualitatively similar to the 

behaviour observed for the adsorption of a mixture of benzene and air. The rate of 

change, however, is significantly smaller in this case. The inference that can be 

drawn from these data is that nitrogen adsorption may be a component of the overall 

adsorption process. The difference in the rates of change of CPD between the two 

experiments indicates that other species are also contributing to the benzene and air 

adsorption process. Increases in CPD were observed throughout the course of the 

adsorption experiments. This surface adsorption behaviour is consistent with 

nitrogen adsorption results obtained using the QCM technique. Coverages of around 

0.3 - 0.5 monolayers have been observed for nitrogen partial pressures over the 

a-C:H adsorbing surface approaching 1 atm [32]. 
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Exposure (x 104 L) 

Figure 6.16 Changes in CPD in response to the adsorption of ultrahigh purity 
nitrogen on an a-C:H film surface. Kelvin probe resolution at the time of this 
experiment had been optimised to about 1 - 2mV. Subsequent adjustments to the 
apparatus improved the resolution by a factor of two. 
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Figure 6.17(a) shows increases in CPD in response to different exposures of 

ultrahigh purity oxygen (99.99%). The changes in CPD are also qualitatively similar 

to those observed for the adsorption of a mixture of benzene and air. The rate of 

change of CPD for oxygen adsorption is considerably greater than that for nitrogen. 

Figure 6.17(b) shows the changes in CPD in response to identical exposures of 

oxygen, nitrogen and the benzene and air mixture. Oxygen is clearly the greatest 

contributor to the changes in CPD observed for the benzene and air adsorption 

process discussed above. 

The strong adsorption behaviour observed is caused by the interaction of 

oxygen with the a-C:H film surface. Adsorption temperature dependence was 

assessed by exposing an a-C:H film to equal amounts of oxygen at different 

temperatures. Figures 6.18 shows changes in CPD in response to the adsorption at 

temperatures of approximately 314K and 338K. The dose pressure in both cases 

was equal to 5 x 10-6 torr. Behaviour in each case is virtually identical which infers 

that in this temperature range the adsorption process is temperature independent. 

It is proposed that the oxygen adsorption observed is connected with the 

formation of carbon monoxide on carbon surfaces at elevated temperatures. One of 

the principal film degassing processes observed during post - deposition baking and 

annealing of these spectrally selective films involves the removal of carbonaceous 

material from surface pores in the form of carbon monoxide (CO) [33-35]. The 

degassing behaviour of as - prepared films (as shown in figure 5.1(b)) indicates that 

CO is evolved from the film from temperatures of 500K, with a peak at about 770K. 

Films baked to 770K do not evolve significant amounts of CO during subsequent 

heating below this temperature. Further, the temperature required for the formation 

of CO from the reaction of gaseous oxygen with carbidic and graphitic monolayers 

on metal substrates is reported to be of the order of 500K [36,37]. 

It is plausible, therefore, that the oxygen molecules are strongly physisorbed 

or chemisorbed to the a-C :H surface in a precursor state to the formation of CO at 

sufficiently high temperatures. The temperature required to form or release CO is 

significantly in excess of the substrate temperatures used for these experiments. 

Oxygen adsorption is thermodynamically favoured and remains unaffected by small 

increases in temperature. 



Figure 6.17(b> Changes in CPD in response to different adsorbates: a mixture 
of benzene and air; ultrahigh purity oxygen; and ultrahigh purity nitrogen. Noise 
levels on the benzene and air data arise from different Kelvin probe resolution. 
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Figure 6.18 Changes in CPD in response to the adsorption of ultrahigh purity 

oxygen at different sample temperatures (313K and 338K), The CPD response is 

almost identical, indicating that the oxygen adsorption process is temperature 

independent at these temperatures. The experimental error associated with the work 

function results incorporated uncertainties from electronic circuitry (-5%) and 

signal noise detected by the Kelvin probe (1 -10%). Combined experimental error 

is estimated to be less than 20%. 
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Figure 6.19 shows changes in CPD in response to exposure to water vapour 

(double distilled). The CPD falls rapidly in the initial stages of adsorption, then rises 

almost linearly with time, exceeding the starting value. This CPD behaviour strongly 

suggests two or more competing adsorption processes, some of which are 

apparently different in nature to those discussed above. It is proposed that the 

adsorption behaviour results from two discrete adsorption processes. The initial 

rapid fall in CPD is consistent with an adsorptive/Kelvin probe interaction. The 

subsequent steady increase in CPD corresponds to adsorption on the surface of the 

a-C:H film. This experiment extended over a period of 12 hours. 

The Kelvin electrode face is coated with a 400A layer of tin oxide. This 

material is commonly used to coat Kelvin probes to reduce or eliminate adsorption 

[4,9,17,21]. The oxide surface will not readily physisorb or chemisorb organic 

vapours or other gases such as nitrogen and oxygen. Polar molecules, such as 

water, can be physisorbed to such surfaces. The results suggest that all the surface 

adsorption sites are filled after an exposure of about 1 x 10* L. 

The a-C;H film has a composite structure and is comparatively unreactive in 

the presence of water. Dangling bonds are passivated by hydrogen incorporation in 

the film formation process. Water molecules are physisorbed to the a-C:H surface. 

The rate of adsorption is approximately linear with time but is considerably less than 

that for the adsorptive/Kelvin probe interaction. The rate of change of CPD over the 

latter stages of this experiment was constant, indicating a considerable adsorption 

capacity for water vapour. Water vapour interacts in a physically and chemically 

different way with the a-C:H film which gives rise to the unusual adsorption 

behaviour observed. 

Figure 6.20 shows the changes in CPD in response to adsorption of benzene. 

The results show adsorption behaviour which is strongly dependent on the purity of 

the benzene adsorptive. The CPD in all cases falls in a similar manner to the 

behaviour observed in response to the adsorption of water. The rate of fall in CPD is 

reduced if the partial pressure of water in the gaseous adsorptive is reduced. Figure 

6.20(a) and (b) show adsorption behaviour and corresponding mass spectral data for 

benzene adsorptives of differing purity. The rate of fall in CPD is directly 

proportional to the magnitude of the partial pressure mass channel (18), 

corresponding to water. The inference is that the changes in CPD observed are 

primarily the result of the adsorption of water. 
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Figure 6.19 Changes in CPD in response to the adsorption of double distilled 
water. It is proposed that an adsorptive/Kelvin probe interaction causes the fall in 
CPD and that a competing a-C:H adsorption process causes the steady rise in CPD. 



Figure 6.20(b) Mass spectra of the adsorptives used in the experiment 

described in figure 6.20(a) above: (i) corresponds to the lower curve and (ii) 

corresponds to the upper curve. Note the peak height of mass 18, (water), in each 

case. 
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Figure 6.20(b) shows behaviour resulting from adsorption of benzene with the 

lowest water impurity level which was attainable in the present apparatus. The initial 

rise in CPD is probably due to either the adsorption of benzene or the adsorption of 

residual oxygen and CO in the vacuum chamber. While the magnitude of this effect 

is insignificant in comparison with the major adsorption process, it does indicate a 

small amount of surface adsorption of benzene may be occurring in competition with 

the other processes. 

This behaviour was not observed in the preliminary benzene adsorption 

experiments, described in section 6.7.1, for a number of reasons. Factors affecting 

the results include purity of the adsorbates and sample preparation. The most 

significant difference, however, between the experimental conditions is the 

resolution of the Kelvin probe. The preliminary experiments were undertaken when 

the Kelvin probe system routinely had a resolution of 5 - lOmV. A continuous 

process of optimisation of the Kelvin probe was maintained during the experiments. 

As a result, the resolution of the Kelvin probe for the later experiments was less than 

500p.V. The improved resolution reveals the underlying adsorption processes, 

previously obscured by noise. 

The results of the adsorption experiments indicate that the magnitude of 

surface adsorption of benzene detected using the Kelvin probe is insignificant in 

comparison with the adsorption behaviour of other adsorbates. A probable cause of 

this behaviour is that the energy of adsorption for benzene is much greater in the film 

bulk in comparison with the film surface. Further, the surface area of the porous 

film bulk is much greater than the geometric area of the surface. Previous adsorption 

studies indicate that the geometric surface area of the film represents, at most, 1% of 

the total surface area [30]. 

The strong interaction of oxygen and water vapour with the a-C:H film surface 

has implications for the proposed gas adsorption/desorption switching mechanism. 

It has been shown in this work, in Chapter 5, and in other studies [30] that co -

adsorption of benzene and other adsorbates significantly changes the adsorption 

behaviour of the a-C:H films. The surface interactions described here may well be 

representative of the inhibitory adsorption processes taking place on the surfaces of 

the pores in the film. 
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6.7.3 Comparison of Thermal Desorption and Work Function Results 

Thermal desorption spectroscopy and work function studies provide sufficient 

information to discriminate between surface and bulk adsorption processes. TDS 

measures the amount of gas evolved from the film as a function of temperature and 

reveals the components of a desorption process which arise from binding sites with 

different energies. This amount gas evolved is proportional to adsorption capacity 

and surface area of the film. The geometric surface area of a baked a-C:H film bm 

been shown to constitute as little as 1% of the total surface area [30,31]. The bulk of 

the gas evolved in a thermal desorption experiment originates from the internal 

surface area of the film. TDS is, therefore, relatively insensitive to surface adsorbed 

species. In contrast, work function measurements are highly surface sensitive. The 

conductivity and dielectric constant of the a-C:H films used in these experiments is 

such that they act to shield the molecules adsorbed in the pores from the Kelvin 

probe. TheiHpole moments (if any) of the adsorbate molecules deep in the pores 

have no effect on the electric field at the surface and consequently, no measurable 

effect on the CPD [21], Changes in CPD originate exclusively from the effects of 

surface adsorbed species. Combining information from these two techniques 

provides an insight into the adsorption processes taking place on the porous films. 

Observed behaviour can be categorised as arising from global, surface or bulk 

adsorption processes. 

Figure 6.21(a) shows the work function behaviour of a baked a-C:H film 

(670K, 60 minutes) during the adsorption of benzene. Figure 6.21(b) shows the 

thermal desorption spectrum resulting from a subsequent temperature ramp applied 

to the film. There is no evidence for adsorption of benzene on the film surface in the 

work function behaviour. The thermal desorption spectrum, however, shows a well 

defined two peak desorption process, as discussed in chapter 5. This indicates a 

relatively complex adsorption process taking place in the film bulk. It is proposed 

that the higher and lower energy peaks correspond to microporous and mesoporous 

adsorption respectively. 

Figure 6.22(a) shows the work function behaviour of a baked a-C:H film 

(670K, 60 minutes) during the adsorption of a mixture of benzene and air. Figure 

6.22(b) shows the thermal desorption spectrum resulting from a subsequent 

temperature ramp applied to the film. The work function behaviour indicates strong 

surface adsorption of one or more of the components (shown above to be oxygen 

and nitrogen) of the adsorptive mixture. The thermal desorption spectrum for 



Figure 6.21(b) Thermal desorption spectrum resulting from sweeping sample 
temperature after the adsorption experiment shown in part (a) above. 



Figure 6.22(b) Thermal desorption spectrum resulting from sweeping sample 
temperature after the adsorption experiment shown in part (a) above. 
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benzene shows two coverage dependent peaks, centred at around 310K and 360K. 

These again are interpreted as arising from benzene adsorption at binding sites of 

different energies. The shift in centre temperature of the lower temperature peak of 

the two experiments arises in all probability from differences in experimental 

conditions. 

One can deduce that benzene adsorption occurs in pores, internal to the film 

and is not observed from the film surface. Further, reduced effects observed with 

mixtures of benzene and air-indicate that co - adsorption can inhibit the adsorption of 

benzene in the pores either by preferential adsorption or by pore blocking effects. 

Work function results indicate that oxygen and nitrogen are adsorbed on the film 

surface. Benzene, by comparison, shows no significant surface adsorption. It is 

proposed that the energy of adsorption for benzene on the surface is much less than 

that in the porous film bulk. Furthermore, it seems clear that oxygen and, to a lesser 

extent nitrogen, are much more strongly adsorbed on the a-C:H films than benzene. 

The current understanding of the structure of this type of baked a-C:H film is 

that it is a microporous absorbent, characterised by a fractally rough surface forming 

a well connected pore network extending through the entire film thickness. Electron 

microscopy shows a columnar structure with a high degree of surface roughness 

[38] and small angle X - ray scattering (SAXS) reveals a considerable microvoid 

density within the film talk with fractal characteristics [30]. The combination of 

thermal desorption and work function allow a range of discrete adsorption processes 

to be identified. 

Changes in CPD are rapid and immediate which suggests surface adsorption. 

A time delay between the introduction of adsorbate and changes in work function 

would suggest that initial adsorption occurs exclusively within the porous bulk of 

the film. In all probability, adsorption is occurring at all surfaces, regardless of 

location, but at differing rates. Irreversible adsorption and measurable adsorption of 

residual gases from the vacuum chamber at ultrahigh vacuum has been observed 

throughout the experimental programme. This is consistent with the existence of 

very high energy adsorption sites on the a-C:H film surface and pore surfaces. 
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6 • 8 Summary 

Changes in the work function of amorphous hydrogenated carbon (a-C:H) 

films in response to gas adsorption were investigated using the Kelvin method. 

Several versions of a guarded Kelvin electrode were constructed for use with 

different sized samples. A current sensitive preamplifier and automatic compensation 

circuit were designed and constructed for use with the Kelvin probe. The probe was 

electromagnetically driven using a coil and soft iron slug, in combination. The probe 

oscillated at twice the frequency applied to the coil providing significant noise 

reduction. The operation of the Kelvin probe system was optimised with 

adjustments of both mechanical and electronic components. The resolution of the 

instrument was determined to be < 500|J.V using 10 second signal averages. This 

resolution was sufficient for the gas adsorption studies undertaken as changes in 

work function were of the order of tens to hundreds of mV. 

While the Kelvin probe system in its final form performed satisfactorily for the 

purposes of these experiments, there are a number of avenues of improvement. 

Issues to be addressed include the following: 

(i) the addition of a capacitance manometer pressure sensor to the ultrahigh 

vacuum chamber used for these experiments. This will increase the range of 

measurable pressures to 102 torr - 5 x 10-10 torr and allow direct comparisons to be 

made with quartz crystal microbalance experiments; 

(ii) a better, although more complex alternative would be to combine the Kelvin 

probe, thermal desorption and quartz crystal microbalance techniques in a single 

vacuum chamber, and 

(iii) the provision of controlled sample heating and cooling. Better control over 

heating rates and the ability to cool samples below ambient temperature will 

considerably extend the scope of the existing experimental techniques and will make 

analysis of results more straightforward. 

The surface adsorption behaviour of the a-C:H films used in these experiments 

was characterised using work function measurements. It was found that exposure to 

nitrogen, oxygen and a mixture of benzene and air produced qualitatively similar 

increases in CPD. The rate of adsorption was limited by the adsorptive pressure over 
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the surface. The adsorption of water caused a complicated response in CPD 

changes. Work function measurements were characterised by an initial strong fall in 

CPD, then a steady rise in CE©* beyond the starting point. This behaviour was 

interpreted as arising from a chemisorption interaction with the Kelvin electrode and 

a competing physisorption interaction with the a-C:H film. 

The adsorption of benzene caused a decrease in CPD. It was shown, however, 

that the quantity of water present in the benzene adsorptive was directly proportional 

to the downward rate of change of the CPD. This corresponds to bonding of the 

polar water molecules to the oxide face of the Kelvin electrode. The relatively small 

partial pressure of water ensures that the adsorptive/Kelvin probe interaction 

dominates over the time scale of the experiment. The competing physisorption 

process is taking place at a much slower rate and is not observed. Highest purity 

benzene caused an initial, small rise in CPD. This was followed by a downward 

movement, characteristic of an adsorptive/Kelvin probe interaction. The small rise in 

CPD observed may originate from the adsorption benzene or possibly residual gases 

in the vacuum system. In any case, the magnitude of the effect is insignificant in 

comparison with CPD changes caused by oxygen adsorption. 

The main purpose of these experiments was to confirm that adsorption of 

benzene on these a-C:H films occurred primarily in the film bulk. The thermal 

desorption and work function results clearly show this to be the case. A comparison 

of work function and thermal desorption studies shows the complementary nature of 

the analytical techniques and the different depths of analysis. The Kelvin probe 

readily detects surface adsorbed gases but is unable to detect benzene located in the 

film pores. No compelling evidence for the surface adsorption of benzene was 

obtained. In contrast, a well defined benzene desorption process has been observed 

using thermal desorption spectroscopy. The two discrete peaks observed in the 

spectra have been attributed to desorption from mesoporous sites and a range of 

microporous sites. The intensity of the thermal desorption peaks was observed to be 

impaired by preadsorption and the co - adsorption of contaminant gases such as air. 
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CHAPTER 7 

Conclusions 

The research discussed in this thesis is directed towards improving the 

understanding of the physical processes which determine the operation of 

temperature limited evacuated tubular collectors. It was previously established that 

the apparent area for adsorption was much greater than the geometric area, but the 

nature of the film morphology had not been elucidated. A principal motivation for 

the current study was to seek experimental evidence, through measurements of 

changes in work function, that the dominant adsorption mechanism, indeed, occurs 

in the body of the film rather than on the film surface. 

This study has proceeded in parallel with two other investigations of gas 

adsorption; one using a volumetric technique and the other a quartz crystal 

microbalance. This study is part of a very broad basic and applied research 

programme with the goal of better understanding the physics of the thermal switch 

process in gas - loaded evacuated tubular collectors. In addition to surface potential 

measurements, the thermally stimulated desorption experiments were undertaken 

which aimed to obtain information on adsorption energetics from a different 

perspective and in a much lower pressure regime than had previously been studied. 

The film composition work sought to build on earlier research by S. Craig and G.L 

Harding and to seek more details about internal elemental distribution in the 

materials. The justification for this line of research was that the spatial relationship 

between the adsorbate and the constituents of the film, principally carbon and 

metals, could have an influence on the adsorption characteristics. As it turned out, 

much more was learned about the degradation modes in the film than about 

adsorption properties in this part of the study. 

The main aspects of the gas adsorption behaviour of amorphous hydrogenated 

carbon films and their relationship to temperature limited ETCs are now understood. 

This information has been used to identify the key design parameters for a gas 

adsorption/desorption thermal switch in evacuated tubular collectors. A series of 

prototype switching collectors is currently under construction and testing. Collectors 

have been constructed which show non - Swear heat loss characteristics. The 
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stagnation temperature of the test models has been reduced to around 370K. The 

abruptness of the thermal switching action can be altered by varying the adsorption 

capacity of the film or by employing different desorbable gases. Field testing of 

temperature limited ETCs will reveal how readily small scale experimental 

investigations of thermal switching behaviour can be applied to a commercial 

product. Similarly, an opportunity exists for comparing computer modelling of 

ETCs with experimental data gathered over extended periods of field testing. 

Additional technological problems must be addressed after satisfactory designs 

for commercially produced temperature limited ETCs have been established. A major 

issue is establishing a satisfactory level of uniformity in ETC performance with the 

use of reproducible manufacturing techniques and good quality control. Adsorbate 

purity had already been identified as a crucial factor in this area [1] at the 

commencement of this study. This was further confirmed in this work. Changes in 

the structure of the spectrally selective film also have a significant impact on the 

lifetime of temperature limited ETCs. 

Considerable evidence has been revealed by this study and quartz crystal 

microbalance experiments [2,3] for the existence of very high energy adsorption 

sites on the surface of the film and in the pores. Behaviour attributed to adsorption 

of residual gases in the vacuum chamber has been observed at pressures below 

1 x 10"9 torr. A reliable thermal switch mechanism requires the use of high purity 

adsorbates to minimise changes in adsorption capacity with time. Since the pressure 

regime in which the thermal switch operates is of the order of 10_1 - 10"4 torr these 

effects will not directly influence the practical performance of the 

adsorption/desorption system. It has been observed [3] that film, adsorption capacity 

is reduced by this (irreversible) adsorption of contaminant gases. 

As stated, the purpose of this study was to investigate aspects of film 

behaviour associated with the operation of the thermal switch mechanism. The 

findings of the study encompass a range of scientific as well as practical aspects of 

the mechanism. Gas adsorption studies have consistently shown that the spectrally 

selective films and amorphous hydrogenated carbon (a-C:H) films have a 

microporous structure which adsorbs gases via a physisorption process [1]. The 

thermal desorption studies reported in Chapter 5 show benzene adsorption which is 

consistent with the prior work. Two binding states can be identified, the ratio of the 

intensities of which is dependent on exposure. There is not, as yet, any evidence 
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linking these observations to specific aspects of the adsorption behaviour observed 

using the quartz crystal microbalance. 

Changes in the contact potential difference (CPD) between a-C:H films and a 

Kelvin probe provided a means of investigating changes in the surface state of the 

films in response to gas adsorption. The Kelvin probe senses changes in work 

function and is highly surface sensitive. In this way the effects of surface and bulk 

adsorption can be studied independently. The work function studies produced some 

unexpected results. Little evidence was obtained for adsorption of benzene on the 

outer surface which was consistent with the current understanding of the 

benzene/a-C:H adsorption system. Large changes, however, were observed in 

response to the adsorption of oxygen, air and, to a lesser extent, nitrogen. Quartz 

crystal microbalance studies [3] also show strong oxygen physisorption or 

chemisorption on a-C:H films. 

The Kelvin (reference) electrode used in this study was coated with a layer of 

tin oxide to minimise adsorption. The adsorption of water produced significant 

changes in CPD which may indicate an adsorbate/probe interaction. It is proposed 

that the polar water molecules are adsorbed on the oxide surface of the probe as part 

of a complex adsorption process. There is no evidence that the oxide surface adsorbs 

benzene, oxygen or nitrogen. 

It is proposed that the changes in work function observed in response to gas 

adsorption are associated with physisorption at very high energy surface sites. 

Oxygen induces the largest changes in work function, possibly in the formation of a 

precursor state in the production of oxidised carbon species. The latter is one of the 

largest gaseous outgassing products observed in the film annealing process. At 

ambient temperatures insufficient energy is available to overcome the activation 

energy for this process. 

Several degradation mechanisms were investigated in this study including 

progressive thinning of the carbon surface layers of spectrally selective films 

deposited on certain metal substrates and the removal of contaminants introduced 

during deposition, such as argon and nitrogen, by post - deposition annealing. If the 

pore structure of the film changes over time in response to thermal cycling or other 

influences then significant changes in gas adsorption behaviour can be expected. 

Some specific aspects of the composition and structural behaviour of spectrally 

selective films obtained is this study are set out below. 



-139-

(i) Major elemental surface constituents of the spectrally selective film are 

carbon and oxygen. Nitrogen and argon, implanted during the deposition process, 

are also observed. Films aged in air for several months also have copper present at 

the film surface in some instances. 

(ii) Thermal annealing of spectrally selective films (670K, 60 minutes) 

produces a range of significant changes in film structure. The intensity of oxygen 

photoelectron emission is reduced implying a reduction in the oxygen content in the 

film as a result of outgassing, in the form of CO and H2O. The intensities of the 

copper, argon and nitrogen signals are also reduced. 

(iii) The layer profile of films deposited on borosilicate glass substrates is 

virtually unaffected by the annealing process. The films deposited on metal 

substrates, in particular those containing oxygen, undergo major structural changes 

in response to baking. The carbon surface layer of the film is reduced in thickness 

and carbon in other layers is observed to diffuse into neighbouring stainless steel 

regions. Copper layers in the film structure apparendy act as diffusion barriers. 

There are a number of areas in which more research is required in the context 

of the thermal switch/gas adsorption project. Film deposition and characterisation 

needs to be more rigorously undertaken, particularly in the light of the surface 

analysis results discussed in Chapters 3 and 4. A conceptual link must be forged 

between the higher dose pressure quartz crystal oscillator studies [2,3] and 

volumetric adsorption studies [1] and the lower dose pressure surface studies 

described herein. 

The thermal desorption and work function experiments were concentrated on 

the interaction of benzene with a particular type of a-C:H film and spectrally selective 

film. This course of action is specifically directed at characterising the thermal switch 

mechanism discussed in this thesis. There is considerable scope for extending the 

investigation to cover a variety of types of amorphous carbon and a variety of gases. 

The role of oxygen in determining film structure and the modes of film degradation 

is of particular interest- A generalised approach will greatly improve the 

understanding of amorphous carbon behaviour. The thermal desorption and work 

function techniques can both be improved with the implementation of pressure 

gauges which extend the accessible pressure range. This development may provide 

more favourable conditions for studying benzene adsorption using work function 
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techniques. In addition, there is no barrier to devising an experimental system which 

incorporates both QCM and work function techniques. 

Another important area to be addressed when integrating experimental results 

from the range of techniques now available in the laboratory is the problem of 

standardising experimental conditions. Although superficially a straightforward 

problem, differences in experimental conditions caused by instrumental effects can 

significantly change adsorption behaviour. Two examples are standardisation of 

annealing conditions and recognition of the effect of prior experiments on a given 

sample. 

In conclusion, the work presented in this thesis has significantly advanced the 

understanding of the gas adsorption behaviour of these a-C:H films. As part of a 

broader programme of research on evacuated tubular collectors this work has 

provided several unique and some complementary insights into the important 

physical mechanisms which determine the characteristics of the system. 
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EMENDATIONS 

Chapter 2. g 2.6.2, p22 
It should be noted that Type I isotherms can also represent monolayer adsorption on non - porous 
surfaces. 

Chapter 2, S 2.6.3. p26 
Studies of the benzene/a-C:H system in this laboratory have been restricted to the use of volumetric 
and quartz crystal microbalance (QCM) techniques. Gravimetric measurements of gas adsorption can 
also be made using quartz spring systems and fine mechanical microbalances (a CAHN balance, for 
example). 

Chapter 3, S &&1, p45. figures 3.8 & 3.9 
The X-ray photoelectron spectra shown in figures 3.8 and 3.9 were obtained consecutively from the 
same sample. Apparent differences in peak structure arise from scaling differences between the two 
figures. 

Chapter 3, S 3.6.1, p46 
Samples were analysed freshly prepared, thermally treated and stored in air for 4 months so that film 
stability could be tested under a variety of conditions. Film stability is a key requirement for 
commercially produced spectrally selective films to achieve a lifetime of 20 years. 

Chapter 3, g 3.6.1, p47, figure 3.11 
Secondary ion mass spectroscopy (SIMS) analyses of the surface of the spectrally selective film are 
included to complement accompanying X-ray photoelectron spectra. In particular, SIMS qualitatively 
identifies surface constituents, including trace contaminants which can not be detected using XPS. 
The data presented show a range of CH fragments arising from the a-C:H material, metal ions (Fe, Ni, 
Cr, Cu) originating from deeper film layers and trace contaminant ions (K, Ca, Mg, CI etc). 

Chapter 4.S 4.1, p55 
The spectrally selective films studied in this work are composed of a graded stainless steel/a-C:H 
layer which has been optimised for maximum optical absorptance in the visible region of the 
spectrum and a copper layer which has a low thermal (infrared) emittance. The properties of these 
component parts of the film were developed to provide optimal optical properties; the gas adsorption 
properties of the system were not considered during development. While a textured/porous film has 
advantages for reducing reflection etc, any relationship to satisfactory gas adsorption behaviour is 
purely coincidental. It is this coincidence that has been exploited to incorporate a thermal gas switch 
in evacuated tubular collectors without the need for reoptimisation of the optical properties of the 
specrally selective film. 

Chapter 5,6 5.7.1. p88. figure 5.7 
The two coverage dependent peaks referred to are very intense, narrow peak centred at 
approximately 322 K and a broader peak with an assymetric shape centred at approximately 332 K. 

Chapter 5. S 5.7.1, p90 
The total error for the energy calculation was estimated to be ± 15 %. A more appropriate way of 
presenting the energy data would have been to include an error equivalent to ± 15 % in each of the 
values. The energy values quoted in Tables 5.1 and 5.2 represent the centre values in a ± 15 % band of 
values. 

The reader should note that the relationship between the adsorption behaviour investigated in this 
study and behaviour previously observed and the nature of the underlying binding processes is 
discussed at a later point of the thesis (pp92 - 96). 



Chapter 5. S 5.73, p93 
The data of S. CShea is presented in figure 5.13 to summarise the experimental work and theoretical 
predictions of benzene adsorption behaviour on these a-C:H films. These studies are limited (as 
explained earlier in the thesis) by experimental constraints such as the ability to measure low 
pressures accurately and the affect of co-adsorption of contaminants at adsorptive partial pressures 
approaching the base pressure of the experimental vessel and over long periods of time. It can be seen 
that these factors cause the experimental and theoretical values to diverge at low relative pressures. 
The experiments discussed in this thesis use techniques which remove some of these limitations. The 
pressure regime used corresponds to the left hand edge of the data shown in figure 5.13. The energy 
values deduced using Redhead analysis from thermal desorption data should therefore fall in the 
range of 85 - 95 kj moH, which is indeed the case. 

Chapter 5,S 5.7.3. p94 
Peak energies are shifted to higher values as film thickness is increased. All films were subjected to 
the same preparation conditions and post depostion treatments. It is acknowledged that there will be 
unavoidable minor differences introduced due to the nature of the preparation process. As film 
thickness is increased the mean energy required to eject adsorbed material is also increased. It is 
believed that peak energy shifts are caused principally by the time dependence of diffusion processes 
between deeply buried pores and the film surface. Previous studies suggest that the structure of these 
films is approaching the percolation threshold which would further increase the effect of film 
thickness. 

Chapter 6. g 6.1.1. pi 01 
The terms "surface" and "bulk" are used in the context of the textured, porous film used in this study. 
Changes in work function measured using the Kelvin probe reflect the behaviour of the outermost 
layers of the film, that is, those film and adsorbate atoms close enough to the gap between the Kelvin 
probe and the film to influence the electric field in that gap. The film "surface" is therefore composed 
of those atoms which influence changes in work function as measured by the Kelvin probe. The film 
"bulk" (or more correctly, the "subsurface") is composed of the remaining surfaces accessible to 
adsorptives. 

Chapter 6.5 6.7.1, p!24 
The adsorption of benzene on a-C:H at ultrahigh vacuum (or even at dose pressures of - 10"° ton*) has 
been shown in previous studies to be very limited in comparison with higher pressure adsorption. In 
this study no changes in work function were observed in response to benzene adsorption which were 
not found to be directly related to the purity of the adsorptive (in particular the concentration of 
water in the benzene) The work function responses observed with the purest benzene prepared were 
very small in comparison to work functin responses observed for adsorptives such as oxygen, 
nitrogen and water. On the basis of previous experimental results and calculations and all results 
taken in this study it was concluded that benzene adsorption on the film surface accessible to the 
Kelvin probe was too small to be measured. 

Chapter 6.S 6.7.2. p!28 
The energy of adsorptionof benzene in this microporous system is enhanced in the micropores for 
several reasons. Previous studies have shown that the total surface area of these a-C:H films is 
composed of 65% very narrow, slit - like micropores (width < 7k) and approximately 20% wider 
micropores (7A < width < 20A) and approximately 15% mesopores and external surface, (see Chapter 
2, p27). The dimensions of the very narrow, slit - like micropores are approaching the dimensions of 
the adsorbate. Energy of adsorption of a benzene molecule in a slit - like pore of similar dimensions is 
enhanced by as much as a factor of two by the influence of the closely spaced pore walls. In larger 
pores an adsorbate contact angle can be defined and capillary condensation effects come into effect. 
Vapour pressures are reduced as indicated by the Kelvin equation and as a result adsorption energies 
ap^lncreased. 
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