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Abstract 

The corrosion chemistry of two active-metal systems 

have been studied primarily with X-ray Photoelectron 

Spectroscopy. First, the interaction of metallic lithium 

thin films with simple glass surfaces was investigated. Li 

was deposited on Si02, sodium silicate, potassium silicate, 

and B203 glasses in an ultra-high vacuum deposition and 

analysis chamber. The reaction of Li with Si02 results in 

substantial reduction of the glass matrix to form a thin 

product layer. A negatively-charged Si species was 

identified based on an unusually low XPS Si(2p) binding 

energy. The interaction of Li with alkali silicate glasses 

resulted in substantially less matrix breakdown than for 

Si02, but exchange of lithium for either sodium or 

potassium cations occured at the Li/g1ass interfac~. The 

reaction between Li and B203 was limited to the top layers 

of the glass, as a passivating layer formed at the Li/B203 

interface. 

Investigations into the oxidation of po1ycrysta11ine 

iron surfaces were initiated. Clean surfaces were exposed 

to controlled amounts of pure oxygen gas. The resulting 

oxide composition and thickness was determined using 

ultraviolet photoelectron spectroscopy (UPS), electron 

energy loss spectroscopy (EELS), and XPS. The results 

indicated the formation of a bilayer structure, with FeO 

18 



near the oxide-metal interface, and Fe304 at the outer 

surface. Film growth was approximately logarithmic with 

time, and was strongly pressure dependent. Studies of the 

electronic properties of the characterized iron oxide 

surfaces were conducted by measuring the rate of electron 

transfer between the surface and redox-active species in an 

electrochemical cell. A strong dependence on film 

thickness was indicated. 

Photoemission of electrons from a solid is an 

inherently complex process; this is especially the case for 

XPS of clean and oxide-covered active metals. Improved 

theoretical models of XPS li~eshapes were developed which 

provided new insight into the physical processes involved 

in photoemission. Additionally, these models provided 

improved qualitative and quantitative data interpretation 

through the use of least-squares fitting techniques. 
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~NTRODUCTION 

CORROSION AND PASSIVATION AT INTERFACES 

Corrosion is the thermodynamically spontaneous 

degradation of a material upon prolonged exposure to a 

specific set of ambient conditions. The most familiar 

example of corrosion is the formation of rust on iron 

surfaces in a humid environment. The importance of 

understanding the chemistry of corrosion processes is 

clear. It has been estimated that corrosion costs the 

United States $200 billion annually [1]. There are two 

basic approaches for elimination of corrosion. The first 

is to replace the reactive material with one which is 

thermodynamically stable under the given conditions. Due 

to other considerations such as strength, wear, electrical 

properties, and cost, this is often not practical. The 

second approach is to passivate the surface toward the 

hostile environment, typically by the deposition or 

formation of a film on the surface of the material which ' 

prevents or slows the otherwise spontaneous reaction. 

The two chemical problems of interest in this 

dissertation are: 1) the corrosive degradation of glass 

insulators in the Li/S02 primary battery, and 2) corrosive 

oxidation of iron surfaces. Although thesp. two phenomena 
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appear to have little in common other than a favorable free 

energy change for the corrosion reaction, they can both be 

represented as discharging galvanic cells, as shown in 

Figure 1.1. In the lithium battery, corrosion occurs 

initially at a glass-to-meta1 (GTM) seal between the metal 

battery cannister and a glass header (insulator) used to 

hold the center cathode pin in position. In the corrosion 

cycle, an electron is transported from Li anode through the 

metal can (at the Li O potential) to the GTM seal. Li+, 

liberated into solution through a passivating layer on the 

anode surface, is transported through solution to the GTM 

seal where it forms part of the corrosion product. The 

actual battery geometry is somewhat different, but this is 

a good representation of the actual process. 

An iron surface in solution, or in a moist environment, 

can also act as a discharging cell. Under these 

conditions, the metal surface will likely be covered by a 

thin oxide layer which can, in some situations, protect the 

metal from further tarnishing. It is likely that the oxide 

film is not perfectly homogeneous; for example pits or 

occlusions are believed to be formed under a number of 

condi tions [2]. Sites can thus be provided for direct 

dissolution of iron metal into solution via half reaction 

(1.1): 
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Fe --> Fe 2+(solution) + 2e- 1.1 

For this reaction to proceed, it must be coupled to an 

electronation (reduction) process. It is supported in this 

case by the reduction of Fe 3+ within the outer oxide film: 

Fe 3+(oxide) + e- --> Fe 2+(solution) 1.2 

Tho overall energetics for this process are often 

favorable, provided that a sufficiently conductive (ionic) 

pathway between the dissolution and electronation sites 

exists. Although corrosion currents of the type shown in 

Figure 1.1 are believed to be significant, they have as of 

yet not been directly measured. 

Fundamental Studies of Corrosion Processes 

There are different approaches that can be taken in 

studying corrosion chemistry. For direct correlation 

between experiment and reality, in situ studies are 

desired. Such attempts usually only reveal the complexity 

of the situation, however, and the problem of obtaining 

molecular information from the top few layers (lOOA) of a 

corroding surface in situ remains formidable. An 

alternative is to provide an environment in which possibly 

relevant reactions can be studied with surface specific 
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analytical techniques; this was the approach taken in this 

work. Surface electron spectroscopy was used to monitor 

the chemical state changes occuring at well-characterized 

surfaces, in UHV, following controlled exposure to a 

corrosive environment. Defined later in this chapter are 

the specific chemical problems to be addressed in Chapters 

6-8. Described below is an additional focus of this work, 

the development of data reduction methodologies necessary 

to obtain useful information from the surface spectroscopic 

techniques used. 

XPS Lineshape Modeling and Data Reduction 

Success in performing the experiment does not guarantee 

that meaningful information will be obtained. 

Interpretation of surface photoelectron spectra, for even a 

simple system, is hindered by the complex nature of the 

surface photoemission process. Comparison of model XPS 

1ineshapes generated using theoretical functions can 

further current understanding of photoemission from solids. 

These model 1ineshapes can also be used to develop improved 

XPS data analysis procedures. 

As will be shown ill this work, desirable goals of XPS 

data reduction include 1) isolation of the primary (direct) 

spectrum from the background of inelastically scattered 

electrons (or other spectral abberations), and 2) accurate 
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lineshape analysis to obtain information not visually 

apparent. The latter of these can include spectral 

debroadening. Two useful data analysis techniques are 

discussed in Chapters 4 and 5: deconvolution and least

squares curve fitting. The majority of discussion deals 

with the latter of these, as this represents the most 

important contribution of this work towards accurate XPS 

data analysis. In the development of data reduction 

routines, it was necessary to develop a constructive 

approach towards lineshape modeling. In Chapter 3, this 

approach to basic XPS lineshape theory is described. 

INSULATOR CORROSION IN LITHIUM BATTERIES 

The need for lightweight and portable power sources has 

spurred the development of various lithium batteries which 

take advantage of the high electrochemical potential of 

lithium as well as its low weight. Unfortunately, 

containment of lithium over long periods of time is 

difficult due to its reactivity with both metallic and 

insulating materials [3]. This reactivity results in 

either the loss of energy capacity (short-circuiting of the 

battery) or in breakdown of the battery container. While 

it is possible (and usually practical) to empirically 
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develop new battery components that are more resistant to 

reductive degradation by lithium, it is important for 

future technological applications of lithium to develop a 

comp~ete understanding of the chemical processes present in 

the corrosion phenomenon. 

The specific lithium battery system of interest here is 

a Li/S02 primary cell, shown in Figure 1.2. Lithium is 

oxidized to yield Li+, and S02 (dissolved in 

LiCl/acetonitrile solution at 3 atm.) is reduced to form 

lithium dithionite (Li2S204), which precipitates out of 

solution. Two types of insulators are present in the 

battery. The first, a glass or polymer separator, 

insulates the lithium anode from the cathode collector, 

whereas the second, a glass header, separates the battery 

cannister (which is in direct contact with the Li anode) 

from the center cathode pin. Corrosion of both types of 

insulators, resulting from the presence of lithium metal, 

has been observed after extended periods of time [4], but 

degradation of the glass headers is a more severe problem. 

The battery header is a glass disk with a hole in the 

center to accomodate the cathode pin. The outer rim of the 

header is attached to the battery cannister with a glass

to-metal (GTM) seal. It is at this point at which a 

corrosion process is initiated. A corrosion product 

consisting of metallic lithium and reduced glass components 
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forms, and the reaction front eventually spreads to the 

cathode pin. As the corrosion product is conductive, the 

battery is short-circuited at this point. 

Bunker et al. [5] have modeled the corrosion process by 

placing the edges of a header in electrical contact with 

lithium metal and sealing it in a glass ampule. Corrosion 

rates were monitored visually as a function of temperature, 

glass composition, solvent, and electrolyte. For the 

Li/S02/CH3CN system, glasses with high Si02 content were 

found to corrode most rapidly. Glasses with high borate 

(B203) content were found to be somewhat resistant to 

corrosion in the simulated battery environment. These 

results correlated well with those obtained by immersing 

fractured glass surfaces in molten lithium [6]. 

Two questions as to the nature of this corrosion 

process remain to be answered. The first of these is the 

actual mechanism of lithium deposition into or onto the 

glass. SIMS analysis [7] has indicated that the product 

layer that forms consists of predominantly Li metal with 

lesser amounts of glass components and sulfur. The correct 

corrosion mechanism must account for this observation as 

well as other characteristics of the actual battery system. 

A more fundamental question, one which will be addressed in 

Chapter 6 of this work, deals with the specific surface 

chemistry of atomic (submonolayer) or metallic (multilayer) 
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lithium films in contact with clean glass surfaces. 

Two mechanisms for the corrosion process have been 

proposed for corrosion in the battery environment. The 

first of these is the direct reduction/electrochemical 

alloying model presented by Skarstad et a1. [8]. Since the 

glass-to-meta1 seal is at the lithium potential with 

respect to the cathode, direct reduction of the glass 

matrix is possible. The diffusion of Li+ from solution 

into the glass forms the final reaction product. For 

propogation of the reaction front across the glass to the 

cathode, it is necessary for the reaction product to be 

somewhat conductive. Since the corrosion currents are 

fairly small, however, this should not be a significant 

problem. 

A second mechanism, proposed by Bunker et a1. [9], 

involves underpotentia1 deposition (UPD) of lithium onto 

the glass surface near the GTM seal followed by direct 

reaction with the glass. As the corrosion product grows, 

UPD on new regions of the glass surface becomes feasible, 
~ 

thus allowing for exhaustive reaction. Lithium deposits on 

the glass preferentially to the battery cannister due to 

favorable surface interaction (bonding) with the glass. 

Both of these models have their limitations in 

explaining actual observations. Neither can account for 

the large concentration of lithium in the reacted layer. 



With respect to the direct reduction model, the reduction 

of S02 at the battery canister would be expected to 

predominate over glass reduction. In the UPD mechanism, 

reaction of the deposited Li with S02 is expected to 

compete with the Li/glass reaction, possibly forming an 

insulating layer on the surface. Regardless of the actual 

mechanism, however, is is likely that the reaction product 

formed would be similar. 

Lithium/Glass Interaction 

The interaction of zero-valent lithium with a simple 

glass surface, Si02, is a subject of considerable 

conjecture [3) but little definitive research. This is due 

in part to the difficulty in producing and maintaining 

clean lithium surfaces and in part due to the fact that the 

experimental methodology for this type of study has only 

been available for a limited number of years. It has long 

been assumed that the Li/Si02 interaction results in 

complete reduction of the glass to form elemental silicon 

via reaction 1.3), 

1.3 

which is energetically favorable (8G--79 kcal/mol). For 

the interaction between lithium and B203, another simple 
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network former, a similar reaction yields a ~G of -81 

kca1/mo1. 

It has been suggested [7] that other reaction products 

for these reactions are possible, however. The reaction 

between Si02 and Li20 can yield a variety of products, for 

example: 

~G for reaction 4 is -42 kca1/mo1. In addition, Li can 

spontaneously react with Si to form Li-Si alloys with a 

variety of compositions. It has thus been proposed that 

the reaction product is composed of a mixture of suboxides 

of silicon and LixSi. Thermodynamic considerations can 

only be used to predict what might form; the overall extent 

of reaction might be limited by diffusional processes. 

Experimental Approach 

Bunker et a1. [7] conclude that the UPD mechanism more 

accurately accounts for the observed corrosion behavior 

than does the direct reduction mechanism. As the UPD 

mechanism is dependent on the reactivity of deposited 

lithium with the glass surface, it was decided to 

investigate the reactivity of UHV-deposited Li metal with a 

variety of clean, simple glass surfaces. The surface 
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reactions were monitored using x-ray photoelectron 

spectroscopy, due to the surface specificity of the 

technique and the ability to ascertain chemical state 

changes for the elements which comprise simple glass 

structures. The results of these investigations, presented 

in Chapter 6 of this dissertation, are broad in scope in 

that they can be applied to other systems of technological 

interest, such as the containment of molten alkali metals. 

OXIDATION PROCESSES ON IRON SURFACES 

The oxidation of a clean iron surface is of obvious 

interest with respect to corrosion prevention, but 

information obtained from this research is of technological 

importance for additional reasons. When exposed to oxygen 

under a variety of conditions, iron can form several 

oxides. These include FeO (usually iron deficient), Fe304, 

and Fe203 (the latter two are usually oxygen deficient). 

Each of these has several applications in catalysis, 

magnetic media for data storage, and ceramics and glass 

manufacturing [10]. Studies of the properties of thin 

films of iron oxides are useful in developing a thorough 

understanding of the chemical processes underlying these 

technologies. 
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Electrochemical Corrosion and Passivation 

Under dry oxidation conditions, metals often form a 

protective oxide layer of lO-lOoA. The presence of this 

layer prevents any further degradation of the metal. Such 

conditions rarely exist in practical application, however. 

Iron oxide films formed in a moist atmosphere usually have 

poor adhesion to the metal; hence they flake off easily, 

exposing additional metal. Provided enough water is in 

contact with the surface, a discharging electrochemical 

cell may be set up, as described earlier. Under these same 

conditions, however, it is possible to slow the corrosion 

process by taking advantage of the electrochemical 

characteristics of iron and other metals. Thus, the 

electrochemical behavior of iron is an exhaustively studied 

problem [11-16]. 

Iron can be passivated by either anodic or cathodic 

biasing of the surface vs. a counter electrode (also in 

contact with the surrounding media) [11]. Cathodic 

passivation is accomplished by the application of a 

negative bias potential to the metal. This is an example 

of thermodynamic passivation of the material, as the 

formation of oxide becomes energetically unfavorable. 

Unfortunately, potentials necessary to cathodically 

passivate a metal surface often facilitate the reduction of 
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water to form hydrogen. The incorporation of hydrogen can, 

as in the case of iron, cause embrittlement resulting in 

structural weakening. An alternate method of cathodic 

polarization is the use of a sacrificial anode (usually 

zinc) in contact with the surface to be passivated. 

Cathodic passivation is most succesfully applied in 

cases where the material to be passivated is in constant 

contact with moisture. A classic example of this is in 

buried portions of the Alaska oil pipeline. A prerequisite 

for the useful application of CP is good ionic conductivity 

from the counter electrode to the protected metal. For 

this reason, the use of this method for the reduction 

corrosion in automobile bodies has been unsuccessful; only 

sections of the metal in close proximity to the counter 

electrode (or a zinc sacrificial anode) are afforded any 

protection [12]. 

Anodic Passivation 

Many metals are passivated towards dissolution by the 

application of a positive potential to the surface [11,13]. 

As the applied potential to an iron surface in neutral 

solution is stepped to increasingly positive values, there 

is initially considerable current flow resulting from 

dissolution of Fe 2+ into solution. At higher potentials, a 

protective oxide begins to form on the surface. At still 
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higher potentials, only a small residual current remains. 

This passivation current, smaller than is obtainable using 

cathodic polarization due to hydrogen evolution, results 

from dissolution of regrowth of oxide. The thickness of 

the passive layer is a linear function of the passivation 

potential. 

The presence of certain electrolytes, most notably 

chlorine, can inhibit anodic passivation by causing pitting 

through the oxide. Large concentrations of Fe3+ also 

reduce the tendency for passivation. Current research [14-

16] into anodic passivation is directed towards 

understanding the composition of the passive film as well 

as environmental conditions which inhibit the effect. 

Formation and Electron Transfer Properties of Iron Oxides 

Fundamental to the understanding of corrosion and 

passivation processes of iron is an understanding of the 

basic dry, low temperature oxidation of clean iron in a 

controlled environment [17]. Additionally, the electronic 

and chemical properties of the oxide formed are important 

in determining further reactivity of the oxide, indicating 

enhanced or possibly diminished passivation. Presented in 

Chapter 7 are investigations into the room-temperature 

oxidation, from 02 exposure, of clean, polycrystalline iron 

surfaces. In Chapter 8, preliminary investigations into 
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the electron transfer properties of these oxide films are 

detailed. Measurements were made of the kinetics of 

electron transfer between these surfaces and a redox 

species in a non-aqueous solution. These studies can 

possibly yield additional insight into the growth and 

structure of thin oxide films on iron. 

36 



2. EXPERIMENTAL TECHNIQUES 

SURFACE ELECTRON SPECTROSCOPY 

All electron spectroscopic experiments were performed 

using a Vacuum Generators MKII Electron Spectrometer. The 

x-ray, ultraviolet, and electron beam sources used for 

these experiments were attached to an Ultra-high Vacuum 

chamber pumped with turbomolecular, ion, and titanium 

sublimation pumps. Base pressures during analysis were in 

the 10- 10 to 10- 11 torr range. Routine sample introduction 

was accomplished by means of magnetically-coupled sample 

transfer through a series of two attached chambers, each 

separately pumped. The latter of these was fitted with a 

viton-sealed fast entry lock. Additional procedures for 

sample introduction will be described later. 

Electron energies and fluxes were measured using an 

electrostatic hemispherical analyzer operated in constant 

analyzer energy mode (CAE). This mode of collection 

results in uniform resolution across the spectral window. 

Electrons emitted from the sample stage at the center of 

the analysis chamber were first focused through an 

electrostatic lens system upon the entrance slit of the 

analyzer. A variable retarding voltage imposed at the 

entrance slit maintained a constant kinetic energy for 
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electrons which pass into the analyzer. The pass energy 

for the majority of these experiments was set at 50 eV. 

The electron kinetic energy range is then scanned by 

ramping the bias at the entrance slit. 

Electrons passed between the concentric hemispheres of 

the analyzer were detected using a channeltron multiplier 

in pulse counting mode. Spectrometer control was 

accomplished using a digital interface and computer 

software routine, both of which were developed at the 

University of Arizona [18]. The computer used for the data 

collection and subsequent reduction was a Digital Equipment 

Corporation LSI 11/23 microcomputer. Computational speed 

was enhanced with the use of a SKYMNK array processor (Sky 

Computers). 

X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface 

characterization technique in which x-rays of a specific 

energy are directed upon a sample, resulting in 

photoemission of electrons from the sample [19]. For x-ray 

energies (>100 eV) core electron photoemission is possible. 

For these experiments, a dual anode yielding Al(KQ) (1486.6 

eV) and Mg(KQ) (1253 eV) radiation was employed. For both 

sources the operating power was usually maintained at 

between 250-300 watts. The selection of source depended on 
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the sample, as it was often desireable to shift the 

spectral positions of the x-ray induced Auger features 

relative to the core transitions to simplify analysis. 

This is possible since the kinetic energies of the primary 

spectral features are source-dependent whereas the Auger 

electron kinetic energies are source-independent. 

XPS Data Reduction 

To obtain the maximum possible information from the XPS 

data, spectra were subjected to post-collection analysis 

using computer routines on the DEC 11/23. All routines for 

this purpose were written in Fortran in this laboratory 

using either available algorithms or new algorithms derived 

for this work. Since two chapters of this dissertation 

deal specifically with this subject, no further details 

will be presented here. A listing of Fortran programs 

developed for this research is presented in Table 2.1. 

Electron Energy Loss Spectroscopy 

In reflection-mode electron energy loss spectroscopy, 

electrons of a narrow energy range «1 eV FWHM) are 

impinged on the surface of interest. The majority of these 

electrons are reflected from the surface with no energy 

loss. A fraction of the incident electrons penetrate into 

the bulk of the ~ample, often losing energy to the solid, 
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Table 2.1 XPS Data Reduction Routines 

Fortran PLogram Operation 

REMSAT 

FSAT 

GFIT 

GLFIT 

DFIT 

SLICE 

XLFIT 

XMFIT 

MOFIT 

Removes source satellites from XPS data. 

Removes source satellites from XPS data 
using an FFT deconvolution approach. 

Fits XPS data to asymmetric Gaussian 
peaks superimposed on an integral-type 
background. 

Fits XPS data to a Gaussian-Lorentzian 
convolution function superimposed on an 
integral-type background. 

Fitting routine for XPS of metals. 
Model lineshape consists of the Doniach
Sunjic function, convolved with a 
Gaussian broadening function, and 
superimposed on an integral-type 
background. 

Data reduction routine for EELS data to 
be used as a model for the inelastic 
background in XPS data. This is used in 
conjunction with the remaining routines. 

Same as GLFIT, except that the 
background function is computed from 
EELS data using the FFT approach. 

Same as DFIT, except that the background 
function is computed from EELS data 
using the FFT approach. 

Fitting routine for a thin oxide 
overlayer on a metal. Model lineshape 
consists of a scaled clean metal 
spectrum (real data) and asymmetric 
Gaussian peaks superimposed on 
background functions computed from EELS 
data using the FFT approach. 
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and are backscattered and reemitted from the sample. These 

electrons are detected and their kinetic energy relative to 

the zero-loss peak measured. The resulting electron energy 

loss spectrum is characteristic of the surface composition 

and the kinetic energy of the incident beam. 

The EELS experiments performed here were obtained using 

a Vacuum Generators LEG 61 electron gun. The hemispherical 

analyzer was operated in CAE mode with a pass energy of 50 

eV. Since the primary use of the EELS results was for 

background approximation, the incident kinetic energy was 

usually tuned to the energy of the XPS peak of interest. 

No spatial resolution was required; thus~ the electron beam 

was usually defocused to minimize beam heating of the 

sample. 

Ultraviolet Photoelectron Spectroscopy 

If an ultraviolet source is used to generate 

photoelectrons, valence information can be obtained. Due 

to the low kinetic energies of the emitted electrons 

interpretation of the UPS lineshape is more complex than 

for the x-ray excited valence region. The spectral 

features are usually more pronounced, however, due to the 

narrow width of the sources commonly used. For this work, 

a two-stage differentially pumped He discharge lamp (21.7 

eV) was employed. Spectra were collected in CAE mode with 
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a pass energy of 5 eV. Helium was leaked into the UV 

source at a sufficient rate to produce a pressure of 10- 6 

torr at the head of the second pumping stage 

(turbomolecular, 170 l/sec). This was adjusted to maximize 

spectral intensity. 
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SAMPLE PREPARATION 

Preparation of Clean Glass Surfaces 

Glass samples for these studies were obtained from 

Sandia National Laboratories with the exception of the 

Si02. Fused quartz rods 8mm in diameter were obtained 

commercially (GM Associates). The Sandia samples, also in 

rod form, were approximately 6mm diameter. Clean glass 

surfaces were prepared by cleaving the glass rods in 

atmosphere or in a N2-fi11ed drybox. The procedure for 

cleaving was as follows: a small length of glass (Smm) from 

the rod was measured off and the glass was mounted in a 

bracket designed to hold the rod firmly. The glass was 

then scored at the measured point using a carbide-edged 

scoring tool. The smaller diameter rods were then 

forcefully cleaved using need1enose p1iars. For the 8mm 

samples, it was necessary to repeatedly tap around the 

circumference of the rod with a weighted object prior to 

the actual cleaving. 

After cleaving, the glasses were mounted in specially

designed sample holders (Figure 2.1). The base of the 

holder was designed to be compatible with the sample stage 

mount and wobble stick holders for the VG system. The 

upper section was designed to enable the positioning of set 

screws around the glass sample as well as attachment of a 
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linear transfer rod to one side of the holder for 

positioning the sample over a lithium source. 

Introduction into Ultra-high Vacuum 

For samples cleaved in air, sample introduction through 

the fast-entry lock could be accomplished within seconds 

following cleaving. The more hygroscopic glasses were 

cleaved in a drybox, however. It was thus necessary to 

transfer the cleaved samples from the drybox into UHV 

without air exposure. This was done by sealing the cleaved 

samples (usually three at a time) in an airtight jar, 

moving the jar from the drybox into a N2-filled glove bag 

(which was taped on the fast entry port), and then 

transferring the samples from the jar to the airlock. This 

minimized exposure to water vapor, but resulted in an 

increase in the carbon buildup on the surface. 

Preparation of Clean Metal Foils 

A routine method for producing clean metal surfaces is 

sputter-cleaning a high-purity foil using argon-ion 

wi1ling. Sputter-cleaning was done using an argon ion gun 

located in a sample preparation chamber directly adjacent 

to the analysis chamber. Ultra-high purity argon was 

leaked into the chamber at a rate sufficient to produce 

c.a. 10- 6 torr pressure in the chamber during sputtering. 
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Ion beam energies were typically 10 keV and sputtering 

currents were typically 20~A. Sputtering times were 

variable, depending on the condition of the surface, but 

were typically 5-15 minutes. Cleanliness was determined 

using XPS. 

Evaporated Iron Surfaces 

In the course of these experiments, it was necessary to 

produce clean iron surfaces in different experimental 

systems. Since several argon ion sputtering sources were 

not available, deposition by evaporation from a 

resistively-heated Fe wire was the method chosen for clean 

surface preparation. Helical filaments approximately 5mm 

dia. x 2cm length (6 turns) were formed from 1.Omm dia. 

iron wire (Ai fa Puratronic, 5N). These were mounted on 

stainless steel supports using set screws, and each support 

in turn was attached to a copper UHV high-current 

feedthrough (MDC Manufacturing) on a conflat flange. 

The deposition source waG usually mounted within a 2 

3/4" stainless steel nipple which was attached to a six-way 

cross. Deposition occured on samples positioned at the 

center of the cross. Heat buildup on the inner surface of 

the nipple was minimized by cooling the exterior with a 

small box fan. For the oxidation studies, the six-way 

cross was attached directly to the dosing chamber of the VG 
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system (pumped by a 170 lis turbomolecular pump). Transfer 

from the chamber to the deposition position was facilitated 

using a magnetically-coupled linear transfer rod 

(Huntington) attached to the six-way cross. The iron 

deposition system for the electrochemical experiments will 

be described in more detail later in this chapter. 

Iron was deposited onto polished surfaces using an 

evaporation current of 10 amps AC for approximately 30 

minutes. For the oxidation studies, standard VG sample 

stubs (nickel or stainless steel) were sputtered clean in 

UHV following polishing. For the electrochemical 

experiments, beveled nickel inserts, which fit into the 

glass sample holders, were polished with alumina and then 

cleaned with acetone, methanol, and double distilled water 

prior to insertion into UHV. These samples were recleaned 

following each experiment. 

SAMPLE DOSING 

Deposition of Lithium Metal 

The deposition of clean lithium metal presents several 

problems due to the reactivity of lithium with most 

containment materials. In addition, lithium cannot be 

evaporated from a filament. Two different methods for 
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lithium deposition were used in this work, both with good 

results. The first was evaporation from a resistive1y-

heated lithium metal reservoir. In order to maintain a 

stable deposition rate, it was necessary to electrically 

isolate the lithium from the heating filament; otherwise, 

the lithium becomes the path of least resistance upon 

melting. To maintain a constant applied power under this 

condition, (constant temperature), an occasional increase 

in the current becomes necessary. 

The first source constructed, shown in Figure 2.2a, 

consisted of a single piece of tantalum folded over a 

ceramic-insulated tungsten filament suspended between two 

current feedthroughs (Figure 2.2a). Each folded side of 

the tantalum was formed into a rectangular reservoir such 

that the source resembled a pair of saddlebags. A chromel

alume1 thermocouple was hung from one of the reservoirs. 

Lithium (99.9%, Alpha Ventron) was cut from 1.5 mm ribbon, 

formed into small pellets, and loaded into each reservoir 

in a drybox; the entire assembly was then removed from the 

drybox and attached to the vacuum system under argon. 

Depositions were carried out by passing 7.5 amps AC through 

the filament; this yielded an evaporation temperature of 

400°C and an evaporation rate of ca. 3A/min. The lifetime 

of this source was limited to a few hours. 

An improved design of the above concept, shown in 
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Figure 2.2b, was developed by Zavadil [20]. The current 

was passed through a tungsten basket into which was placed 

an alumina-coated (R. D. Mathis) nickel crucible (the 

alumina coated the outside of the crucible). The lithium 

ribbon placed in the nickel crucible was thus electrically 

insulated from the basket filament. A chromel-alumel 

thermocouple was positioned such that it came in contact 

with the bottom of the crucible. The optimal evaporation 

current was 27-28 amps (note the lower resistivity of 

source) yielding an evaporation temperature of 400-450 o C. 

Evaporation rates for this source were ca. 50-100 A/min. 

Lithium Deposition Chamber 

When the reservoir sources were used, depositions were 

carried out in a separately-pumped chamber designed by 

Zavadil [20], diagrammed in Figure 2.3. The chamber 

consisted of a stand-alone unit pumped by alSO l/sec 

turbomolecular pump (L~ybold-Heraeus) and a 25 l/sec ion 

pump (Ultek). The basic design was based on a six-way 

cross (deposition chamber) mounted atop a five way cross 

(source chamber), the two being separated by a gate valve 

(MDC Manufacturing). The ion pump and a thermocouple 

feedthrough were attached to two sides of the five-way 

cross, and the Li source (described earlier) was mounted on 

a linear-transfer bellows attached to the bottom of the 

50 



Gate __ 
Valve ..... ....., 

/ 

Turbomolecular Pump 
/ 

Liquid 
Capillary 

,.--- Gas Manifold 

Magnetic Transfer Arm C 

'-- Gas Manifold 

Thermocouple Feedthru 

/ 
Ion 
Pump 

- Linear Drive 

High Current 
Feedthru 

Figure 2.3 Lithium deposition chamber. 

51 



assembly. 

A magnetically-coupled linear transfer rod 

(Huntington), fitted with a 6/32 threaded endpiece, was 

attached to the six-way cross to facilitate transfer to the 

analysis chamber. The endpiece allowed for coupling to the 

glass sample holder described earlier. A three-way cross 

coupled the turbo pump with the six-way cross, as well as 

housing the nude ion gauge used for pressure measurements. 

During Li evaporation, the gate valve between the 

deposition chamber and the VG Spectrometer (dosing chamber) 

was left open to further reduce the background pressure, 

which wa~ typically l-2xlO- 9 torr during deposition. 

Additional cooling of the evaporation chamber walls was 

accomplished by passing liquid-N2 through 1/8" copper 

tubing coiled around the five and six-way crosses. 

Alkali Metal Dispenser 

The Li source which provided the most reproducibility 

was an Alkali Metal Dispenser (SAES Getters). It consisted 

of a slotted metal tube (trapezoidal cross section) 

containing a heterogeneous mixture of a ZrAl alloy and a 

lithium chromate salt (see Figure 2.2c). The mixture is 

heated by passing a current (8-11 amps AC) through the 

source; this allows a redox reaction to proceed, producing 

metallic Li. The lithium is expelled from the source with 
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continued heating. 

The source was fastened to high current feedthroughs 

and mounted directly on the sample dosing stage of the VG 

Spectrometer. It was oriented such that a sample placed on 

a linear transfer mechanism (at the center of the chamber) 

could be positioned 2-3 cm below the source. An aluminum 

shield was mounted on a rotatable feedthrough so that the 

sample could be rapidly blocked from the source. 

Outgassing of this source was accomplished over a period of 

several hours by slowly increasing the current (starting at 

3 amps AC) while maintaining the base pressure near 10- 7 

torr. Pressures during deposition were typically l-5xlO- 8 

torr. 

amps. 

Following deposition, the current was lowered to 5 

Excessive outgassing (high C and 0 signals in XPS) 

was noted for some of the sources tested; these had to be 

replaced. 

Oxygen Dosing 

Clean iron surfaces were dosed with oxygen by leaking 

research grade 02 into the dosing chamber of the VG UHV 

system. The gas line between the regulator and a high 

precision leak valve (Vacuum Generators) was roughed out 

using a backing pump. This was then refilled with 02 and 

was leaked into the dosing chamber at a rate which 

maintained the desired steady state pressure as measured on 
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an ionization gauge. 

Water Vapor Dosing 

Dosing of clean iron with H20 was done by leaking high

purity water vapor into the dosing chamber by means of a 

precision leak valve. A small quantity (5 ml) of triple 

distilled H20 was placed in a small glass bulb mounted on a 

1.33" stainless UHV flange. The bulb assembly was bolted 

to the inlet port of a high precision UHV leak valve, and 

this was mounted on a flange on the dosing chamber. 

It was necessary to remove the headspace above the H20; 

otherwise, the dosant gas would be predominantly N2 and 02. 

The first stage of roughing was done on the initial 

pumpdown of the dosing chamber. The H20 was frozen using a 

dry ice/acetone bath, the chamber pumping system was 

started, and the leak valve was opened completely. Once 

the pressure in the system fell below 10- 5 torr, the valve 

was closed and the H20 allowed to thaw. Several pump/thaw 

cycles were performed in order to insure complete degassing 

of the H20 liquid. The headspace at that point consisted 

of pure H20 vapor. Dosing with water was done by adjusting 

a leak rate that maintained the desired steady-state 

pressure as monitored with an ionization gauge. 
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Qli3CN Vapor Dosing 

Purification of acetonitrile was necessary for the UHV 

dosing experiments as well as for the non-aqueous 

electrochemistry. H20-free CH3CN was obtained by passing 

analytical grade solvent through a molecular sieve column 

into a reflux flask. The CH3CN was then refluxed over 

calcium hydride for two or more days under N2' A suitable 

quantity was then transferred via a solvent bulb to a 

drybox. At this point, a few ml of acetonitrile was placed 

in a small dosing cell (as above) and sealed to a UHV 

leakvalve before removal from the drybox. After mounting 

on the VG dosing chamber, the headspace N2 was pumped from 

the dosing cell by repeated freeze-thaw cycles using a dry 

ice/acetone bath as before. Acetonitrile dosing pressures 

were also monitored using the ionization gauge in the 

dosing chamber. 
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ELECTROCHEMISTRY 

Electrochemical Setup 

The transfer system used for the electrochemical 

experiments was designed around three six-way crosses which 

were used fo~ iron film deposition, oxidant exposure, and 

electrochemical characterization. The thin film deposition 

chamber used for lithium deposition was extensively 

modified for iron deposition (Figure 2.4). A single 500 

l/sec turbomolecular pump (Balzers) was used instead of the 

turbo/ion pump combination. The iron filament, attached 

to high current feedthroughs, was mounted ca. 5 cm from a 

sample positioned at the center of a six-way cross. A fan 

was used to cool the 2 3/4" nipple surrounding the iron 

filament assembly. A 90° sample transfer was necessary for 

removal to the electrochemical chamber. Possible sag in 

the linear transfer feedthroughs was corrected by elevating 

one of the transfer rods with a lifting bar attached to a 

rotary motion feedthrough mounted on an adjacent six-way 

cross. 

The electrochemical cell attachment to the deposition 

chamber, diagrammed in Figure 2.5, has been described by 

Zavadil [20]. The cell was constructed of 2 3/4" stainless 

steel UHV fittings. A gate valve separated the cell from 

the deposition chamber. A two-stage roughing pump was used 
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to evacuate the electrochemical chamber at the completion 

of the experiment, followed by pumping via a liquid N2-

cooled sorption pump (Huntington) to achieve pressures on 

the order of Ix10- 5 torr during transfer. 

A typical three-electrode setup was used. The working 

electrode consisted of a polished (to 0.3~ with alumina 

paste) nickel insert which was attached to the glass sample 

holder. The holder was fastened to a slotted, 

electrically-isolated mount attached to a magnetically-

coupled linear transfer feedthrough. Electrical contact 

was made from the working electrode to a UHV current 

feedthrough with a coiled, insulated wire. The electrode 

could thus be moved into the deposition chamber and 

transferred to a separate transfer rod for iron deposition. 

A AgCI04 reference electrode was constructed as 

described earlier [20]. A single platinum flag was used as 

the counter electrode, and a platinum wire auxiliary 

working electrode was occasionally used to determine 

solution purity. These three electrodes were mounted in a 

stationary position within a six-way cross into which the 

electrochemical cell was raised. The cell consisted of a 

1" dia.x2" thistle tube with a 1/4" diaxlOx" lower 

extension. This was sealed at the bottom end of a linear 

transfer bellows (Vacuum Generators) using a viton gasket 

coupling. A gate valve was used to separate the retracted 
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bellows assembly from the upper chamber during pumpdown. 

The electrodes were positioned such that they hung over the 

rim of the thistle tube when it was in position. UHV 

viewports were positioned at the top of the cell and 

opposite the electrode assembly. 

A glass reservoir was attached to the bottom end on the 

thistle tube with a teflon assembly. The reservoir could 

be closed at two ends using teflon stopcocks. The other 

outlet of the reservoir was attached to the backfill line 

(described below). This allowed for overpressurizing of 

the reservoir and movement of solution up into the thistle 

tube. UHP nitrogen was used to backfill the 

electrochemical chamber to 1 atmosphere pressure (or 

slightly below). Oxygen was removed from the backfill gas 

upon flowing through a heated copper mesh trap. The 

overall experimental procedure was as follows: 

Following the film deposition and/or dosing of the Fe 

film, the electrode was transferred to the electrochemical 

chamber and inverted within the six-way cross. With the 

gate valve (#1) closed, the chamber was backfilled to 1 

atm. with UHP N2, and gate valve #2 was opened. The 

thistle tube and reservoir assembly was raised to within a 

few mm. of the electrode surface. With both stopcocks on 

the reservoir open, the thistle tube was filled to within 

lmm. of the rim. The cell assembly was then raised further 
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such that contact was made between the solution and the 

working electrode. This was usually evident as a distinct 

"jumping" of the solution. Following the experiment, the 

solution was drained by equalizing the pressure between the 

upper chamber and the reservoir, the cell was retracted, 

gate valve #2 was closed, and the pump down phase begun. 

Experimental Methodology; Cyclic Voltammetry 

Cyclic voltammetry (CV) is a controlled potential 

electrochemical technique which can be used to obtain 

thermodynamic and kinetic information for a simple system 

[21]. A linear potential ramp is imposed between a working 

electrode and a counter electrode such that a Faradaic 

process(es) can occur. Initially, the resulting current at 

a given potential in the sweep is a function of the imposed 

potential re16ltive to EO for the redox couple, the surface 

concentration of the redox species, the potential sweep 

rate, the kinetics of electron transport to or from the 

species to the electrode, and the electrode area. 

Eventually, the current becomes limited by mass transport 
I 

of the redox species form solution to the electrode 

surface. 

In the CV experiment, the direction of the potential 

ramp is reversed at an appropriate switching potential Vs 

(usually >100 mV beyond the current maximum). The current-
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potential response in the opposite direction is determined 

by the kinetics of the reverse process as well as the 

residual current from the forward sweep. Of interest in 

this experiment is the potential separation between the 

anodic and cathodic current maxima. This value is 

independent of switching potential as long as Vs is well 

past the current maximum. 

Sweep rates used for this work were 20, 50, 100, and 

200 mV/sec. Currents measured were typically 0.1-1.0 mAo 

The electrode area, although somewhat variable, was ca. 0.5 

cm 2 . Current-voltage responses were obtained using an EG&G 

PAR 362 scanning potentiostat and recorded on a Linseis 

LY17l00 x-y recorder. 

Reagent Preparation 

Acetonitrile was purified as described earlier. A 

weighed amount of tetraethylammonium perchlorate (Eastman), 

purified by recrystallization, was loaded into the 

electrochemical reservoir. The reservoir was then 

evacuated with mild warming (using a heat gun) for 30 min 

to remove excess water. This was then loaded into the dry 

box along with the acetonitrile vessel. 250-300 ml of 

CH3CN was then poured into the reservoir, yielding an 

electrolyte concentration of ca. O.lM. The reservoir was 

then sealed, removed from the drybox, and mounted on the 
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electrochemical chamber. 

Pratical grade benzoquinone and ferrocene (MCB 

Manufacturing) were not purified prior to use. A weighed 

amount of e~ch, sUfficient to make 250-300 ml of O.OOlM 

solution, was transferred directly to the drybox. 

Following characterization of the CH3CN/electrolyte., one of 

these was then loaded into the reservoir (containing CH3CN) 

by using additional CH3CN as a rinse. 
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3. PHOTOEMISSION FROM SOLIDS f,URFACES 

X-ray photoelectron spectroscopy (XPS) is a technique 

which can be used to obtain chemical state information from 

atomic species in the near-surface region of solids 

[19,22,23]. As shown in Figure 3.1, soft X-rays of a 

narrow energy range are impinged on a surface, usually in 

an ultra-high vacuum (UHV) environment, and the emitted 

photoelectrons are collected and passed through an 

electrostatic energy analyzer. Although x-rays of this 

energy are transmitted several microns into the solid prior 

to absorption, t~e technique is surface specific due to the 

small mean free path of the photogenerated electrons within 

the solid. Chemical state information is obtained by 

measuring the small changes in kinetic energy of peaks 

corresponding to electronic transitions involving core 

level electrons in the surface atoms, as shown in Figure 

3.1. 

Although simple qualitative information is easily 

obtained (identification of atoms present), detailed 

qualitative (chemical state) and quantitative analysis of 

the near-surface chemical states is hindered by the same 

electron energy loss processes which give the technique its 

surface specificity. Additionally, photoemission is a 

many-electron process. Simple one-electron models are not 
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sufficient to describe the spectral features observed. 

The emphasis in the description of the photoemission 

process given in this chapter will be on the development of 

functions which can be readily applied to the modeling of 

XPS lineshapes in least-squares data fitting procedures. 

The overall photoemission response can be divided into two 

kinds of processes which contribute to the spectral 

response: primary spectrum (PS) and inelastic background 

(IB). The primary spectrum is the desired goal for 

lineshape analysis and quantitation. The measured spectrum 

can be described as the direct sum of the PS and the lB. 

The background lineshape, however, is related to the PS 

1ineshape through the convolution integral: 

co 

I (e) - J X(e)H(e-e')de' - X(e) ® H(e) 3.1 

e' --co 

X and H represent the PS 1ineshape and an inelastic loss 

function (characteristic of the sample) respectively. The 

convolution operation can be simply described as the 

broadening of one function by another [24]. In addition, 

the PS itself results from the convolution of two or more 

separate functions. In modeling XPS 1ineshapes, it is 

often necessary to employ discrete convolution in the 

computation procedure. Described in this chapter are the 

various functions (physical processes) which contribute to 



the overall spectral response. These functions will be 

used in the following two chapters to develop new data 

reduction methods for x-ray photoelectron spectra. 

CORE-LEVEL PHOTOEMISSION PROCESS 

Interactions of electromagnetic radi~tion with matter 

leading to complete absorption involve overlap of the 

electronic wave functions of the initial and final state of 

the system with that of the incoming photon [23]. In 

photoemission, the final state includes the emitted 

electron of a specific kinetic energy. The total energy in 

the process must be conserved such that the sum of the 

photon energy and the initial electronic state energy must 

equal the electron kinetic energy and the final state 

energy as shown below: 

hv + Ei - K.E. + Ef 3.2 

At the usual operating conditions for the experiment, the 

initial states (electronic energy levels) for a given 

atomic center are well resolved. Photoemission from 

electronic excited states is not seen due to insufficient 

population of higher levels at low temperatures. The 
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presence of many electron effects strongly manifests itself 

in the final state, or more accurately, in the presence of 

mUltiple final states. In the simplest case, the 

identification of peaks corresponding to the Is, 2s, 2p, 

etc. one-electron levels are multiple final states arising 

from a single initial state. The final states of the 

system will likely involve additional electrons either 

within the same shell, in outer shells, or on neighboring 

atoms. 

Binding Energy Shifts 

Binding energy shifts of XPS peaks are usually 

interpreted to be the result of differences in the initial

state energies of a given atomic center in different 

chemical environments [25]. Upon addition or removal of 

valence electrons from an atom, the interaction between the 

shell from which the photoelectron is emitted and the 

valence shell is altered. A simple description of electron 

binding energy can be developed using Koopmans theorem 

[26], which states that the initial state orbitals remain 

unperturbed upon ionization of a core electron. The 

binding energy, defined as the difference between the 

initial and final state energies, is then equal to the 

negative of the orbital energy Ek from which the 

photoemission occurs. Rearrangement of the energy levels 
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does occur, however. As shown in Equation 3.3, the 

rearrangement of the electrons upon photoemission can be 

described with a relaxation term Erel ax , where £k is the 

actual ionization energy of the electron of interest. 

B.E. - -£k - E relax 3.3 

For systems with open shells, however, this relaxation term 

does not adequately describe the overall final state 

effect. If many-electron effects in the final state are 

accurately accounted for, it is unnecessary to include a 

relaxation energy term since Equation 3.1 describes exactly 

the kinetic energies of the photoemitted electrons, with 

the exception of work function corrections [27]. This is a 

formidable task, however. In most situations, it is 

sufficient to obtain a qualitative assessment of chemical 

states in a given system. This can usually be obtained 

using binding energy comparisons, either between the data 

and standards or within a single spectrum, without 

resorting to detailed calculations. 
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CONTRIBUTIONS TO XPS LINESHAPES 

Lorentzian Lineshape 

As discussed earlier, the possibility of closely 

spaced, multiple final states in XPS can hinder accurate 

data interpretation. Before considering these on a more 

detailed level, it is useful to examine the characteristics 

of a single final state. If an electron is emitted from 

the inner shell of the atom, the resulting electron 

configuration is not the ground state for the singly 

charged species. This excited state will decay to a lower 

energy state via one of two mechanisms, both involving the 

filling of the core hole with an outer shell electron. The 

most basic of these is x-ray fluorescence, where the energy 

difference between the photoemission final state and the 

lower energy state for the resulting ion is utilized to 

produce an x-ray photon of a characteristic energy. A 

second mode of decay is the Auger process, where the energy 

difference is given off in the form of an additional 

emitted electron of a specific energy. Auger electron 

spectroscopy (AES) and x-ray fluorescence (XRF) are 

complementary techniques to XPS in that they yield 

additional, yet often more complex, information. 

For the energy of the core-hole states accessible in 

XPS experiments, the rate of Auger decay is ~onsiderably 
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greater than that for fluorescence decay. The decay 

process is exponential with time, and the lifetime r of the 

final state is defined as the time required for the final 

state population to decrease to l/e of its initial value. 

Typical lifetimes for core-hole states are on the order of 

10- 14 seconds. The Fourier transform of an exponential 

time decay is a Lorentzian peak with a peak width equal to 

the inverse of the lifetime. Thus, the most basic 

1ineshape for photoemission is a Lorentzian peak, as shown 

in Figure 3.2, at the appropriate binding energy (Equation 

3.4) . 

1 r/2 
L(f) - - ------------------

~ (f - fO)2 + (r/2)2 
3.4 

Although additional broadening processes tend to obscure 

the Lorentzian character, its presence is noticib1e in most 

XPS transitions even at normal analyzer resolution. These 

additional broadening functions will be discussed in detail 

later in this chapter. 

Multiple Final States; Spin-Orbit Coupling 

The most basic mUltiple state phenomenon to interpret 

is that resulting from spin-orbit coupling in systems with 

complete outer shells. The appearance of the distinctive 

two-peak splitting for photoemission from p ,d, and f 
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shells is often readily apparant, with the energy splitting 

increasing going to deeper core levels. The splitting 

results from the coupling of the spin and orbital angular 

momentum for the core-hole final state [23]. For 

photoemission from a p level, the resulting configuration 

of that shell is pS, which is complimentary to a pl 

configuration. In other words, the spin-orbit 

characteristics of the photo-hole are equivalent to a 

single unpaired electron. The total angular momentum J is 

then L+S or L-S, since S-1/2 for the final state. For the 

p level, L-l, and the two possible J values for 

photoemission from the p shell are then 3/2 and 1/2. The 

probability for the transition resulting in a given state 

is proportional to the multiplicity for that state, which 

is equal to 2J+l, yielding a 2 to 1 intensity ratio for p 

levels and a 3 to 2 ratio for d levels. The energy spacing 

between a given spin-orbit pair can yield some information 

as to the valence state of a given atomic center, but often 

additional effects are present, due to unfilled outer 

shells, which tend to obscure such measurements. These 

effects are discussed below. 
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Spin-Spin Multiplet Splitting 

If there are unfilled shells present in the initial 

(ground) state of the system, several additional 

non-degenerate final states can result from spin-orbit 

coupling effects in the photoemission process [28-30]. 

Multiplets comprised of closely spaced states can be 

interpreted as those corresponding to a single final state 

electronic configuration (i.e. lsI, 2s 2, 2p4, etc.). 

Higher energy multi-electron excitations, for example d-s 

transitions, can be considered distinct from multiplet 

splitting as discussed in this section [31], and will be 

considered l~ter. In the solid state, multiplets can occur 

if there are localized unfilled outer shells present. The 

most noted occurence of this phenomenon is in transition 

metal and rare earth compounds [32], with unfilled d and f 

shells respectivily. Spectra of pure rare earth metals 

also exhibit spin-spin multiplet splitting, as shown for 

the Tb 3d transition in Figure 3.3. The f orbitals in the 

metallic state are strongly localized [33], with the 

conduction band being comprised of the 6s and Sd atomic 

states. In contrast, the d orbitals in transition metals 

are less strongly localized, and multiplet splitting is 

usually not seen for the pure metals in these cases. If 

correctly interpreted, the nature of the multiplet 

splitting for a given transition can yield sensitive 
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information about the chemical state of a given atom, 

complimentary to the information obtained from binding 

energy shifts [23]. 

The mUltiplet structure from these final states can be 

interpreted using Russell-Saunders L-S coupling [34], where 

the range of total spin and angular momentum designations 

is the result of coupling of the electrons in the unfilled 

shell with the core hole created in the transition. 

Coupling can occur not only between the core hole and the 

ground state term, but also with higher energy terms to 

yield several states with the same spin and orbital angular 

momentum [28,34]. The final states possible, for a given 

FS configuration, are those produced by coupling of the 

core-hole with the initial states possible for a given 

configuration. Guptka and Sen [3.16] have presented 

calculations of the multiplet structure resulting from 

p-level photoemission, and have stressed the role of 

crystal field effects in determining the actual relative 

intensities and positions of the multiplet peaks [28,29]. 

The theoretical Fe(2p) lineshapes for Fe2+ and Fe3+ free 

ions are shown in Figure 3.4. It was concluded, however 

that generalized descriptions of the spectral lineshape for 

transition metal compounds in the solid state are not 

practical, due to considerable variability in lineshapes as 

a result of differing chemical environments for the ions of 
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interest. 

Multi-Electron Excitations 

The multiplet states described above were assumed to 

arise from a given electronic configuration for the final 

state, with the outer shell electrons retaining their 

initial state configuration. Additional final states, 

which include the excitation of valence electrons to higher 

levels [31], are often observed. As the energy differences 

between these states and the multiplet envelope is 

generally large (5-10 eV), discrete spectral satellites 

corresponding to these states are seen in XPS spectra. 

Peaks corresponding to these states are often called "shake 

up" satellites. "Shake off" peaks result from excitation 

of ,additional electrons into the continuum during 

photoemission. 

For 2p level spectra for the 3d transition metals, 

shake-up satellites result from 3d-4s excitations [35]. 

While it is possible to interpret these lines as simple 

two-electron processes, this does not adequately describe 

the details of these and other discrete final states. 

Interpretation of these lines remains a subject of 

extensive research [36]. 
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INTRINSIC LINESHAPE FOR METALS 

Continuum of Final States 

In the previous sections it was shown that outer shell 

electrons within a given atom have to be included in a 

description of the total XPS final state. In metals, the 

valence shell electrons exist in energy bands, or molecular 

orbitals, which are collectively formed by the bulk atom 

wavefunctions. It is unrealistic to expect that the 

conduction band electrons do not respond to the electron 

and core-hole pair created during photoemission, or that 

they do not rearrange to some extent during the process. 

Interest in this phenomenon grew out of attempts to explain 

the x-ray absorption edges in simple metals. From the 

theory developed to treat this process, the basic 1ineshape 

for photoemission from simple metals was predicted in 

advance of the developments in XPS instrumentation 

necessary to observe it. Given below is a conceptual 

description of this 1ineshape and other implications of the 

pronounced many-~lectron effect in metal photoemission. 

Conduction Band Response to Photoionization 

In 1967, theoretical interpretations of X-ray 

absorption and emission data by Mahan [37] initiated the 

development of many-electron theories which can be extended 
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to describe photoemission processes from metals. Anderson 

discussed the effects upon the Fermi surface of simple 

metals of a sudden potential perturbation [38]. The Fermi 

surface can loosely be described as the outermost electrons 

in the conduction band, or those which are most delocalized 

[39]. The specific perturbation of interest here is the 

creation of a core-hole/electron pair by absorption of a 

photon. The nature of the Fermi surface response to this 

creation has been termed the "orthogonality catastrophy", 

or the "infrared catastrophy" in reference to the magnitude 

of excitations produced by this process. The probability 

for a given transition is proportional to the symmetry 

overlap between the initial state and final state 

wavefunctions and the transition operator. The probability 

for a transition that involves a large number of electrons 

(present in the conduction band of a metal) is dependent on 

the extent of overlap of numerous initial and final states. 

To obtain finite overlap, and hence measureable signal 

intensity, it is necessary that the final state(s) include 

excitations of electrons near the Fermi level to higher 

energy states within the conduction band, as shown in 

Figure 3.5a. As a large number of states above the fully 

relaxed final state are available, discrete final states 

are not observed in the spectra; instead, a characteristic 

intensity distribution is observed. 
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MND Lineshape 

Nozieres and DeDominicis [40] obtained a mathematical 

expression which describes the many-body excitation profile 

evident in metal photoemission. This exponential power law 

function (Equation 3.5) which will be referred to here as 

the MND lineshape, is a function of a, termed the Anderson 

singularity index. a is a function of the density of 

states at the Fermi edge of the metal [41], and determines 

the extent of tailing in the lineshape. 

I(e) - 3.5 

Shown in Figure 3.5b is this function as manifested in an 

infinitely narrow XPS peak. It should be noted here that 

the behavior predicted by this function is only valid 

within a limited energy window, and should not be expected 

to accurately describe the many-electron response for all 

metals to large energies above the peak threshold. 

Doniach-Sunjic Lineshape 

In 1970 Doniach and Sunjic [3.25] predicted that the 

MND singularity behavior should be observable in x-ray 

emission and x-ray photoemission lineshapes for metals. 

They obtained a closed form expression for the convolution 

of the exponential power law function (Equation 3.5) with a 
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Lorentzian peak to account for the natural lifetime width 

of the photoemission line. This lineshape, given in 

Equation 3.6, describes the fundamental metallic lineshape 

with two parameters: the singularity index (0), and the 

Lorentzian half-width at half maximum (1). r(l-o) is the 

gamma function and, since it is only a function of 0, it 

only serves to scale the function. 

I(e) oc: 3.6 

Peak intensity and position are determined by simply 

scaling the funct.:l..on and shifting it along an energy axis. 

The characteristics shape of the function is given in 

Figure 3.6. The tailing of the lineshape to lower kinetic 

energies is dependent on both the singularity index and the 

Lorentzian peak width. The values of the singularity index 

o are expected to range from 0.0 to 0.5 [43]. This has 

been confirmed in experiment, where Q is determined by 

fitting the data to the model function [45]. This data 

analysis approach will be covered in detail in a later 

chapter. In addition to being dependent on the metal 

electronic characteristics, it has recently been suggested 

by Sunjic [44] that 0 is also dependent on the kinetic 

energy of the photoelectron. 
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Shown in Figure 3.7 is the XPS lineshape for three 

clean metal surfaces to illustrate the range of 0 values 

determined in this manner. The noble metals Cu, Ag, and 

Au, despite their good electrical conductivities, have a 

low density of states at the Fermi edge. 0 values for the 

core lines, for example the Ag(3d) spectrum shown in Figure 

3.7a, range from 0.05 - 0.06. In contrast, Fe and other 

early transition metals with high Fermi DOS exhibit tailing 

values as high as 0.4, as shown in Figure 3.7c. The alkali 

metals represent an intermediate case (0-0.2-0.3), as seen 

for the Na(ls) in Figure 3.7b. Simple metals such as Na 

and Li exhibit marked structure on the higher binding 

energy sides of the main transition due to additional 

many-electron phenomena. This is discussed further below. 

Intrinsic Plasmons 

Plasmons are oscillations of free electrons in metals. 

The frequency of the oscillations are characteristic of the 

metallic system, or more specifically the free electron 

density in the metal [39]. The presence of a plasmon or 

mUltiple plasmons (integral values of the fundamental 

frequency) is an collective excited electronic state for 

the system. The fundamental frequency can be related to 

the free electron density with the following: 
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where m is the mass and n is the free electron density. It 

is possible to access this excited state via photon 

excitation and high energy electron excitation [46]. The 

latter of these is important in photoemission from the 

standpoint of extrinsic energy losses, as it represents a 

major contribution to the scattering of photogenerated 

electrons passing through metal to the surface. This will 

be dealt with later in this chapter. More pertinent to 

this discussion is plasmon excitation directly in the 

photoemission event, termed intrinsic plasmons. 

The possibility of intrinsic plasmons was first 

proposed by Lundqvist [47]. These excitations represent 

discrete XPS final states in the same sense as the more 

prominent transition in the XPS metal core level line. The 

relative intensities of these plasmons has been of 

considerable interest [48,49], but is thought to be present 

to a measureable extent only for simple metals such as Li, 

Na, Mg, and AI. Attributing intensity of readily apparent 

spectral features to this effect is difficult due to the 

presence of extrinsic plasmon losses in the same relative 

positions. It has been predicted, however, that plasmon 

peaks may represent up to 50% of the total intrinsic 

intensity for some systems [49]. 
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Limitations of the DS Lineshape 

As derived, the MND lineshape, and hence the OS 

lineshape, are only valid up to a cutoff energy, or over an 

energy window typically the width of the conduction band 

(3-4 eV) [50]. In practical terms, the tailing predicted 

by the OS lineshape does not decay to baseline within a 

reasonable energy distance. This is due to two effects, 

the first of which is an oversimplification of the 

conduction band shape in the derivation. This is 

especially problematic for d-band transition metals. 

Second, Q is not excitation energy independent, and the 

value described in the OS lineshape is exact only at E-O 

(the zero-loss binding energy). 

Empirical Tailing Lineshapes 

As instrument resolution for XPS was improved, it 

became readily apparent that metal lineshapes do indeed 

exhibit the tailing discussed above. Several workers 

employing least-squares fitting found it necessary to 

modify simple Gaussian lineshapes to account for this 

spectral feature [51,52]. None of these simple lineshapes 

was developed from photoemission theory, and hence their 

use in detailed spectral analysis is questionable. The 

principle advantage of using empirical lineshapes is their 

simplicity in comparison to the more precise lineshapes. 
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LINEWIDTH BROADENING PROCESSES 

Solid State Broadenin& 

In discrete molecules, coupling of an electronic 

transition with the vibrational levels of the excited state 

can occur, resulting in fine structure in the spectral 

features. In accordance with the Franck-Condon princ(p1e, 

the electronic excitation occurs on a much faster time 

scale than that required for nuclear motion. Photoemission 

also occurs on a relatively rapid timescale (10- 16 sec) 

[25], hence the Franck-Condon principle applies. In this 

case, however, the solid state vibrational quanta, or 

phonons, are small in magnitude. A number of vibrational 

excited states are therefore accessible at room temperature 

for the ground initial state. Due to the large number of 

closely spaced vibrational levels, discrete vibrational 

structure is not observed in photoemission from solids, but 

the effect is nonetheless manifested in the spectrum. An 

understanding of the lineshape perturbations resulting from 

the above effect is essential for detailed XPS lineshape 

analysis. 

Figure 3.8 shows the phonon broadening process for 

photoemission from a core level. The initial state is 

represented by the lower potential well (#1), and the final 

state by the upper (#3). Only vertical transitions with 
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respect to the configuration coordinate are allowed due to 

the timescale of the transition. The accessibility of 

vibrationally excited states at room temperature, as well 

as the presence of several final state vibrational levels 

possessing a different equilibrium coordinate configuration 

than the initial state, results in Gaussian broadening of 

the lineshape [53]. For short-lived final states, decay to 

the singly charged ground state (#2) can occur before 

vibrational decay within the final state. Gaussian 

broadening is still present, however, due to the 

vibrational fluxations in the initial state. 

The Gaussian function is given in Equation 3.8. The 

Gaussian FWHM (r) is equal to 2.3540. In the absence of 

other effects, such as the metallic tailing response 

discussed earlier, the most basic photoemission lineshape 

is a Lorentzian function convolved with the Gaussian 

function, (also known as the Voigt function [54], shown in 

Equation 3.9. 

G(e) - 3.8 

V(e) - G(e) ® L(e) 3.9 



The result of the phonon broadening for more complex 

photoemission lineshapes is a convolution of the entire 

lineshape with a Gaussian envelope. 

EXTRINSIC SPECTRAL RESPONSE 

Photoelectrons with kinetic energy EO passing through 

a solid can be elastically or inelastically scattered by 

the electrons within the solid to an energy El ~ EO [46]. 

The inherent surface specificity of electron spectroscopies 

results from the attenuation of subsurface primary spectral 

intensity (from the photoemission or Auger event) due to 

inelastic scattering. Unfortunately, the primary spectrum 

electrons which lose energy are still detected, provided 

their energy is still greater than the sample work 

function. These electrons constitute the inelastic 

background upon which the attenuated primary spectrum is 

superimposed. Separation of the primary spectrum from the 

background is the most fundamental problem in detailed 

quantitative and qualitative XPS. This section focuses on 

the characteristics of the inelastic background in 

preparation for the data analysis methods development in 

later chapters. 
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Inelastic Scattering 

Electrons transversing a solid do not lose arbitrary 

amounts of energy; the energy lost from the electron is 

imparted collectively to the solid which is left in an 

excited (electronic or vibrational) state. The energy 

losses are thus somewhat quantized, and the probability for 

an electron of a given kinetic energy to lose a specific 

energy by this process upon travelling a given distance 

through the solid is described by the single scattering 

loss function of the sample [55]. For sufficiently long 

path lengths to the surface, the probability of multiple 

scattering events becomes significant. The overall 

inelastic spectrum is the integrated sum, over all path 

lengths, of the multiple convolution product of the primary 

lineshape with the single and multiple scattering 

probability functions (as well as momentum transfer 

functions). 

Inelastic Loss Processes 

Over small kinetic energy regions below the XPS primary 

peak, discrete energy losses predominate the total 

background spectrum [46]. These losses arise from 

interband transitions, ionization processes, vibrational 

(phonon) excitations, and bulk and surface plasmon 

excitations (in metals). Several detailed theoretical 
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descriptions of these processes are available [56]. 

Unfortunately, this work has not led to the development of 

model loss functions generally applicable to XPS 

backgrounds, as was the case for intrinsic 1ineshapes. Use 

has been made of the inelastic response in electron energy 

loss spectroscopy (EELS), however, in providing information 

complementary to the photoemission response [57,58]. 

There is a marked similarity between the apparant loss 

function response for the two experiments; some fundamental 

differences exist, however. In reflection EELS, the 

detected electrons cross the solid/vacuum interface twice, 

likely resulting in enhanced contribution in the EELS 

spectrum from surface excitations relative to XPS. 

Additionally, this can also result in differences in the 

functional form of plural scattering (multiple loss 

processes) due to different path1ength distributions for 

the two experiments. The EELS response remains, however, 

the only useful model of the inelastic function for general 

applications. Recent theoretical descriptions of the 

reflection EELS response for simple systems might result in 

improved application in photoemission lineshape analysis 

[59] . 
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Elastic Scattering 

Photoelectrons can also be elastically scattered upon 

transversing the near surface region [60]. Although this 

does not affect the primary lineshape, differences in the 

path length distributions resulting from this lead to 

changes in the relative intensities of the primary spectrum 

vs. the inelastic spectrum. This is also important with 

respect to quantitation, although the error introduced by 

ignoring this effect is expected to be small. 

INSTRUMENTAL EFFECTS ON LINESHAPES 

Excitation Source Profiles 

The discussions of intrinsic and extrinsic 

contributions to the lineshape given above assume a 

monochromatic x-ray excitation source. The use of an 

unmonochromatized source for the data presented in this 

work results in the presence of additional features in the 

spectra due to source satellites and brehmstralung 

radiation; broadening of the spectrum occurs due to the 

energy width of the x-ray line [19] (data taken with 

monochromatized sources will still add some small 

broadening contribution to XPS spectra). Source profiles 

are available from Mg and Al x-ray emission data (see 
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Chapter 4). The minor spectral lines, which result in 

satellites in XPS, occur at higher frequencies, producing 

higher energy photoelectrons as compared to the main lines. 

The prominant transitions for both Mg(Ka) and A1(Ka) 

radiation consist of closely spaced doublets (a1, a2) [61]. 

The separation between these for A1(Ka) possibly results in 

asymmetric broadening of the XPS lines [62]. 

The measured response is determined by a convolution of 

the source profile with the total photoemission spectrum 

from the sample. From another perspective, the measured 

spectrum is ,the sum of multiple photoelectron spectra 

corresponding to the various x-ray transitions (including 

satellite lines) from the source. Although these two 

descriptions are mathematically identical, it is the former 

which suggests methods by which the problem of source 

satellites can be corrected. Two of these are presented in 

the next chapter. 

Analyzer Transmission Function 

There are two basic effects of the transmission 

characteristics of the electron energy analyzer: 1) 

additional 1inewidth broadening of XPS spectral features, 

and 2) dependence of the probability of electron 

transmission to the detector on electron kinetic energy. 

The latter of these is only important with respect to 
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relative quantitation, as no significant perturbations in 

the measured lineshapes occur over small energy windows due 

to this effect. The broadening which occurs, primarily 

Gaussian in character, represents an additional band 

limiting function which hinders the separation of spectral 

peaks. It is possible to measure the spectrometer 

broadening function by examining the Fermi edge in the 

photoemission spectrum of silver [45]. 

It has recently been shown [63] that the transmission 

characteristics of the VG ESCALAB MKII hemispherical 

analyzer in CAE mode are dependent on the spectrometer pass 

energy. The signal intensity is related to the kinetic 

energy of the photoelectron with the following relation: 

3.10 

The exponent n is a function of the ratio of the pass 

energy EA and the photoelectron kinetic energy as follows: 

n - -0.44 log(EA/Ekin) 3.11 

Transmission function correction for each discrete point in 

the spectrum is possible prior to further data 

manipulation. This is necessary when peak areas 

corresponding to different surface species are compared for 
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quantitative purposes. It is necessary to first determine 

whether Equation 3.10 accurately describes the actual 

characteristics of the analyzer used here. This has not 

yet been done. 
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4. XPS DATA ANALYSIS: DECONVOLUTION 

It was shown in the previous chapter that the measured 

photoemission spectrum is a convolution of the primary 

spectrum with several lineshapes, often hindering the 

analysis. If one or more of these functions are known 

explicitly, it is theoretically possible to remove them 

from the data with deconvolution techniques. Specifically, 

the isolation of the primary spectrum in the presence of 

the inelastic background and source satellites can be 

obtained using this technique. In addition, some 

resolution enhancement of the spectral features is 

possible. Various applications of deconvolution in XPS 

data analysis will be addressed in this chapter. The 

intrinsic spectrum is often composed of several overlapping 

bands, corresponding to different final states. It is 

often not possible to completely separate these bands by 

removing (deconvolving) the extrinsic broadening 

contributions. The use of least squares data fitting to 

resolve overlapping bands, a mathematically different 

procedure, will be addressed in the next chapter. 

Deconvolution in electron spectroscopy has been 

reviewed by Carley and Joyner [64] and developed 

specifically for XPS by Koenig and Grant [65]. Three 

different deconvolution methods will be described in this 
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and the following chapter: direct methods using the Fast 

Fourier Transform, one-sided methods, and iterative 

methods. 

DIRECT DECONVOLUTION USING THE FFT 

Direct deconvolution methods solve the inverse of the 

convolution integral (Equation 3.1). The most useful 

direct method makes use of the properties of the Fourier 

transform. The Fourier transform Y(f) of a function X(t) 

is defined as (Equation 4.1): 

ro 

Y(f) - J X(t)e-j2~ftdt 4.1) 

t--ro 

where j-(-l)~, and t and f are the independent variables in 

the data and Fourier domains, respectively. For every 

continuous function in data space there exists a 

corresponding function in Fourier space; the two functions 

are referred to as a Fourier transform pair. Although not 

specifically a function of time, the data domain 

information will be referred to as the time domain. 

Similarly, the Fourier domain will be referred to as the 

frequency domain. A thorough treatment of the principles 

of Fourier space and the Fourier Transform can be found in 



references 24 and 66. 

The properties of the Fourier transform which are 

important for this work will be briefly described in the 

course of this chapter. The most useful of these is the 

convolution theorem, which states that convolution of two 

functions in one domain, as given by eqn. 3.1, is 

equivalent to multiplication of the functions in the other 

domain, as shown in Figure 4.1. The convolution is 

performed by first obtaining the Fourier transform of each 

function, multiplying the resultant functions, and then 

computing the inverse Fourier transform of this result. 

Similarly, deconvolution of one function from another may 

be performed by division of the corresponding Fourier 

transform pairs and subsequent inverse transformation of 

the result. 

Fast Fourier Transform; Data Handling 

Rapid, discrete Fourier transformations are performed 

using the Fast Fourier Transform algorithm [67]. For data 

analysis purposes, it is usually necessary to modify the 

input data prior to application of the FFT deconvolution 

procedure for electron spectroscopic data in order to 

obtain optimal results [68]. Any such modification, 

however, must be accounted for following the inverse 

transformation. First, the data set (containing n points) 
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is usually reversed along the x-axis (Figure 4.2a) such 

that the nth point in the data is set to time-O. This is 

done to avoid noise leakage and ringing in the final result 

[24]. The number of points used in the FFT is usually 

z_2 m, where m is chosen to give a value of z greater than 

2n. Second, the data is extended from the nth data point 

to the z/2 point (Figure 4.2b), and the remaining z/2 

points (negative time values) are set to zero (Figure 

4.2c). 

Treatment of the function to be deconvolved (removed) 

from the data is somewhat different in that the selection 

of the t-O point is critical to the final result. For 

example, deconvolution by a Gaussian function requires 

assignment of the Gaussian maximum as t-O. The half of the 

function corresponding to negative time values is located 

in the first n/2 values of the function set, as shown in 

Figure 4.3. Zero filling is then performed to obtain the z 

points present necessary for the transform. 

Band Limiting Functions 

The limitations of direct deconvolution are best 

understood by examining the characteristics of the Fourier 

transform of a data set. The Fourier transform pair of an 

infinitely narrow spectral feature, such as the discrete 

delta function shown in Figure 4.4a, is the infinite 
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oscillating lineshape in Figure 4.4b. The Fourier 

transform of the Gaussian peak in Figure 4.4c, in the same 

position on the time axis as the delta function, is the 

oscillating function multiplied by an decay (or 

apodization) function, as shown in Figure 4.4d. The decay 

function in this case is a Gaussian function, as the 

transform pair of a Gaussian centered at t-O is a Gaussian 

centered at f-O. The spectrum in Figure 4.4c thus results 

from a convolution of the spectrum in Figure 4.4a with a 

Gaussian broadening function. This function function is 

described as band limiting, as high frequency information 

is suppressed. 
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Unless other band limiting functions are present (such 

as Lorentzian broadening), it should be possible to obtain 

the unbroadened spectrum in Figure 4.4a from that in 4.4c 

using Fourier domain division by a Gaussian function of the 

appropriate width. Real spectra also contain noise, 

however, and this hinders the complete removal of band 

limiting functions. Noise in a spectrum is essentially 

broad band; thus, its transform is also noise, spread over 

the entire frequency spectrum. The noise is generated from 

several sources, including source instability and detector 

noise. 

A considerable amount of the noise is unaffected by 

band limiting, as it originates after the collection of 



electrons. Therefore, the spectrum is described by the 

addition (in either domain) of the noise and the data. 

Fourier domain division of the data transform with a 

Gaussian function (deconvolution) enhances the high 

frequency information but also magnifies high frequency 

noise. This results in "ringing", or spurrious 

oscillations, in the deconvolved spectrum. 

Apodization 

It is often necessary to truncate high frequency 

information to reduce the extent of the noise 

amplification. This is done by choosing another band 

limiting function, or an apodization function, which is 

multiplied with the Fourier division result [68]. Various 

apodization functions can be used, but it is important to 

note that the character of the apodization function is 

reflected in the resulting spectral lineshape. In 

otherwords, the original band limiting function present 

prior to the deconvolution is essentially replaced by a 

different one, preferably one with improved 

characteristics. 
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APPLICATIONS OF FFT DECONVOLUTION 

Resolution Enhancement 

X-ray source linewidth and the spectrometer 

transmission function represent spectral broadening 

processes which are not physically relevant to the sample 

of interest. It is often desireable to improve on the 

spectral resolution without using a monochromatic source or 

reducing the signal/noise characteristics of the analyzer. 

This can be achieved to a limited extent with deconvolution 

of the original data by a model x-ray source profile and/or 

analyzer response. Koenig and Grant (65) have found that 

30% resolution improvement is possible using iterative 

techniques. Similar results are possible using FFT 

deconvolution with apodization. The results obtained, 

however, are usually only valuable in confirming the 

presence of closely spaced features. Additional peak 

separation using least squares techniques must account for 

any lineshape transformations introduced by apodization. 

Source Satellite Removal 

The XPS spectrum is partly composed of modifying 

functions which are not band limiting. An example of this 

is the source satellite distribution function. If the 

assumption is made that the various x-ray lines from a 
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given source have identical peak widths, the source 

displacement profile can be assumed to be composed of 

discrete delta functions separated by constant energy 

spacings, as shown in Figure 4.5 for the A1 (Ka) 

transition. Note that the main transition is indexed at 

time-O with its spectral intensity (area) -1.0. The 

satellite delta function magnitudes correspond to their 

respective intensities relative to the main transition. 

Within the above assumption, deconvolution of this function 

from the measured response should yield the 1ineshape 

expected from the main source transition alone. 

Another property of the Fourier transform [66] relates 

the spectral area in the time domain with the intensity at 

frequency-O in the Fourier domain. For a peak area equal 

to 1, the intensity at f-O in the Fourier domain becomes 1. 

If the modifying function is normalized following 

transformation, convolution or deconvolution by this 

function will not change the absolute area of the data 

function. In the case of satellite removal, it is usually 

desireab1e to remove the intensity corresponding to the 

discrete sources from the spectrum. This is in fact 

accomplished by assigning unit area to the main transition 

(at t-O). If it is desireab1e to shift the intensity under 

the satellite peaks to the main peaks, this can be 

accomplished either by normalizing the satellite function 
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area prior to transformation or by normalizing the f-O 

point after the FFT. 

Satellite removal can be easily accomplished using FFT 

deconvolution techniques with the source profile function 

described above. Shown in Figure 4.6a is the Ag(3d) 

photoemission spectrum taken using an AI(Ka) anode. The 

spectrum contains contributions from the Ag(3dS/2) 

transition at 367.9 eV and the Ag(3d3/2) line at 373.9 eV 

as well as inelastic background corresponding to each of 

these lineshapes. Also present, at approximately 10 eV 

lower in binding energy, is the spectrum resulting from 

source satellite excitation. The satellite for the 3d3/2 

transition lies beneath the 3dS/2 line, hindering accurate 

lineshape analysis. 

Shown in Figure 4.6b is the result of FFT deconvolution 

of the spectrum in Figure 4.6a with the source distribution 

function. This function is not band limiting, thus no 

apodization is necessary following Fourier division, and 

the solution is unique. The quality of the deconvolution 

result is limited primarily by the accuracy of the 

satellite model function. The actual x-ray source spectrum 

is dependent of the condition of the anode surface. The 

assumption of identical peak widths for each of the 

satellite lines is not a significant source of error. With 

respect to the actual deconvolution procedure, errors might 
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be introduced, or satellite peaks not accounted for, if 

strong spectral features exist to higher binding energies 

than the spectral bound. The practice of data extension, 

while preventing spurious features in the result, cannot 

account for peaks not in the spectral window which might be 

contributing satellite intensity within the spectral 

window. 

The application of FFT deconvolution described above, 

while illustrating some of the possibilities for advanced 

data analysis, is a computationally inefficient method for 

XPS satellite removal. An alternate approach, which also 

assumes a discrete distribution function as shown in Figure 

4.5, has been presented [69]. This method removes the 

satellites from the spectrum by subtracting spectral 

intensity from a discrete point in the data, the amount 

being determined by the spectral intensity at data points 

higher in binding energy (whose positions and relative 

scaling values are determined by the satellite function 

assumed). An example of satellite removal using this 

method for the Ag(3d) spectrum is shown in Figure 4.6c. 

Inelastic Loss Removal 

The FFT procedure for deconvolution of the inelastic 

background from AES data using EELS data developed by 

Nebesny [68] is also applicable to XPS background removal. 
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The characteristics of XPS impose additional limitations on 

the accuracy of this approach, however. XPS peak widths 

are usually of the order of the EELS elastic peak width. 

Asymmetry in the elastic peak, not present in XPS, will, in 

the course of the deconvolution, introduce undesired 

lineshape changes in the XPS spectra unless it is 

adequately accounted for. 

Hawn and Dekoven [70] have considered this problem in 

developing an iterative deconvolution scheme for XPS 

spectra based on the earlier work by Koenig and Grant [65]. 

This procedure sequentially removes (using deconvolution) 

the EELS (with the inelastic portion scaled) and the x-ray 

source lineshape from the XPS spectra and then convolves 

the result with the electron beam function. This is 

equivalent to removing the broadening in the EELS (source 

width) prior to the XPS deconvolution. As it utilizes the 

Van Cittert iterative deconvolution method (discussed later 

in this chapter), considerable computation time is required 

as two deconvolution steps (and one convolution) are 

necessary to obtain the result. 

Shown in Figure 4.7 is a comparison of the Na(ls) 

spectrum with the reflection EELS (with the incident K.E. 

equal to that of the XPS transition) for a scraped Na 

surface. The energy distribution of the plasmon peaks are 

similar between the two, although there are differences in 
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the intensity distributions. The presence of a surface 

plasmon peak in the EEL spectrum is not apparent in the 

XPS, and the tailing character of the Na(ls) lineshape is 

not reproduced in the EELS. Shown in Figure 4.8 is the 
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result of a direct deconvolution of the XPS Na(ls) 

lineshape with the EELS response using the procedure of 

Nebesny. The scaling factor of the EELS loss features (vs. 

the elastic peak) was adjusted to reduce the high B.E. 

spectrum boundary to baseline. This procedure neglects the 

possibility of asymmetric tail intensity in this region, 

but does suggest strong intrinsic plasmon character in the 

Na(ls) lineshape. 

In addition to the limitations of an EELS as a model of 

the true loss function, direct deconvolution also has 

limited application in XPS for other reasons. First, 

choosing a scaling ratio for the elastic peak vs. the loss 

features is difficult for metal spectra with extensive 

tailing (such as in the above example), as baseline 

correction near the peak is not necessarily the desired 

result. The majority of spectra for non-metals have small 

background contributions near the peak; intensive data 

treatment is often not needed. Finally, direct 

deconvolution is not applicable to even well-defined 

heterogeneous spectra (more than one matrix within a given 

spectral region), such as a layered system. Deconvolution 
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using EELS is useful for some complex homogeneous spectra, 

as in the case of metal oxides where extensive multiplet 

splitting spreads the 1ineshape over large energy regions. 

An alternative to direct deconvolution, which more 

effectively deal with some of these problems, is presented 

in the next chapter. 

OTHER DECONVOLUTION METHODS 

One-sided Deconvolution 

There are certain spectral-modifying functions which 

are one-sided functions (zero intensity at negative time 

domain values). Examples of this category are the 

satellite distribution functions and the inelastic loss 

function. Note that a broadening (Gaussian of Lorentzian) 

function does not fit into this category. The satellite 

subtraction method [69] described above is an example of a 

one-sided deconvolution method. Similarly, one-sided 

deconvolution formulae for inelastic background removal 

have been developed by Burrell [71,72] for AES data and 

more recently by Tougaard [55,57,58] for AES and XPS data. 

In both of these latter examples, the assumption is made 

that the inelastic loss response (obtained by removing the 

elastic peak in the EELS data) corresponds to a delta 
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function incident beam. Excessive energy spread of the 

incident electron beam can cause inaccuracies in the 

background determined using this approach, though for AES 

this is much less of a problem. 

Integral Background Subtraction 

120 

The integral background subtraction method described by 

Shirley [73] is in fact a simple example of a one sided-

deconvolution. In this method, the background at any data 

point is assumed to be proportional to the integrated 

spectral intensity to higher kinetic energies [74]. Since 

equal probability is assumed for inelastic loss as a 

function of energy, this is equivalent to describing the 

loss function as a step response centered at t-O in the 

data domain with the height determined by a scaling factor. 

The scaling factor is usually chosen such that after 

background removal both ends of the spectral window are of 

equal intensity, as shown in Figure 4.9. This method 

provides a simple way of background subtraction, but 

usually ignores the complexity and the correct magnitude of 

the actual inelastic background [57]. The next chapter 

will further discuss the problems with this functional form 

as well as possible improvements in its application in 

background removal. 
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Iterative Deconvolution Methods 

There are additional methods for obtaining the inverse 

solution to the convolution integral. The Van Cittert [75] 

technique, often termed a psuedo-deconvolution, is an 

iterative method. A final result is guessed, convolved 

with the response function, and successively compared, 

adjusted, and reconvolved until an acceptable match with 

the original spectrum is obtained. Some smoothing of the 

guess function is often necessary during the process to 

prevent noise buildup, and the convergence rate is 

dependent on the method used for refinement of the guess 

function [64]. The results obtained are comparable to 

those obtained using the FFT approach, but with a sacrifice 

in computation time. 

Constrained Iterative Deconvolution 

There is a special case of iterative deconvolution, to 

be considered in more detail in the next chapter, in which 

constraints are imposed on the guess solution [76]. The 

constraints severely restrict the result to preconceived 

functional forms, but at the same time eliminate the 

buildup of noise. A considerable improvement in resolution 

enhancement is thus theoretically possible. 
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5. XPS DATA ANALYSIS: LEAST SQUARES DATA FITTING 

Least squares data fitting is a statistical method of 

obtaining information from a set of data or a spectrum. If 

all contributions to a measured spectrum can be described 

using mathematical functions of a flnite number of variable 

parameters, these parameters can, in principle, be 

determined by minimizing the difference between the total 

model spectrum, generated from guess values of the 

parameters, and the original data. For general functions, 

the goal is to obtain accurate values for physically 

meaningful variables from the data set. For XPS spectra, 

the information to be obtained includes peak positions, 

intrinsic peak areas, peak widths, and intrinsic tailing 

values (a) for metals. If an accurate model function is 

used for the inelastic background, the procedure 

effectively achieves the desired separation of background 

from the primary spectrum. The accuracy of the parameter 

values obtained will depend on how successful each model 

function is in describing part of the spectral response 

[77,78]. This chapter will first discuss the advantages 

and limitations of least squares fitting in general; this 

is followed by the sequential description of the various 

data fitting schemes that have been developed for this 

research. 



PRINCIPLES OF NON-LINEAR LEAST SQUARES DATA FITTING 

In the method of least squares optimization, an error 

function x2 to be minimized is defined as the sum of the 

squares of the difference between the data and the model 

function at each point in the spectrum to be fit [77]. 

5.1 

Di are the n discrete data values and Mi are the values of 

the model function at point i. X2 is a function of the 
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variable parameters Pi of the model function, and the 

absolute minimum in x2 occurs when the absolute differences 

between the guess and actual parameters reach a minimum. A 

multidimensional surface is thus defined, as shown in 

Figure 5.1. The nature of this surface is determined by 

the model function and the data. For an exact model 

function and a noiseless spectrum, the value of the 

absolute minimum in X2 is zero. 

For a noisy (real) spectrum, there exists a unique 

absolute minimum in x2 space which defines the best fit to 

the data, provided the number of data points is sufficient 

and the signal/noise is acceptable. This does not imply, 

however, that the minimum is easily found. Additionally, 

the choice of a poor model function yields a X2 function 
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i(p) = :E(Data(n)-Model(n»)2 

Figure 5.1 . Two-dimensional surface defined by Equation 5.1 
for fitting a function with two variable 
parameters. 
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whose properties are not well defined. In the use of data 

fitting, it is thus imperative 1) to employ physically 

meaningful model functions for all components to the 

spectrum, and 2) to approach the use of this technique with 

at least a minimal knowledge of the chemical nature of the 

sample from which the spectrum was taken. The number of 

parameters is ultimately determined by the number of peaks, 

each representing a discrete transition. If more peaks are 

assumed than are actually present, the fit will improve 

significantly without yielding realistic information. 

Search Algorithms 

Once the error function X2 is defined as discussed 

above, the next step in the fit procedure is to use a 

search algorithm to find the minimum in the function. The 

desirable characteristics of a search procedure include 

speed and the ability to avoid local minima in X2 space, 

which can be confused for the end result. Some basic, well 

used algorithms can be found in reference 77. In addition, 

more recent approaches to parametric optimization can also 

be applied to the present problem [79]. For this work, the 

two most basic algorithms from [77] were used in sequence 

with satisfactory results: the gradient search method and 

the grid search method. 
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APPLICATION TO SIMPLE XPS SPECTRA 

The fit procedure obviously becomes less time consuming 

as the number of parameters is decreased. The point at 

which this decrease begins to seriously impair the quality 

of the fit to the data depends on the complexity of the 

spectrum of interest and the level of information desired. 

Spectra of homogeneous ionic solids can often be fit 

reasonably well with Gaussian lineshapes, ignoring the 

Lorentzian character in the peak shapes. This is possible 

as phonon broadening and charging effects tend to give the 

peaks pronounced Gaussian character, as discussed in 

Chapter 3. Still present in these spectra is the inelastic 

background, however, which must be dealt with in the 

overall analysis. The use of a linear background is 

clearly unacceptable. A commonly used procedure is to 

subtract a background of the Shirley form [73] prior to 

data fitting. The inaccuracies of this background function 

have been discussed in the chapter on deconvolution, but as 

simplicity is often of importance, it is worthwhile to 

develop a fitting procedure which takes advantage of the 

simplicity of this background function. 



128 

Scaled Integral Background 

The use of the integral background subtraction 

procedure [73] assumes that the total increase in intensity 

to higher binding energies across the spectrum is due to 

background. Depending on the choice of the high B. E. 

bound, this may not always be the case [57]. Shown in 

Figure 5.2 is a model loss function which, when convolved 

with the primary spectrum, describes the background 

contribution to the spectrum. The integral background 

approximation to this function consists of a step function, 

of a specific height, to lower kinetic energies from the 

onset. By scaling of the step function, it is possible to 

adjust the total integrated background intensity, as given 

by the integral form, to be equal to that given by the true 

loss function/intrinsic spectrum convolution result within 

a given energy window. The exact functional form of each 

background, however, will be markedly distinct. A simple 

way to account for intensity variations is to relax the 

prior constraint on the background intensity (that is, to 

scale the integral function in the fit). The background to 

be scaled can be determined from the model data function at 

each iteration in the fit process. 

The simple Gaussian fit procedure is diagrammed in 

Figure 5.3. Initial guesses for the peak parameters and 

the background scaling parameter are chosen, the 
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Figure 5.3 Least-squares fit procedure for XPS data 
utilizing Gaussian peaks superimposed on a 
scaled integral background. 
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optimization routine determines the correct values based on 

minimizing x2 computed from the calculated function and the 

data, and the model function (computed from the output 

parameters) can then be plotted with the data for visual 

comparison. An example of XPS data fit using this method 

is given in Figure 5.4, showing the Si(2p) spectral region 

for a silicon substrate with a native oxide overlayer. An 

asymmetric Gaussian peak was used to model the unresolved 

Si(2p) doublet, which shifts 4 eV to higher binding energy 

upon oxidation. 

Modified Integral Background 

Although the integrated background intensity can be 

reasonably accounted for using the scaled-integral form in 

a fitting scheme, inaccuracies in the basic assumptions of 

the form become apparent as the magnitude of the background 

near (or under) the peak increases. Shown in Figure 5.5 is 

the EELS spectrum from an iron metal surface, representing 

a good approximation to the true inelastic loss profile. 

The loss function assumed by the scaled integral form is 

given by step function #1. For most systems, especially 

semiconducting or insulating samples, the magnitude of the 

background near the peak should be small [57]. The simple 

form clearly overestimates the background in this region by 

assuming a uniform loss probability function. 
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Figure 5.4 Fit of Si(2p) region for a native oxide layer 
on silicon using the procedure in Figure 5.3. 
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The EELS profile in Figure 5.5 suggests a simple 

improvement in the integral form, one which maintains the 

ease of computation. Since the onset of background for a 

given point in the primary spectrum is often several eV to 

lower K.E., the introduction of an offset into the step 

function (#2) will more accurately reflect the true nature 

of the loss spectrum near the peak. This offset value can 

be determined by examining an EELS spectrum for the surface 

of interest, or can be included in the fit parameters. 

Computation of the offset background is done as follows: 

5.2 

where Di is the data value at each point i to lower binding 

energy than that at point Dj. The offset value j (which is 

zero for the normal integral background) is computed from 

the offset by dividing by the energy spacing between 

points. Pb is the background scaling parameter. Examples 

of the use of the modified integral background will be 

given later in this chapter. 



CONSTRAINED ITERATIVE DECONVOLUTION 

Further improvements in modeling both the XPS primary 

1ineshape and the inelastic background are hindered by the 

fact that exact closed form expressions for various 

contributions (Lorentzian, asymmetric tail, etc.) do not 

exist. In generating a particular lineshape, it is 

necessary to perform discrete convolutions of various 

functions to obtain the desired result. Since each 
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function will usually contain several unknown parameters, a 

large number of convolutions must be computed in a least 

squares optimization. Whereas individual peak parameters 

(e.g. peak positions) affect a limited spectral region, 

parameters of functions to be convolved with the model 

1ineshape, such as broadening functions, affect the entire 

spectrum. Such functions have been termed non-local model 

functions [80]. 

Least squares optimization with non-local model 

functions can be considered a form of deconvolution (or 

more accurately, psuedo-deconvolution). As discussed in 

the previous chapter, iterative deconvolution techniques 

involve the iterative determination of an unknown lineshape 

which, when convolved with the broadening or other 

modifying function, yields a close match to the original 

spectrum. In the constrained case, the guess function is 



constrained to a closed-form expression, as is the 

modifying function. Within the limits of accuracy for 

which the closed-form expressions model the actual 

1ineshapes, the data fitting process can yield the 

unmodified 1ineshape, which is the deconvolution result. 

The most basic example of a fitting routine involving 

convolution operations is the use of a Gaussian-Lorentzian 

function as detailed below. 

Gaussian-Lorentzian Function 

As shown in Figure 5.6, a simple Gaussian fit (scaled 

integral background) of the Si(2s) spectrum from a quartz 

surface is often of poor quality in several regions of the 

spectrum, indicating the presellce of Lorentzian character. 

This arises from contributions of the intrinsic XPS 

lineshape as well as the source profile (for a non

monochromatic source) to the overall peak shape. Accurate 

determination of several overlapping bands can be hindered 

if this Lorentzian component is ignored. An exact c1osed

form expression for a Gaussian-Lorentzian convolution 

product does not exist, although several approximate 

solutions, with varying degrees of complexity, have been 

developed [81,82]. For the data reduction in this work, 

the use of the SKYMNK array processor in conjunction with 

the LSI 11/23 computer has enabled discrete convolutions as 
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given by Equation 3.1 to be computed exactly during the 

data fitting procedure with minimal time expense. 

The use of the Gaussian-Lorentzian function in a 

fitting scheme is diagrammed in Figure 5.7. Each peak in 
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the intrinsic spectrum is constructed using one of the 

lineshapes at a specific position and with a given peak 

width as determined from initial parameters. The 

broadening function is determined from the initial width 

parameter and convolved with the intrinsic peak. The 

various peaks are then scaled as determined from the 

intensity parameters, and the sum of the peaks is obtained. 

An inelastic background profile is then determined for this 

1ineshape, assuming equivalent loss probability for each 

peak in the spectrum. The four parameters for each 

transition, plus one for the background, are then optimized 

using the least squares search routine. 

A fit of the Si(2s) spectrum in Figure 5.6 using the 

Gaussian-Lorentzian function, again with a scaled integral 

background, is shown in Figure 5.B. The fit to the single 

peak is noticeably improved, as the measured Lorentzian 

contribution to the lineshape is substantial. Shown in 

Figure 5.9 is an O(ls) spectrum, also from a quartz 

surface, taken at 20 eV pass energy. Although a 

monochromatic source was not used, the fit of the high 

resolution data to a Gaussian-Lorentzian peak is adequate. 
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Figure 5.8 Fit of the Si(2s) spectrum from Figure 5.6 
using the method shown in Figure 5.7. 
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Figure 5.7. 



. LEAST-SQUARES FITTING OF METAL SPECTRA 

As discussed in Chapter 3, core-level photoemission 

spectra from metals have lineshapes which tail to lower 

kinetic energy due to many-electron effects. The use of 

the Doniach-Sunjic lineshape in a data fitting procedure 

has been shown by Wertheim and Dicenzo [45] to yield good 

results for a wide variety of metal systems. For their 

analysis, a monochromatic source was typically used, 

eliminating the possibility of lineshape asymmetry caused 

by source effects. From the results of the least-squares 
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analysis, they were thus able to obtain measurements of the 

intrinsic linewidth and the extent of solid-state 

broadening in the XPS lines [53]. 

In the analysis of reactive systems with XPS, the use 

of a monochromatic source is often not practical (intensity 

considerations) or is unavailable. It will be shown in 

this section that data fitting employing the DS lineshape 

is still a valuable tool for XPS analysis of metal systems 

despite the possible presence of source effects. It was 

found that while the measured Lorentzian character of the 

peaks is greater than expected, values for the singularity 

index (a) compare favorably with published results. 

Additionally, the extent of peak tailing measured using 

this method for a substrate metal lineshape remains 
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constant during the formation of an oxide overlayer. 

The least squares fitting scheme for metals developed 

here is shown in Figure 5.10. DS 1ineshapes for each peak 

are calculated at specific positions from the initial 

parameters. A single symmetric Gaussian broadening 

function, to account for solid state, spectrometer, and 

source effects, is then convolved with this 1ineshape, 

yielding the primary spectrum for each transition. This 

contrasts with the procedure of Wertheim, where the 

instrumental effects were determined experimentally and 

convolved separately with the entire spectrum to generate 

the lineshape [45]. Following summation of the peaks, an 

integral (or a modified integral) background profile is 

then computed based on the entire primary spectrum, and the 

least squares optimization is initiated [83]. This also 

contrasts with other work where a polynomial background or 

prior background subtraction was used [45,50,84]. 

Since the goal of the least squares analysis is often 

the determination of primary peak area for quantitative 

purposes, it is necessary to consider the effects of the 

asymmetric tail on the area measurements. Wertheim and 

Hufner [85] have discussed the importance of including the 

area within the tail as primary peak intensity, to be used 

along with photoemission cross section and IMFP values for 

quantitation. Unfortunately, the DS lineshape does not 
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realistically converge to zero intensity, making area 

assignment tenuous. Modifications of the DS lineshape 

[50,86], based on the work of Mahan, do converge within 

more realistic energy ranges, but it is not known whether 

these lineshapes are applicable to all systems. Accurate 

analysis of the lineshape at large energies from the peak 

maximum is difficult due to the increasing intensity of the 

inelastic background in these energy regions. 

For the initial analysis, a simple (non-physical) 

approximation of the tailing decay has been used for 

quantitative purposes. A linear extrapolation to zero 

intensity, from the high B.E. bound of the spectrum, is 

assumed. The calculated DS lineshape peak area will be 

proportional to the actual peak area when compared with 

similar spectra for a model system. Direct quantitation of 

alloys is problematic, unless the various elements have 

similar tailing values (similar a values are indeed 

expected for a homogeneous alloy with a single conduction 

band [41]. Often of more interest, however, is the 

accurate identification and quantitation of product layer 

species on metal surfaces. This data analysis method is 

well suited for this application. 
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Application to Li Lineshape Analysis 

The initial focus of this work was to develop a more 

complete understanding of the Li(ls) XPS lineshape and the 

changes in this lineshape following surface reaction. The 

Li(ls) spectrum for a clean lithium surface, shown in 

Figure 5.11, is characterized by a principle transition 

positioned at 55.5 eV and a series of plasmon peaks at 

62.9, 70.3, and 77.7 eV [87]. The predicted asymmetry of 

the lineshape is visually apparent. For surfaces prepared 

by scraping, some intensity corresponding to the Na(2s) 

transition, resulting from slight sodium contamination of 

bulk lithium, lies beneath the first plasmon. As discussed 

in Chapter 3, a fraction of the plasmon peak intensity 

corresponds to intrinsic plasmons, which are to be included 

as primary spectral intensity. For comparison, the 

spectrum for a completely oxidized Li surface is also 

shown. 

Although complicated by many-body effects, analysis of 

the Li(ls) region is somewhat simplified by the large 

separation of main transition from the first plasmon 

feature, as compared to the principle peak upon oxidation 

[20]. The initial lineshape studies of lithium oxidation 

will thus consider only the principle peak; a more detailed 

analysis of the loss region will be presented later in this 

chapter. Shown in Figure 5.12 is a fit to the principle 
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Figure 5.11 Li(ls) spectra for clean Li metal and oxidized 
Li showing plasmon loss region. 
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Li(ls) peak, from a scraped Li surface, using the method 

described in the previous section. The data is indicated 

with discrete points, the primary peak (Gaussian broadened 

Doniach-Sunjic function) is given with the dashed trace, 

and the overall fit to the spectrum is shown with the solid 

line. Inset in the figure are the functional values 

obtained from the fit: the peak position, Lorentzian HWHM, 

the singularity index Q, and the Gaussian FWHM. 

In the above analysis, a scaled integral background 

(given by the lower solid line) was included in the fit. 

It is possible that inaccuracies in the background 

approximation affect the measured a value. To determine if 

the use of the modified integral background might provide 

an improvement, the same spectrum was fit using increasing 

values for the offset in the background; the results are 

presented in Figure 5.13. As the energy offset is 

increased from zero, the X2 value (measure of the goodness 

of the fit) reaches a minimum value at ca. 2 eV offset, 

followed by a subsequent increase. This indicates an 

improved approximation to the actual background, within the 

limited energy window, using the modified integral form. 

A similar analysis for an evaporated Li film yields 

slightly larger Q values than scraped surfaces. The origin 

of this discrepancy is unknown, although it might arise 

from impurity effects in the scraped surface. The value 
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for the evaporated film approaches the literature value of 

0.25 [50,53]. The more detailed analysis later in this 

chapter suggests an a value near 0.26. 
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To further test the accuracy of the a measurements 

using this method, several clean metal surfaces were 

prepared by ion-etching and analyzed using an Al(Ka) source 

at 50 eV pass energy. The a values obtained from this work 

and from the literature, where available, are presented in 

Table 5.1. Although there are some differences (most 

notably Na), this comparison indicates that a consistent 

overestimation or underestimation of the extent of 

asymmetric tailing does not occur using a non-monochromatic 

x-ray source and the method presented here. Further 

confirmation of this is given below. 

A series of Sn(3dS/2) spectra were collected using both 

Al(Ka) and Mg(Ka) sources (290W) at pass energies of 10, 

20, SO, and 100 eV in CAE mode. Following satellite 

removal, the spectra were fit using the DS-Gaussian 

function with the scaled integral background, as shown in 

Figure S.14 (no offset). The fit results, presented in 

Table S.2, show the expected increase in Gaussian 

broadening with increased pass energy. The most 

significant result of this study is the reproducibility of 

the a values. With the exception of the 100 eV pass energy 

values, where the Sn(3d3/2) peak intensity likely 
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Table 5.1 Tailing Parameter Values (Q) for Several Metals 

metal XPS line this work literature ref . 

Li(ls) .25 . 25 53 

Na(ls) .28 .20 53 

Fe(2p) .40 

Ti(2p) .41 

Cr(2p) .33 

Ni(2p) .20 

Mn(2p) .36 

Ag(3d) .06 .06 45 

Cu(2p) .06 

Au(4f) .05 .06 45 

Sn(3d) .11 .12 53 

A1(2p) .11 .12 53 

In(3d) .11 .11 53 

Pb(4f) .14 53 
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Figure 5.14 Fit of Sn(3d5/2) peak from a metallic tin 
, surface . . 



154 

Table 5.2 Least-Squares Fit of the Sn{3d5/ 2 ) from Tin 
Metal as a Function of Instrumental Parameters 

Source Analyzer Lorentzian Gaussian a B.E. 
Energy (eV) HWHM FWHM (eV) 

A1{Ka) 10 0.33 0.64 .107 485.94 

20 0.31 0.90 .108 486.21 

50 0.30 1. 55 .107 487.08 

100 0.33 2.75 .125 488.43 

Mg(Ka) 10 0.30 0.58 .108 485.83 

20 0.26 0.85 .107 486.06 

50 0.27 1. 49 .109 486.91 

100 0.25 2.82 .119 488.28 



contributes to the high B.E. sida of the Sn(3dS/2) peak, 

the values are identical within experimental error. The 

Lorentzian widths are somewhat constant for measurements 

for a given source; there is a small difference between 

sources. 
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The results of this study indicate that, despite 

differences in the 01,02 separation for the A1 and Mg 

sources, as well as likely differences in asymmetry from 

many-body effects in x-ray emission for A1 and Mg, ° values 

obtained from the two sources are consistent. The 

differences in the measured Lorentzian contribution 

suggests a considerable source Lorentzian broadening 

effect, thus eliminating the possibility of obtaining 

intrinsic lifetime widths from data collected with non

monochromatic sources. 

Lithium Oxidation 

Upon exposure to low pressures of oxygen and water 

vapor, metallic lithium is believed to form predominantly 

Li20, resulting in a Li(ls) transition shifted to higher 

binding energy (1.0-1.5 eV) [20]. Although some 

information of this phenomenon is available from the O(ls) 

XPS region, it is desirable to resolve the two Li(ls) lines 

to provide additional insight into the composition and 

electronic structure of the film. Additionally, the 
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accurate determination of the Li+(ls) transition 

superimposed on the large intrinsic tail of the substrate 

Li signal provides a rigorous test for the data fitting 

procedure presented above. The procedure presented here 

assumes equal probability for extrinsic energy loss for all 

spectral components. As discussed later in this chapter, 

this is not the case for multilayered systems. In light of 

the small binding energy shift relative to the peak width 

of the Li+(ls) peak, however, the changes in background 

intensity in this energy region will be small such that 

reasonable results can be expected using this approach. 

Shown in Figure 5.15 and 5.16 are least-squares fits to 

the Li(ls) spectral region (using the Al(Ka) source) for a 

clean metal surface exposed to 5 and 10 Langrnuirs 02' Two 

peaks were assumed for each fit, both being computed from 

the DS-Gaussian function. Although the a value for the Li+ 

peak was not constrained to a particular value, the fit 

results indicate negligible tailing of this transition. 

Shown in Figure 5.17 is the fit of the Li(ls) region for a 

10L H20 exposure, indicating similar lineshape changes. 

The resultant fit parameters obtained for various 02 and 

H20 exposures are given in Tables 5.3 and 5.4 respectively. 

Reproducibility of the binding energy separations and the 

substrate a values is indicated. 
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Table 5.3 Li(ls) Peak Parameters: °2 Exposures 

Exposure Binding Separation Lorent. Gauss. ct 

(Langmuirs) Energy(eV) (8eV) FWHM FWHM 

1 55.56 1.17 0.19 1.41 0.21 
56.73 0.26 1. 62 0.04 

5 55.52 1.31 0.26 1. 37 0.22 
56.83 0.45 l. 55 0.03 

10 55.67 1.31 0.15 l. 56 0.22 
56.98 0.46 1. 72 0.02 
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Table 5.4 Li(ls) Peak Parameters: H2 O Exposures 

Exposure Binding Separation Lorent. Gauss. Q 

(Langmuirs) Energy(eV) (l1eV) FWHM FWHM 

1 55.47 1. 21 0.26 1. 38 0.20 
56.68 0.08 1.40 0.11 

10 55.60 1. 30 0.34 1. 35 0.20 
56.90 0.42 1. 55 0.06 

50 55.82 1. 25 0.20 1. 63 0.21 
57.07 0.36 1. 78 0.03 
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Comparison with Simplistic Analysis 

A simplistic approach for the analysis of these systems 

is to subtract an integral background [73] from the 

measured lineshape to achieve baseline intensity on both 

ends of the spectrum. The resulting spectrum is then fit 

to simple Gaussian peaks. For the Li(ls) region analyzed 

above, this method then assumes that the total intensity in 

the valley between the principle peak and the first plasmon 

results from inelastic background. The fit for a 10L 02 

exposure to Li is shown in Figure 5.18. The peak assumed 

for the Li substrate transition does not adequately 

represent the true lineshape, and the peak intensity for 

the Li+ species is likely overestimated. Shown in Table 

5.5 is a comparison of quantitative results obtained using 

the two procedures described here. For a Li20 product 

layer, a 2 to I Li+/O ratio is expected, if photoemission 

cross section differences are accounted for. Although both 

procedures yield high values for this ratio, the simplistic 

procedure results in a more severe overestimation of the 

Li+ content of the product layer. A comparison on the 

Li+/Li peak area ratio is shown in Figure 5.19. Note that 

as the substrate signal diminishes the results obtained by 

the two methods converge. 

In conclusion, the data fitting scheme presented in 

this section, with a model function consisting of the 
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Table 5.5 Li+(ls)/O(ls) Peak Ratio Determination 

02 Exposure 1 5 10 
(Langmuirs) 

Ratio using 2.02 2.45 2.68 
DS Function Peak Fit 

Ratio Following Integral 6.40 3.64 2.68 
Background Correction, 
Gaussian Peak Fit 
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Figure 5.19 Comparison of Li+/Li peak area ratios for 02 
exposures to lithium using the two methods. 
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Gaussian broadened Doniach-Sunjic lineshape and a scaled 

integral background, has been shown to yield more realistic 

results when used for the analysis of a complex system. In 

addition to the results reported here, this method has been 

used extensively for detailed analysis of the Li(ls) 

lineshape following exposure to S02, H2S, SOC12, and other 

oxidants, yielding information complementary to that 

obtained from the O(ls) region [20]. 

FOURIER-DOMAIN XPS BACKGROUND DETERMINATION 

Although the scaled-integral and/or modified-integral 

backgrounds are acceptable approximations to the true 

inelastic XPS response for small energy regions, it is 

desirable to develop a background generating method which 

accounts for the presence of discrete features in, as well 

as the characteristic profile of, the true energy loss 

response. As discussed in the last chapter, reflection 

electron energy loss spectra (EELS) can be used as a model 

for inelastic processes in a deconvolution background 

removal scheme. This section will describe the use of EELS 

data for the determination of an inelastic background 

profile in a least squares data fitting procedure. 

Computations are performed using the Fast Fourier Transform 



to simplify as well as increase the speed of the 

calculations. 
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The conceptual basis for the method is diagrammed in 

Figure 5.20. The inelastic background is a convolution of 

the inelastic response function (material and energy 

dependent) with the profile of the broadened primary 

spectrum. An EEL spectrum contains the elastic (zero-loss) 

peak, the inelastic response, and considerable broadening 

due to the energy spread of the incident beam as well as 

the spectrometer function. A good approximation to the 

EELS broadening function can be determined by fitting a 

function to the elastic peak. The desired result 

(background function) can be obtained by obtaining the 

convolution of the model primary spectrum with the 

inelastic portion of the EELS followed by a deconvolution 

with the EELS broadening function. 

Fast Fourier transformation allows the convolution and 

deconvolution operations to be done in one step using 

multiplication and division. Apodization requirements for 

this process are less severe than for a simple 

deconvolution. The model XPS lineshape will likely contain 

Gaussian broadening equal to or greater than that for the 

elastic peak such that noise amplification is minimized. 

In addition, if one or more of the functions involved in 

the procedure are generated functions (no spectral noise), 
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the problem is reduced further. In practical computation, 

round-off error is introduced due to limited computer 

precision, and some Gaussian filtering is necessary to 

avoid the appearance of high-frequency oscillations in the 

final result. This small amount of apodization does not 

significantly broaden the final result. 

The inverse Fourier transform of the multiplication -

division result is a background profile valid over the 

spectral region of interest and characteristic of the 

intrinsic lineshape and the matrix (from the EELS). For 

use in the least-squares fitting procedure, the profile can 

be normalized and/or scaled with a single parameter. It 

should be noted that this scaling parameter is only weakly 

dependent on the parameters which determine the intrinsic 

lineshape. The minimum in x2 space is thus well determined 

for this parameter. 

Data reduction of the EELS spectrum is necessary prior 

to the background generation. A determination of the 

inelastic spectrum near or under the elastic peak is 

non-trivial due to the magnitude of this peak. Tougaard 

has suggested that, for many metals, the loss function 

increases linearly at small energy losses [88]. However, 

perturbations due to the shape of the elastic peak are 

expected. An approximation that has been used in this work 

-E~ 
is to assume a square-root exponential decay (I-e ) from 



a point in the loss spectrum well beyond the elastic peak 

tail (3-4 eV) to baseline at loss-O (the elastic peak 

position). This is a crude approximation to a Gaussian 

decay, as shown in Figure 5.21, but yields reasonable 

results provided the elastic peak and the more prominant 

inelastic processes are well separated. The loss spectrum 

is indexed to the position of the removed elastic peak 

prior to the Fourier transformation, as indicated by the 

arrow in Figure 5.21. The elastic peak (broadening 

function) is then fit to an asymmetric Gaussian peak, with 

only the left and right peak half-widths retained. From 

these two parameters, the broadening function can then be 

reconstructed for the transformation. 

To generate the background profile at any time during 

the fit, the model XPS lineshape is constructed from the 

current parameters and set in the proper format for the 

Fourier transformation, as described by Nebesny and 
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Armstrong [89] and in Chapter 4 of this dissertation. Data 

extension and zero filling are used to minimize noise 

leakage and aliasing [68]. Figure 5.22 shows the proper 

format for the three arrays prior to transformation. Note 

that half of the EELS broadening function is positioned at 

the end of the file. Shown in Figure 5.23 is the real 

portion of the Fourier transform for each of these. Also 

shown is the transform for a typical apodization function 
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Figure 5.22 Pre-transformation setup of the data array, the 
inelastic loss array, and the elastic peak 
function. 
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used to eliminate excess noise. A mirror image of these 

spectra occurs at the end of each data set. 
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Following the Fast Fourier Transformation of the three 

lineshapes, the complex multiplication of the data and the 

loss function over points in the extended data set is 

obtained, followed by the complex division by the elastic 

peak function. As discussed earlier, it was found that 

some filtering of the multiplication - division result was 

necessary. The extent of ~his apodization is determined by 

the broadest Gaussian function, in the Fourier domain, 

which reduces noise oscillations to an acceptable level. 

The inverse-FFT result of this filtered function is then 

normalized to the most intense point in the profile, 

usually at the highest binding energy point. This is not 

necessary for the fitting procedure, but allows for a 

simple determination of a starting value for the background 

intensity parameter. From a data file requiring a 1024 

point set for the transformation, and the computer hardware 

described here, a background can be generated in less than 

10 seconds. 

Application in Least Squares Fit 

The application of the FFT/EELS background generation 

procedure in a data fitting scheme is shown in Figure 5.24. 

Ideally, the background(s) should be recalculated at each 
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fit iteration, but this is unnecessary. The shape of the 

background is only weakly dependent on the peak parameters; 

thus, small changes in the primary lineshape have minimal 

effect on the background profile. It is usually sufficient 

to recalculate the background several times in the initial 

stages of the fit and once or twice as the fit is refined. 

The background scaling parameter, however, is redetermined 

at each iteration in the fit. 

In the absence of multiplet splitting, photoemission 

spectra from non-metals have trivial intrinsic lineshapes 

well separated from extrinsic contributions. Although this 

presents a situation where a detailed consideration of the 

inelastic background is not necessary, such spectra can 

nonetheless illustrate the accuracy with which the 

background can be modeled for certain systems. Shown in 

Figure 5.25 is the Si(2p) spectrum from a cleaved Si02 

surface fit to two peaks corresponding to the spin-orbit 

pair (dashed lines). The inelastic background, indicated 

with an arrow, was generated using an EELS of the same 

surface. Shown in Figure 5.26 is the inelastic loss 

function which was obtained by removing the elastic peak 

from the EELS. This is essentially the background for an 

infinitely narrow peak. 

The above example indicates that the generated 

background provides an accurate model of the extrinsic 
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Figure 5.26 Inelastic loss function (modified EELS) used to 
generate the background in Figure 5.25. 
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1ineshape. For the analysis of certain spectra where 

unexpected primary spectral features might be interpreted 

as extrinsic effects, this procedure can provide the 

distinction. Shown in Figure 5.27 is the S(2p) spectral 

region from a cleaved SnS2 surface. The assumption of only 

2 peaks (spin-orbit pair for one sulfur species) resulted 

in a poor fit immediately to higher B.E. than the main peak 

envelope. The assumption of three states of sulfur in the 

fit provides a better fit to the data. The existence of 

additional sulfur states can be explained by the formation 

of defect sites during the cleaving process [90]. 

The Sn(3d) spectrum from the same surface is shown in 

Figure 5.28. The best fit to the spectrum was obtained by 

allowing for some asymmetry (tailing) in the primary peaks. 

If asymmetry is not included in the model function, the 

quality of the fit on the high B.E. side of each peak is 

diminished. considerably. The origin of this asymmetry is 

unknown, especially in light of its absence in the S(2p) 

spectrum. It is possible that this could also be explained 

by edditiona1 Sn states (slightly higher in binding 

energy), but it is much less likely that this effect 

results from inaccuracies in the background profile. The 

inelastic loss function for the SnS2 surface is shown in 

Figure 5.29. 
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Figure 5.27 Fit of S(2p) spectral region for a cleaved SnS2 
surface. 
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Figure 5.29 Inelastic loss function (modified EELS) used t. 
generate the background in Figure 5.27. 
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Application to Simple Metal Lineshapes 

Although the analysis of the Li(ls) lineshape presented 

earlier showed that useful results could be obtained by 

considering only the principle transition, several 

observations have motivated a more detailed examination of 

the entire Li(ls) transition for the clean metal surface. 

First, oxidation of the lithium surface results in an 

absolute intensity increase for the primary transition 

[20]. This is unexpected, as the Li atomic density in the 

oxide is lower than in the metal. Second, spectra of thin 

Li films on inert substrates are markedly similar to those 

for thick films, indicating-that extrinsic effects do not 

completely account for the structure on the high B.E. side 

of the principle transition. Finally, analysis of the 

substrate photoelectron transitions for the previous 

example does not indicate the presence of strong loss 

features similar to that seen in the Li(ls) region. These 

observations indicate considerable intrinsic plasmon 

contribution to the spectra. 

The FFT background generation method can also be 

applied to XPS metal 1ineshapes. The only necessary 

modification of the fit procedure shown in Figure 5.24 is 

the calculation of the DS lineshape instead of the 

Lorentzian function. For the extended Li(ls) region shown 

in Figure 5.30, three peaks are assumed for the primary 
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spectrum, corresponding to the main transition and two 

intrinsic plasmon peaks. The asymmetry index (0) was 

constrained to be equal for these transitions in generating 

the fit, and was determined to be 0.26. This is in 

reasonable agreement with results of Wertheim [45]. The 

scaled background function, generated from the EELS in 

Figure 5.31, is shown as the solid line through the peaks, 

which are indicated with the dashed lines. The overall fit 

through the data points is again given as a solid line. 

The resulting fit parameters are given in Table 5.6. 

Regions where the fit to the data appears to be incorrect 

are indicated by the arrows. The reasons for these 

discrepancies will be discussed below. 

Inaccuracie~ in the data fitting results for Li are 

expected to arise from two sources, the first of these 

being error incurred in the use of the EELS as a model of 

the inelastic processes. In contrast to an internally 

generated electron proceeding through the surface region, 

an electron backscattered off a solid crosses the surface 

twice. This could result in greater surface plasmon 

contribution in the EELS relative to the photoemission 

response. The presence of surface roughness also tends to 

increase the surface plasmon in the EELS experiment 

relative to photoemission [20]. This is likely the cause 

of the poorer fit in regions just above the main 
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Figure 5.31 EELS of the lithium 8urface which was used to 
generate the background in Figure S.30. 
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Table 5.6 Li(ls) Spectrum Plasmon Fit 

peak # Binding Lorentzian Relative 
Energy (eV) HWHM Peak Area 

1 (main) 55.52 0.21 1 

2 63.08 1.18 0.75 

3 70.93 1. 38 0.24 

4 77.94 1. 38 0.01 

Q-0.26 
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transition. This problem also arises when using EELS for 

deconvolution purposes. A second source of error in the 

data fit, most notable in the higher binding energy region 

of the spectrum, is likely the result of inaccuracies in 

the Doniach-Sunjic lineshape over large energy windows 

[50]. The use of a model lineshape with different decay 

properties to higher energies, such as that of Mahan, might 

be necessary [86]. 

Within the limits of the model functions discussed 

above, the technique provides a method for the 

determination of intrinsic plasmon contribution to the 

overall spectrum. It has previously been found for other 

simple metals that the total intensity under the plasmon 

peaks can be nearly equal to that under the main transition 

[48,49]. The results here indicate that this is indeed the 

case for the Li(ls) transition, although the overall extent 

is even larger than expected. For quantitative analysis of 

Li metallic systems, such as alloys, or for a direct 

comparison of Li+/Li O .intensity ratios, it is therefore 

necessary to account for intrinsic intensity corresponding 

to these peaks, as well as peak area under the intrinsic 

tail [83,85]. 
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LEAST-SQUARES ANALYSIS OF METAL OXIDATION 

In the XPS analysis of oxide formation on lithium 

earlier in this chapter, the presence of more than one 

unique background function due to the layered structure was 

neglected. Over larger analysis energy regions (>5 eV), a 

more fundamental approach to modeling of the background 

must be used. The approach described here accounts for the 

presence of several background functions as well as the 

complexity of the metal substrate XPS lineshape. 

Approximations to the overall response are made which 

simplify the computation and least-squares fit routines. 

Model Spectral Response for Oxide Overlayers on Metals 

For XPS spectra of metals with thin coverages of oxide, 

the zero-valent metal peaks and oxidized metal peaks often 

overlap, especially if spin-orbit pairs are present. In 

such systems, the inelastic background can contribute 

significantly to the observed XPS lineshape, as shown in 

Figure 5.32 for the case of oxidant exposure to evaporated 

Fe films. The increase in intensity to lower kinetic 

energies below the zero-valent core transitions is 

considerable following oxidation, and the primary 

contribution to this is electrons from the underlying metal 

which have been scattered to lower energies in the oxide 
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Figure 5.32 Fe(2p) spectra for clean and oxidized iron 
metal. 
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layer. Electrons which are photogenerated in the oxide 

layer have a much smaller probability of being 

inelastically scattered prior to detection; the background 

thus generated contributes much less to the spectrum. This 

is evident in a comparison of the apparent backgrounds for 

the O(ls) (Figure 5.33) and Fe(2p) spectral regions for the 

oxidized surface. O(ls) electrons are scattered primarily 

in the oxide overlayer (backscattering of O(ls) 

photoelectrons from the metal layer is expected to be 

minimal). 

The overall photoemission spectrum for an oxide/metal 

layered system can be divided into four contributions, as 

shown in Figure 5.34. The XPS spectrum of the clean metal 

surface is a good model for the total flux of electrons 

which penetrate the metal/oxide interface. This assumption 

ignores the possibility of interface effects or surface 

states present in the clean metal spectrum, as well as 

inelastic backscattering of oxide photoelectrons from the 

metal substrate. The major contribution to the inelastic 

background upon oxidation, within a limited energy window, 

is from electrons, originating in the metal, which have 

lost some (or additional) energy as a result of scattering 

in the oxide overlayer. As discussed above, the background 

lineshape for this process results from a convolution of 

the underlying metal lineshape (including losses) with the 
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specific loss function for the oxide overlayer. 

It is also necessary to include model functions for 

the transitions corresponding to higher oxidation states 

for the metal as well as the inelastic background resulting 

from scattering of these electrons within the oxide film. 

For many transition metal ions, multiplet splitting can 

result in the presence of a number of closely spaced states 

in the photoemission in addition to satellite peaks well 

removed (>2 eV) from the main transition [31,35]. As the 

number and relative intensities of these unresolved states 

are not well known, it is useful to represent the envelope 

corresponding to each oxidation state (with the exception 

of resolved satellites) with asymmetric Gaussian peaks. 

Backgrounds for each transition can be generated separately 

(or collectively, if it is assumed that different species 

are uniformly distributed in the oxide film ). 

Application of FFT/EELS Background 

The modeling of the photoemission response for an metal 

with a thin coverage of oxide can readily include the use 

of the background generation procedure described in this 

chapter. The choice of the EEL spectrum used to model the 

oxide loss response is critical, however. For thin oxide 

coverages, the EEL spectrum will include features 

characteristic of the metal substrate due to partial 
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penetration of the incident electron beam past the 

metal/oxide interface. The measured inelastic response is 

thus characteristic of neither the oxide film nor the metal 

substrate, and is ina~equate for modeling purposes. The 

general use of an EELS from a thick oxide film as the model 

for thinner oxide coverages is an acceptable alternative, 

although this ignores the possibility of changes in the 

loss function as the composition of the over1ayer changes. 

It is often found, however, that differences between EELS 

from different metal oxides (for a given metal) are not 

large [70]. 

The least squares fitting procedure for thin coverages 

of oxide on metals is illustrated in Figure 5.35. The 

clean metal spectrum (which models the substrate 

photoemission response) is obtained and an initial scaling 

parameter is chosen. In some cases, it is necessary to 

shift the actual position of the clean metal spectrum along 

the energy axis to account for slight B.E. shifts upon 

oxidation. It is not practical to do this adjustment 

within the fit procedure. Next, initial parameters for the 

predicted number of oxide peaks are chosen, and the initial 

scaling parameters for the generated background profiles 

are chosen. Using the EELS inelastic response and 

broadening function as described earlier, the two 

background functions can be calculated using the FFT. The 
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background corresponding to the meta1-thru-oxide response 

needs to be computed only once, as the metal spectrum does 

not change during the fit procedure. The parameters are 

then optimized using the least-squares search routine. 

Fitting of Iron/Iron Oxide Spectra 

197 

As will be discussed in the next chapter, the 

controlled exposure of clean Fe surfaces to oxidants (02 

and H20) results in the formation of two additional Fe 

species which give rise to photoemission peaks at higher 

B.E. than the metal transitions. The Fe(2p) region for a 

thin oxide layer on a metal will thus contain six main 

peaks plus several satellite (shake-up) transitions. The 

analysis can be simplified by considering only the 

Fe(2 p 3/2) transitions for the Fe2+ and Fe3+ oxide species. 

Although there is possible overlap of the Fe(2p1/2) for the 

metal with the Fe+3 (2 p 3/2), this is accounted for by using 

the clean metal spectrum as part of the model function. 

The possibility of a satellite corresponding to these 

transitions is excluded in the present analysis, but is 

included in the iron oxidation studies in Chapter 7. 

Shown in Figure 5.36 is the Fe(2 p 3/2) spectrum for an 

evaporated Fe film exposed to approximately SOL 02. The 

spectral features corresponding to the Fe substrate and the 

two oxidized Fe species are shown superimposed on the total 
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inelastic background determined in the fit. Note that the 

area under the scaled clean metal spectrum does not consist 

soley of primary spectral intensity, as it also contains 

inelastic background originating in the substrate. For a 

wide range of oxide coverages, it was found that the 

background resulting from inelastic scattering of oxide 

electrons was small. Although the relative intensity of 

this background with respect to the scattering of the 

underlayer intensity is expected to be minimal, the fact 

that it is often not detectable using the least-squares 

approach indicates that the assumed model function has 

limitations. 

During the analysis of spectra obtained from surfaces 

exposed to varying amounts of 02 or water, an additional 

problem arose as the result of surface work function 

changes during the oxidation process. Although the 

absolute positions of the oxide transitions are variable 

parameters, the position of the clean metal spectrum is 

fixed within the spectral window. Shifting of this 

spectrum in the fit routine, along the energy axis, is not 

practical. An acceptable remedy to this problem was found 

by storing several Fe metal spectra, each at a different 

relative position within the spectral window, on computer 

storage for recall as necessary to obtain the best fit. 

Since reliable standards for this type of sample are 



difficult to prepare, a comparison of this method with 

other currently used approaches is needed. The most 

commonly used data treatment method for this system, as 

discussed for the Li/oxide system, consists of integral 

background subtraction followed by simple Gaussian peak 

fit. The method presented here, although more 

fundamentally based, requires substantially more effort. 
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It is thus useful to compare the results obtained using the 

two approaches for various oxide coverages to illustrate 

the shortcomings of simplistic data treatment. 

Shown in Figure 5.37 is the Fe(2 p 3/2) spectra for an Fe 

surface exposed to atmosphere. Figure 5.37a shows th~ fit 

to the spectrum using the FFT/EELS procedure as described 

above; b) shows the same spectrum, following integral 

background subtraction, fit to three asymmetric Gaussian 

peaks. Although an asymmetric Gaussian peak is a poor 

model function for the tailed Fe(2p) 1ineshape of the 

substrate, the lower can nonetheless be fit to three peaks 

with appareat1y reasonable results. It is for this reason 

that data analysis using the simplistic approach is too 

often accepted. Serious limitations are revealed when 

comparing fit results from a series of spectra obtained by 

exposing clean iron to different amounts of 02. 

An example of information that can be easily obtained 

from the fit results is the determination of oxide 
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thickness resulting from a given oxidant exposure. If a 

constant electron attenuation length is assumed within the 

overlayer (and if the instrumental parameters are 

reproducible), the film thickness can be calculated from 

the exponential attenuation of the substrate signal from 

the following relation: 

5.3 
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where x is the overlayer thickness and A is the attenuation 

length in the overlayer. The data obtained for both 

methods using this relation is shown in Figure 5.38. Film 

thickness is given in multiples of A, which is estimated to 

be 20A [91]. Also shown is the increase in the O(ls) 

signal with exposure (note the different y-axis scale on 

the right). The data obtained with the FFT approach 

clearly indicates increasing oxide thickness throughout the 

exposure range. This trend is confirmed 'by examination of 

the trend in the O(ls) data. The results obtained using 

the simplistic approach suggests a plateau followed by an 

anomalous decrease in thickness, a result most likely 

attributed to inaccurate modeling of the metal lineshape. 

Discrepancies at low coverages most likely result from 

overestimation of the background signal at the expense of 

the metal lineshape. 
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In conclusion, the use of the FFT/EELS procedure, 

coupled with the metal oxidation model proposed here, is 

justified for detailed studies of metal oxidation. For 

isolated spectra, the use of the simplistic method is 

acceptable provided that the limitations toward spectral 

interpretation are recognized. 

CHOICE OF DATA ANALYSIS PROCEDURE 
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An attempt has been made in this chapter to develop 

data fitting methods of increasing accuracy with respect to 

the model functions; this unfortunately results in 

increasing complexity as well. Some of the more detailed 

methods are not generally applicable. This is especially 

true of the metal/metal oxide fitting approach, which 

cannot be used for heterogeneous spectra other than that 

for which it is designed. Using the various spectral 

"building blocks" given here, however, is possible to 

develop other data fitting routines for specific systems. 

For routine analysis of ill-defined samples, the best 

approach is to use the simpler procedures (Gaussian or 

Gaussian-Lorentzian with the scaled integral background). 



6. INTERACTION OF LITHIUM WITH GLASS SURFACES 

Presented in this chapter are the results of x-ray 

photoelectron spectroscopic studies of the interfacial 

reaction of lithium, deposited in UHV, with simple glass 

surfaces. Although corrosion of glasses by molten lithium 

is a well documented problem with regards to the 

containment of the liquid metal [3,92], there have been no 

detailed investigations into either the mechanism by which 

this occurs or the chemical nature of the Li/glass 

interface. The glasses of interest in this work are Si02, 

B203 (glasses composed soley of the simple network 

formers), and sodium and potassium silicates (one type of 

modifying cation). Though fundamentally simple, these 

investigations have revealed unusual and unexpected 

chemical behavior for lithium in contact with glass 

surfaces [93-95]. 

Si02 glass surfaces were the most reactive to lithium, 

as the resulting product layer formed at room temperature 

exceeded the XPS sampled region [93]. Alkali silicate 

glasses exhibited less matrix breakdown than Si02, but 

substantial activity of the modifying cations was observed 

[94]. B203 glass surfaces, while initially reactive to Li, 

quickly formed a passivating layer at the Li/glass 

interface which prevented further reaction [95]. The 
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results of these studies correlate well with studies of the 

interaction of lithium with more complex glass compositions 

by Zavadil [20,96]. Prior to the presentation of the 

results for the various systems of interest, it is 

necessary to first review glass structure theory and to 

present the photoemission results for clean glass surfaces. 

SIMPLE GLASS STRUCTURE 

Structure of Crystalline Si02 

Crystalline Si02 co~sists of a close-packed array of 

tetrahedral units, each containing a central Si atom, 

surrounded by four 0 atoms, with the tetrahedra connected 

at 0 corners [97]. The tetrahedral symmetry around each Si 

is favored by the ratio of the ionic radii (RSi/RO-0.3) and 

by possible hybridization of the 3s and 3p orbitals of Si 

to form u-bonds with 0 2p orbitals [98]. Formal charges of 

+4 and -2 are usually assigned to the Si and 0 species 

respectively, but the actual charge density on each atom is 

less than this due to significant (41-50%) covalent 

character to the bonding [97]. Si02 is an insulator with a 

direct bandgap of approximately 10 eV. Two forms of 

crystalline silica commonly occur, quartz and cristobalite 

[99]. A third crystalline phase, trydimite, is also 



believed to exist. 

Vitreous Si02 Structure 

The most commonly accepted model for simple glass 

structure is that of Zacharasian [100] in which the 

tetrahedral Si04 units are arranged in a semi-random 

network of interconnected (predominantly 5 and 6 member) 

rings; the long range structural order present for the 

crystalline forms is not evident (Figure 6.la). The small 
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entropy difference between vitreous Si02 and quartz 

suggests similarity in the short-range structure. The 

basic electronic and chemical properties of the crystalline 

and vitreous forms of Si02 are similar, although the 

density of the latter (2.20g/cm3 ) is less than that of 

quartz (2.95g/cm 3 ) owing to a more open structure [97]. In 

addition, vitreous silica contains more defects than 

crystalline forms. 

In the more recently proposed model of Goodman 

[101,102], silica glass is described as a strained assembly 

of microcrystallites of the various crystalline phases of 

Si02' Although this model can be used to describe a wide 

range of glass properties, its development was motivated by 

the lack of a fundamental understanding of the driving 

force for glass formation in general. While recent NMR 

studies of alkali silicates tend to support the random 
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network model [103,104], the validity of the Goodman model 

has not been refuted for vitreous Si02' The results here 

will nonetheless be described using the model of 

Zacharasian, as it is more widely accepted at this time. 

Binary Alkali Silicate Glasses 
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Alkali metal oxides can be combined with silica to form 

glasses with a wide range of chemical and structural 

properties [98]. Although binary alkali silicates are 

seldom of technological importance due to high reactivity 

with H20 [97], they are useful as structural models for 

more complex systems. Addition of a metal oxide M20 to the 

silicate structure increases the O/Si ratio such that non

bridging oxygens (NBO) are formed, or ° atoms bonded to 

only one network forming species (Si) (Figure 6.1b). The 

alkali metal cations are ionica1ly bonded to the NBO; weak 

interactions with the bridging oxygens slightly weakens the 

remaining Si-O bonds. 

li2Q3 Glass 

For both crystalline and vitreous B203, the basic 

structural unit consists of 3 planar bridging oxygen atoms 

centered by a boron atom. The B-O bond distance (1.37 A) 

is shorter than the Si-O (1.62 A) [98] and is also stronger 

[97]. Although considerable randomization occurs upon 



glass formation, a common structural feature retained from 

the crystalline to the vitreous form is the boroxy1 ring, 

shown in Figure 6.1c. B203 is also characterized by a low 

surface tension as compared to Si02 and A1203' 

Glass Surface Structure 
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The chemical nature of the glass surface prior to Li 

exposure is of fundamental importance in considering 

possible reactions at the interface. The surface formed 

upon fracturing and possible atmosphere exposure of a glass 

requires consideration. The surface structure of silica 

will be addressed here, but the conclusions are also valid 

for alkali silicates and B203 surfaces. The formation of 

an Si02 surface in vacuum by c1.aving or crushing bulk 

silica results in the formation of an equal number of Si 

and ° radical species at the vacuum/surface interface 

[105]. Adjacent Si and ° species can form strained 

si10xane structures, characterized by an unusually small 

Si-O-Si bond angle; the overall process is shown in Figure 

6.2a. EPR investigations have shown that the surface 

concentration of strained siloxanes far exceeds that of 

radical species. 

Both types of surface sites are reactive to H20, 

resulting in the formation of hydroxyl groups, as shown in 

Figure 6.2b. Coverage of hydroxy1s on an amorphous Si02 
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surface is estimated to be 7·14 ~mol/m2 based on studies of 

single crystal cristoba1ite [105]. Both mono and di

hydroxy1ated Si species have been identified. Atmospheric 

exposure results in additional water adsorption, both at 

hydroxyl sites and at other active sites on the oxide 

surface. The nature of these other adsorption sites is 

unclear, but hydrogen bonding likely plays an important 

role. 

Insertion of the water-covered surface into UHV results 

in the removal of loosely adsorbed H20, although some water 

remains bound, probably as a complex with the hydroxyl 

sites. The coverage of this excess H20 is estimated at 

1/100 of the hydroxyl surface coverage. The formation of 

hydroxyls is reversible, although high temperatures 

(1000 oC) are required. The isolated hydroxy1s are the most 

stable, as hydrogen bonding with adjacent -OH groups 

facilitates H20 formation. 

XPS OF CLEAN GLASS SURFACES 

XPS of Si02 

The photoemission spectrum for an Si02 surface prepared 

by cleaving in atmosphere, taken with a Mg(Ka) source, is 

shown in Figure 6.3. Inset in this spectrum are the O(ls) 
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and Si(2p) regions used to monitor chemical state changes 

in the near-surface region upon interaction with Li. The 

Si(2p) doublet, with an energy spacing of ca. 1 eV, is not 

resolved due to instrumental and charge broadening effects. 

All transitions are charge shifted to higher binding 

energies by 3-4 eV. As shown in this spectrum, it was 

possible to obtain very low levels of carbon contamination 

using this method of preparation. 

It has been reported that hydroxylation of the surface, 

resulting from atmosphere exposure, produces an O(ls) 

transition shifted 0.5 eV to higher binding energy than the 

bulk transition [106]. As shown for the high resolution 

(20 eV pass energy) O(ls) spectrum in Figure 5.9 (previous 

chapter), the presence of an additional resolvable peak due 

to surface hydroxyl is not readily apparent. Fractured 

glass boiled in distilled H20 prior to XPS analysis also 

produces no evidence of this transition. Based upon 

information from other techniques [105], it is nonetheless 

assumed that the air-cleaved surface is at least partially 

hydroxy1ated. 

As noted earlier, charge shifting of the photoelectron 

peaks is a pervasive problem if absolute binding energy 

values are desired [107]. There have been various methods 

proposed to correct for this effect, including flood gun 

neutralization and C(ls) referencing. A more elaborate 



approach involves Fermi energy equalization and energy 

reference to a gold dot deposited on the surface [108]. 

This method, however, is not practical in the experiments 

detailed in this chapter due to the variability of the 

condition of the surface (multilayer structure, etc.) 

Alkali Silicate Glasses 

The introduction of alkali oxides into the silica 

structure results in a splitting of the O(ls) line, which 

has been interpreted as evidence of the presence of non

bridging oxygens (NBO) [109]. Shown in Figure 6.4 is the 

O(ls) spectrum for Na20-3Si02 glass resolved into two 

Lorentzian-Gaussian transitions separated by 2.1 eV. 

Increasing the alkali content of the glass results in a 

steady increase in the intensity of the low binding energy 

species (NBO) relative to the high binding energy species 

(BO) and a slight decrease in the energy separation [110]. 

The measured NBO/BO ratio deviates from that expected from 

the glass composition, especially at high (over 50 mole %) 

alkali content [109-111]. 

Presented in Table 6.1 are peak parameters obtained 

from curve fit results obtained for Na and K alkali 

silicates of interest in this chapter. Addition of each M+ 

(where M - Na,K) leads to the formation of one NBO; thus 

the theoretical ratio of NBO/BO is computed from [M]/[O]-
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Table 6.1 Bridging vs. Non-Bridging Oxygens 

glass [M] NBO/BO 0(1~ ) 
composition [O]-[M] measured separation 

Na20-4Si02 .287 .244 2.18 eV 

Na20-3Si02 .400 .357 2.12 

Na20-2Si02 .667 .550 1. 94 

K20-8Si02 .133 .166 2.37 

K20-4Si02 .287 .264 2.15 

K20-2Si02 .667 .621 1. 67 
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[M] where [0] is the total oxgyen in the glass. Measured 

values indicate a consistent (except for the K20-8Si02 

glass) overestimation of the bridging oxygen fraction 

compared to theory. This possibly results from the 

hydroxylation of the surface, leading to additional 

intensity in the vicinity of (overlapping with) t~e 

bridging oxygen transition. The decrease in energy 

separation with increasing [M] has been interpreted as a 

decrease in the bridging oxygen-silicon bond strength [88]. 

XPS of B2~3 

The survey spectrum for cleaved B203 glass is shown in 

Figure 6.5, with the O(ls) and B(ls) regions inset. The 

transitions are noticably broader than those for Si02 as 

the result of charging effects. Carbon contamination was 

also more apparent for the B203 samples, but this was 

variable and did not appear to have an effect on subsequent 

reactivity of the surface. 

EXPERIMENTAL APPROACH 

The interaction of lithium with the glass surfaces of 

interest was studied for two cases: a) rapid deposition of 

lithium to form a metallic Li overlayer, and b) slow 
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deposition of Li such that minimal or negligible overlayer 

formation occurs. These two approaches are presented in 

Figure 6.6. For the metallic overlayer case, deposition 

rates of greater than 5 A/min were typically used to form a 

Li film of 25-100 A thickness as estimated from the 

attenuation of the substrate XPS signal. The flux of Li 

atoms upon the glass surfaces for case b were not as well 

determined as reaction with the surface precluded overlayer 

formation. The rate is estimated to have been that which 

would produce less that a 5 A/min deposition rate on an 

inert surface. 

INTERACTION OF LITHIUM WITH Si02 

Of the glass surfaces studied, Si02 showed the most 

pronounced structural changes upon interaction with 

lithium. Immediately after deposition, a passivating layer 

formed at the interface. The extent of passivation was 

found to be dependent on a variety of reaction conditions, 

but breakdown of this interfacial layer without exception 

resulted in the formation of a distinct distribution of 

reduced species within the reacted layer. This section 

will address both the characteristics of the passive layer 

as well as the nature of the reaction products. 
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The first case to be considered is the interfacial 

reaction of a multilayer Li film deposited on a clean Si02 

surface. The initial data was obtained by evaporating Li 

from an electrically isolated, heated tantalum boat. The 

majority of the thick Li film experiments were performed 

using a resistively-heated crucible source as detailed in 

the experimental section. Fused quartz rods (Bmm dia.) 

were cleaved in atmosphere and immediately loaded into the 

vacuum system. The desired coverage of lithium was that 
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amount which produced a reasonable attenuation (50-BO%) 

attenuation in the substrate XPS signal and also yielded 

the characteristic metallic Li(ls) XPS 1ineshape. As the 

reaction proceeded, the XPS sampled volume included 

unreacted Li, a reacted product layer comprised of reduced 

oxygen and silicon species, and unreacted Si02' This was 

important for product determination, as independent binding 

energy values corrected for charging effects were not 

obtainable. In the absence of differential charging, 

relative binding energy measurements were sufficient for 

the analysis. 

Reaction Characteristics 

Immediately after lithium deposition and removal to the 

analysis chamber, structural changes were evident in the 

O(ls) region as presented in Figure 6.7. Two additional 
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states of oxygen appeared, shifted 2.4 and 4.4 eV from the 

original O(ls) transition. At room temperature (only x-ray 

source heating), there was a gradual relative increase in 

the intensity of these features over a period of 60 min. 

During this time no marked changes were evident in the 

Si(2p) region, although there was a slight shouldering on 

the low binding energy side of the Si(2p) doublet. A scan 

of the Li(ls) region indicated metallic Li was still 

present on the surface. After substantial transformation 

of the O(ls) has occured, two additional features in the 

Si(2p) spectrum become evident, shifted 2.7 and 7.3 eV from 

the original transition (Figure 6.8). Over a two to three 

hour period, the 0 and Si product species increased 

relative to the reactant species until the thickness of the 

reacted layer exceeded the XPS sampled region (75-100 A) 

and the unreacted signal was completely attenuated . 

Presented in Figure 6.9a and 6.9b are comparisons of the 

O(ls) and Si(2p) spectra for Si02 with those for the 

completely reacted surface. 

It was found that heating accelerated the reaction 

substantially, although technical problems prevented 

reasonable temperature control of the glass surface. 

Initially, heated N2 was forced through the cooling coil 

for the sample analysis stage. This produced a temperature 

ramp of approximately 1°C/min from room temperature. The 
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sequential O(ls) and Si(2p) spectral changes for a sample 

subjected to this heat treatment following Li deposition 

are shown in Figures 6.10 and 6.11. The absolute peak 

intensity values obtained from data fitting results 

determined as a function of time are presented in Figures 

6.12 and 6.13. It is apparent that reduction of oxygen 
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preceeded reduction of silicon. and the two Si product 

species appear to have formed simultaneously at a constant 

2:1 intensity ratio. Total attenuation of the substrate 

signal occured after ca. 35 min with heating as described. 

To investigate the possibility of x-ray source effects. the 

experiment was repeated with the sample shielded from the 

source between scans. No decrease in the rate of the 

reaction was discernab1e. indicating that the reaction is 

not a photo-assisted process. 

Identification of Reacted Layer Products 

Complete characterization of the reacted layer was not 

possible from the XPS results alone. as no direct 

structural information is available. Specifically. 

vibrational spectroscopy is needed to fully characterize 

the structure of the reaction product. The reactivity of 

the surface as well as the small volume of reacted layer 

formed excluded the use of other techniques to obtain 

complementary information. However. the reproducibi1y of 
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Figure 6.10 Sequential O(ls) lineshape changes for a Li
covered 5i02 surface subjected to mild heating. 
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the reaction product distribution, and most importantly the 

constant binding energy separations between the various XPS 

transitions during the reaction, strongly indicates the 

formation of a product of a definite composition, although 

small-scale heterogeneity in the form of interdispersed 

clusters might exist. Binding energy separations will be 

used here to suggest possible products based on comparisons 

with reference materials and expectations from knowledge of 

glass structure. 

As noted earlier, changes in the O(ls) spectral region 

reflect the formation of two additional states of oxygen. 

The most prominant of these, at 2.4 eV lower B.E., has a 

charge density similar to that for the non-bridging oxygen 

in binary silicate glasses. Note, however, that this is 

considerably larger than the 1.5 eV BO-NBO O(ls) peak 

separation measured for lithium silicate glasses [113]. 

The second 0 product species is identified as oxide (0 2 -), 

from the Li(ls)-O(ls) B. E. difference [20]. The origin of 

this peak was originally attributed to the reaction of 

lithium with residual oxygen or water in the UHV chamber. 

More recent experiments have indicated that 0 2 - is possibly 

a product of the Si02 reduction [93]. This will be 

discussed in detail later in this chapter. 

The two Si product species both result directly from 

Si02 reduction. The Si(2p) at 2.3 eV from the original 



transition does not correspond to elemental Si (4 eV 

chemical shift), but retains positive charge density. 

Thus, bonding of this Si species to two or more non-

bridging oxygens is indicated by the much larger change in 

the O(ls) lineshape needed to produce an increase in the 
• 

primary reduced Si(2p) intensity. A metasilicate species, 

(Si03-)n' was postulated as a possible identity (93) based 

on binding energy separation comparisons with XPS resuts 

for lithium metasilicate powder. This formulation also 

accounts for the apparent 2:1 ratio usually observed for 

the reacted layer, although this ratio might result from 

kinetic considerations rather than a fixed stoichiometry. 

The binding energy comparisons are presented in Table 

6.2. In crystalline Li2Si03, each Si is bonded to two 

bridging and two non-bridging oxygens, as shown in Figure 

6.14a. XPS analysis of Li2Si03 and sodium and potassium 

metasilicate glasses does not yield clear evidence of the 

two types of oxygen as is possible for glasses of lower 

alkali content. Considerable asymmetry of the O(ls) in 

metasilicate samples exists, however, and the major product 

species in the Li/Si02 system does not exhibit this effect. 

In addition to the bulk metasi1icate chain arrangement for 

the silicate units (Figure 6.14b), anions with a chain 

structure such as Si309-6 and Si601812- also exist (Figure 

6.14c) (113). 
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Table 6.2 Relative Binding Energies for Li/Si02 
Reaction Products 

Sample Transition 

Si(2p) 

O(1s) 

Si(2p) 

O(1s) 

O(1s) 

Si(2p) 

O(ls) 

Peak 

1 

1 

1 

2 

3 

1 

2 

3 

1 

1 

1 

Relativet 
Peak Pos. 

o eV 

o 

o 

- 2. 7 

- 7.3 

o 

-2.4 

-4.4 

-3.8 

-2.5 

-2.6 
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t: Relative to Si02 Binding Energies 
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a) 

b) 

o I: oxygen • II: silicon 

c) 

Figure 6.14 Possible structures for major Si product 
species: a) metasi1icate structural unit, 
b) chain structure, c) cyclic anion structure. 
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An additional possibility is a Si2066- fragment, shown 

in Figure 6.15a, containing a silicon-silicon bond. 

McMillian and Lau proposed the formation of such a bond in 

their investigation of sodium attack of Si02 [114]. The 

mechanism involves cleavage of an O-Si bond to form a non

bridging oxygen (associated with the alkali cation) and a 

Si radical, as diagrammed in Figure 6.15b. Two such Si 

radical centers in close proximity can then combine to form 

a Si-Si structural unit. The discoloration of Si02 after 

Na attack was postulated to result from the presence of 

these fragments. It is noteworthy that the Li/Si02 

reaction also produces a surface with an orange 

discoloration; this discoloration disappears with H20 

rinse. 

The binding energy of the secondary Si species is more 

unusual, as Si(2p) binding energies less than that of 

elemental silicon have not been reported [115,116]. Before 

further discussion, it is worthwhile to consider other 

possible explanations for this peak: 1) the peak is not a 

Si(2p) transition, 2) the position of the peak results from 

differential charge shifting of the Si(2p) from elemental 

Si, and 3) the peak results from a highly screened final 

state for Si O. The first of these is readily dismissed 

with an examination of the Si(2s) region, shown in Figure 

6.16. The Si(2p) product distribution and separation is 
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Figure 6.16 SI(2s) spectrum for the Li/Si02 reaction 
product. 
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clearly reproduced in the Si(2s) region. 
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Since the natural 

linewidth of the Si(2s) transition is larger than the 

Si(2p) (despite the presence of only one peak), the Si(2p) 

was used for all analyses. 

With respect to the second possibility, differential 

charging can cause rather extreme effects, especially if 

elements with either excessively small or large 

photoemission cross sections are present. However, the 

relative position of this peak was found to be reproducible 

without exception, both during its formation and after the 

Li overlayer was exhausted. The position was also 

reproduced at low coverages of Li (no overlayer), as will 

be detailed later. The possibility of a strongly screened 

final state remains a plausible explanation, but more 

evidence of this effect is needed. 

The most reasonable explanation for the apparent 

negative charge density is the formation of a lithium

silicon compound or fragment within the reacted layer. 

This has also been recently indicated in the SIMS studies 

of Bunker et al. on glasses in a simulated battery 

environment [7]. Four stable phases in the Li-Si system 

are known to form [117]; the most lithium rich is Li21Si5 

[118]. In each of these intermetallics, theoretical 

calculations have suggested that the Si centers are 

considerably anionic in character. More than one state for 



Si is usually proposed, however. The narrow width of the 

Si(2p) for the minor product speci~s, as well as the 

reproducibility of the relative binding energy, suggests a 

unique environment for lithium in the product layer. 
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Theoretical electronic structure determinations for gas 

phase SiL14 have recently been presented [119]. These have 

indicated formal oxidation states of -2 to -3 on Si. Von 

Schnerring has proposed that fragments or clusters of atoms 

such as Si and Li, which are not stable in bulk phases, can 

exist dispersed in solid phases of other compounds [120-

122]. It is therefore proposed here that the reacted layer 

is a composite of reduced silicate fragments and LinSi 

fragments, although direct evidence is needed to determine 

the exact structure. For the purposes of this work, it is 

sufficient to conclude that the primary Si product is bound 

to two or more non-bridging oxygens and the secondary 8i 

product is in a lithium-rich environment. 

Apparent Passivation Towards 8i Reduction 

As noted earlier in this chapter, reduction of Si in 

Si02 is not initiated immediately following Li deposition, 

but an induction period occurs before substantial changes 

are evident in the Si(2p) spectrum (passivation). Part of 

this effect can be explained by the necessity of forming 

two (or more) non-bridging oxygens for each reduced Si (for 
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the major species), but the substantial change in the rate 

of the reaction following initial Si reduction indicates 

that different stages of the reaction exist. The extent of 

this apparent passivation was found to be a strong function 

of sample temperature and the rate of lithium flux upon the 

surface. Presented in this section are a series of studies 

of this effect for the case of (primarily) thick deposited 

Li films under a variety of conditions. The initial 

formation of the Li/Si02 interface from submono1ayer Li 

exposures will be detailed in the next section. 

Limited Lithium Coverage 

In the previous examples, 'the final product layer 

thickness exceeded the XPS sampled volume. Shown in Figure 

6.17a is the Si(2p) spectrum for a sample immediately after 

deposition of and following the reaction (heated to 70°C) 

with a ca. 20 A Li coverage. As before, a delay in the 

onset of Si reduction of approx. 30 min was observed. 

Following deposition of additional lithium on the surface, 

the reduction of Si is reinitiated with no apparent 

induction period yielding the Si(2p) lineshape changes 

shown in Figure 6.l7b. The reduction delay appears to be 

directly related to the interface formed initially between 

the Li and the glass. 
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Figure 6 .~17 Si (2p) spectrum of Si02: a) following reac tion 
with a 20A Li film. 
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Figure.6.17 Si(2p) spectrum of Si02: b) after further 
. reaction with additionally deposited Li. 



Cooling During Reaction 

An effect similar to that seen above was obtained by 

rapidly cooling the glass during the reaction. The Si 

reduction stage was initiated by placing aLi-deposited 

sample on a heating stage at 400°C for 10 min. After 

evidence of the formation of the LixSi product was 

observed, the analysis stage was cooled rapidly to liquid 

N2 temperature. Complete cessation of the reaction was 
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achieved for a period of over 30 minutes. Si(2p) spectra 

corresponding to the initiation of the reduction, continued 

growth of the product layer, and quenching of the reaction 

with rapid cooling are given in Figure 6.18. Rapidly 

rewarming the stage with resistive heating reinitiated the 

reaction with no apparent onset delay, as shown in Figure 

6.19. 

Kinetic Temperature Dependence 

A qualitative description of the temperature dependence 

of the reaction was obtained by heating reproducibly dosed 

samples to varying extents. Two stages of the Li/Si02 

reaction will be assumed here, and are defined as follows: 

1) passive phase (time from deposition to onset of Si 

reduction), and 2) matrix breakdown phase (time from onset 

to complete attenuation of substrate Si signal). Clean 

glass samples were deposited with Li from the crucible 
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source (10 A/min rate) and immediately heated on a sample 

stage. After a period of time (from 10-60 min.) the sample 

was transfered to the analysis chamber and the progress of 

the reaction determined. This was repeated until the 

initial stages of Si reduction were observed. Shown in 

Table 6.3 are the measured reaction periods obtained, 

indicating substantial but different temperature 

dependences for each stage. 

Effect of Deposition Rate 

The flux of lithium to the glass surface was also found 

to have a profound effect on the passivation period. Shown 

in Figure 6.20 are the Si(2p) spectra obtained for samples 

dosed with Li at different source conditions: a) 80 A/min 

deposition rate, and b) 10 A/min rate. Similar coverages 

of Li were obtained for both (ca. 80 A). Sample a) was 

then heated for 50 minutes at 175 C; subsequent analysis 

indicated minimal product formation (Figure 6.20a) whereas 

sample b), heated for 30 min at 175 C, showed complete 

reduction (Figure 6.20b). The difference in the extent of 

heating from the crucible source was not significant; the 

most reasonable explanation for the difference in 

reactivity is the nature of the interface formed upon 

initial deposition. The next section will address the 

formation of this interface at very low deposition rates. 
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Table 6.3 Relative Kinetics of Li/Si02 Reaction 

Temperature Interface Matrix 
(K) Breakdown Time Breakdown Time 

315 45·60 min >200 min 

433 35·40 30·45 

463 20 10 

480 17 6 

513 15 2 



Figure 6.20 
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Comparison of the Si(2p) results for the 
Li/Si02 reaction at 170°C obtained from lithium 
deposition rates of a) BOA/min. (spectrum taken 
after 50 min.), b) lOA/min. (spectrum taken 
after 30 min.). 
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SEQUENTIAL EXPOSURE OF Si02 TO LITHIUM 

In the previous experiments, metallic Li films were 

formed on Si02 surfaces. The deposition rate exceeded the 

reaction rate of the lithium with the surface. This 

section will describe the sequential interaction of 

submonolayer coverages of lithium to a given surface. For 

I 
the remaining experiments, Li was deposited from alkali 

metal dispensers (SAES Getters) which allowed low and 

reproducible deposition rates over a limited number of 

experiments. There were found to be notable changes in the 

deposition rete over the lifespan of an individual source, 

however, so comparisons between series of runs are not 

necessarily informative. 

Shown in Figure 6.21 are O(ls) spectra obtained for an 

Si02 surface dosed with Li from the alkali metal dispenser 

(source current 8 Amps) for cumulative exposures of 0-10 

min. as indicated. The presence of a metallic Li signal 

was not seen at this deposition rate. The NBO species was 

formed after a 1 min. exposure, as indicated by a peak 

shifted 2.4 eV from the original transition. Further 

exposure resulted in growth of this transition as well as 

oxide (0 2 -) formation after an exposure of 2-3 min. After 

10 min., intensity for product peak 1 approached that of 

the substrate peak. Shown in Figure 6.22 is the Si(2p) 
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Figure 6.21 O(ls) spectra obtained after Li deposition on 
Si02 from the alkali metal dispenser (8 amps 
source current) for the times indicated. 
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series for the same exposures. Extensive shouldering of 

the 2p doublet was apparent after 2-3 min, giving rise to a 

transition shifted approx. 2 eV to lower binding energy. 

Formation of the LixSi species was not indicated for these 

low exposures. 

Matrix Breakdown from Sequential Deposition 

Continued low-level lithium deposition on a Si02 

surface results in eventual matrix breakdown, as indicated 

by complete Si reduction. Presented in Figure 6.23 is the 

Si(2p) spectral series for sequential deposition of Li at 

10 Amps. (possibility of different source operating 

conditions than for above experiments). The formation of 

the highly-reduced species is clearly indicated after 4 

min. deposition. The formation of a metal over1ayer did 

not occur until after 7 min. total deposition, after the 

point at which extensive Si reduction was seen. The 

corresponding curve fit results are shown in Figure 6.24, 

indicating similar behavior (although more rapid) to the 

earlier case of the thick Li film reaction (Figure 6.12). 

Although it is likely that heating from the source is much 

more extensive using the dispenser source as compared to 

the crucible source, there was in this case no apparent 

passivation of the surface to the reduction of Si. 
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Figure 6.23 Si(2p) spectra obtained following Ll deposition 
on 5i02 (10 amps source current). for the times 
indicated. showing matrix reduction. 
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obtained from the spectral series in Figure 
6.23. 
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Reactiyity of Interface Formed at Low Deposition Rates 

Formation of the Li/Si02 interface at low deposition 

rates, as in the above series of experiments, produces a 

surface with diminished passivation to subsequent reaction 

with metallic lithium coverages. Shown in Figure 6.25 

(lineshape 1) is the Si(2p) spectrum for a surface exposed 

to a low flux of Li over a 10 min period. The presence of 

the highly reduced Si species at this point is debatable, 

due to SIN limitations. Subsequent deposition of a thick 

Li coverage to this surface yielded no further change 

within 20 min, but substantial reduction of Si occured 

after 30 min. (lineshape 2). Lineshape 3, obtained after 

90 min, indicates complete reaction within the XPS sampling 

depth. 

DISCUSSION:PROPOSED MODEL FOR Li ATTACK OF Si02 

Presented in this section is a model for the Li/Si02 

reaction based upon the experimental results detailed 

above. Of primary interest are the mechanisms responsible 

for 1) the initial passivation, 2) the initial breakdown of 

this passive layer, and 3) the complete breakdown of the 

glass to form the reacted layer. 
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Figure 6.25 Subsequent reactivity of the Si02/Li interface 
formed at a low Li deposition rate. 
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Initial Passivation 

The initial passivation of the 8i02 surface to 

reduction, particularly at high Li deposition rates, is the 

result of structural changes in the surface as the Li/glass 

interface is formed. There are no substantial differences 

in the O(ls) lineshape changes between the passivating 

(high Li rate) and minimally passivating (low rate) cases. 

The low rate studies indicate that formation of the primary 

8i product species readily occurs at small Li coverages. 

Further Li attack of the glass is dependent on Li diffusion 

through the interface, and the rate of diffusion is 

dependent on the structure of the interface formed. 

The surface initially contains a high concentration 

(lOB_lOll/cm2) of microscopic cracks called Griffith flaws 

[123]. These flaws contain dangling bonds (most likely 

hydroxylated) as well as strained 8i-0 bonds. Li deposited 

upon this glass at low rates first interacts with surface 

hydroxlys forming non-bridging oxygens as evidenced by the 

growth of an additional peak in XP8. Hydrogen evolution 

likely results from this interaction. Further deposition 

results in breaking of silicon-oxygen bonds as evidenced by 

pronounced shouldering of the 8i(2p) transition. Continued 

attack occurs most readily at the Griffith flaws, as 8i-0 

bonds in these areas are strained and more easily broken. 

The breaking of bonds at the base of the flaws results in 



their expansion and the formation of additional diffusion 

pathways into the bulk 8i02, as shown in Figure 6.26b. 
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At high deposition rates such that an excess of lithium 

is produced, the near surface rapidly expands to accomodate 

the Li atoms into the structure. Compressive stress formed 

during this process diminishes the Griffith flaws and 

produces a surface which is resistant to Li diffusion, as 

shown in Figure 6.26c. Studies of ion-exchange processes 

of glass surfaces have shown that the formation of 

compressive stress in this region results in enhanced 

chemical and mechanical resistance of the surface 

[124,125]. Breakdown of this passive layer likely results 

from additional structural changes at the interface, 

leading to Si reduction. 

Continued diffusion of lithium into the bulk at this 

point leads to the breaking of Si-O bonds and the formation 

of the reacted layer. Considerable strain at the 

glass/layer interface is present, possibly as a result of 

crystallization of the reacted layer. This strain results 

in the formation of additional migration pathways for 

lithium as grain boundaries are formed within the 

over1ayer. Subsequent interfaces formed between the glass 

and the reacted layer show no tendency for the passivation 

phenomena observed initially. 
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Figure 6.26 Hodel for the initial formation of the Li/Si02 
interface: a) initial Si02 surface structure. 
b) compressive stress resulting from the 
formation of a Li overlayer. c) higher 
interfacial reactivity at slow deposition 
rates. 
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THE INTERACTION OF Li WITH ALKALI SILICATE GLASSES 

The deposition of lithium on clean sodium and potassium 

silicate glasses results in additional chemical as well as 

structural changes due to pronounced ion mobility within 

these glasses. Earlier work by Zavadil has shown that 

evaporation of Li on sodium trisilicate glass results in 

the reduction of Na+ to Na O as indicated by the formation 

of a LiNa alloy or compound on the glass surface [20,94]. 

This was postulated to result from a Li+ - Na+ ion exchange 

followed by reduction of the sodium. Alloy formation was 

not indicated for lithium deposited on potassium 

trisilicate, although K+ depletion in the near-surface 

region was seen. Significant reduction of Si similar to 

that seen for Si02, was not found. Presented in this 

section are more detailed studies of the ion depletion 

phenomenon for both the metallic overlayer reaction and the 

sequential deposition. These studies indicate that matrix 

breakdown of the low alkali glasses does occur at moderate 

temperatures. Additionally, pronounced ionic activity 

exists in all cases both with and in the absence of alloy 

formation. 

The binary alkali silicates used in these studies were 

cleaved in a drybox and loaded via a glove bag into the UHV 

chamber without direct atmosphere exposure. Lithium 
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deposition was accomplished exclusively using the dispenser 

source. 

Na Depletion in Sodium Silicate Glass 

The deposition of lithium atoms on sodium silicate 

glasses at moderately low rates «5 A/min) results in Na 

depletion of the surface. Shown in Figure 6.27 is the XPS 

spectrum of Na20-3Si02 glass (1000-0 eV binding energy) 

before and after exposure to the Li source for 70 minutes 

(source current 8 amps). The Na Auger features in the 

spectrum are strongly attenuated relative to the 0 and Si 

transitions. Changes in the background are slight, 

indicating that a lithium overlayer does not form on the 

surface at this deposition rate. Examination of the Na(ls) 

and Si(2p) peak areas indicates an approximate attenuation 

of the Na signal relative to Si of about 50%. Alkali 

depletion in sodium silicates upon AES analysis has been 

reported; this likely results from electron-stimulated 

desorption of the Na+ from the surface [126]. Although x

ray source exposure time in this experiment was minimal, 

depletion could possibly be the result of photon-stimulated 

desorption, a related process [127]. However, alkali 

depletion of this magnitude was not observed for an 

unexposed sodium trisilicate glass surface with continued 

x-ray exposure over one hour, as shown in Figure 6.28. 



Figure 6.27 XPS' of Na20-3Si02 glass before and after 
exposure to the Li source for 70 min. (source 
current 8 amps.). 
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Sodium depletion upon Li deposition was seen for all 

the Na silicate glasses analyzed in this work (compositions 

ranging from 20 to 50 mole% Li20). XPS results of 

stepwise deposition on sodium trisilicate glass are 

presented in Figure 6.29. A given glass surface was 

exposed to the Li source for the indicated time and then 

examined with XPS. Subsequent depositions were made on the 

same surface. At these low deposition rates, minimal 

attenuation of the Si(2p) signal is seen, again indicating 

no over1ayer formation. Due to slight irreproducibility of 

sample analysis stage position, however, results are 

presented using the Na(ls)/Si(2p) ratio, normalized to the 

initial stoichiometric ratio in the glass. A rapid decay 

of the ratio to less than 50% of the initial value was 

seen, although complete Na depletion of the XPS sampled 

region was not observed. 

Since there is a considerable difference in the kinetic 

energies between the Na(ls) (180 eV) and the Si(2p) (1150 

eV) transitions, the presence of a thin overlayer might 

result in differential attenuation of the two signals. 

Analysis of the Na(2s) transition (1200 eV K.E.) indicates 

that this is not the case. The Na depletion results for 

Na20-4Si02 are presented in Figure 6.30. There is a 5-10% 

fluctuation in the normalized Na(ls)/Na(2s) ratio, caused 
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primarily by the low intensity of the 2s peak. There is 

little apparent differential attenuation of the two 

signals, confirming that the steady decrease in the 

Na(ls)/Si(2p) ratio (also in Figure 6.30) resulted from Na 

depletion from the glass surface. Sodium depletion of a 

Na20-Si02 glass, as indicated by a 50% attenuation of the 

Na(ls), was also observed. 

K Depletion in Potassium Silicate Glasses 

Lithium deposition upon potassium silicates results in 

potassium depletion from the surface as seen above for 

sodium. Shown in Figure 6.31 are the XPS results obtained 

during sequential deposition of lithium on K20-8Si02. The 

higher source currents used as compared to earlier 

experiments is indicative of the condition of the source 

and not the relative reactivity of the surface. As seen 

before, over 50% reduction in the original K(2p) signal 

intensity has occured. Similar extents of potassium 

depletion were obtained by rapidly depositing (50A/min) 

lithium on the glass surface. 

If the lithium was deposited at a faster rate than the 

reaction with the surface (alkali exchange) occured, 

lithium metal formed on the surface. This was indicated by 

the presence of the characteristic plasmon structure for 

the Li(ls) line. Depletion of potassium was again 
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indicated by a lower K(2p)/Si(2p) ratio than for the bulk 

glass. The results for various potassium silicate glasses 

are presented in Table 6.4. 

Formation of Metallic Sodium 
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Upon deposition of lithium on sodium silicate glasses 

at faster rates than reaction with the surface occured, 

metallic sodium was observed on the surface. The nature of 

the Li-Na overlayer formed was found to be dependent on the 

alkali content of the glass and the amount of lithium 

deposited. Shown in Figure 6.32 is the Na(ls) spectrum 

obtained a) immediately following Li deposition on Na20-

Si02, b) after 30 minutes, and c) the neKt day. Evident in 

lineshape a) is considerable fine structure resulting from 

multiple plasmon energy loss processes (p) in addition to 

the main peak for the metal (m) and the oxide (0). As the 

lithium is depleted, the oxide signal increased relative to 

the metal, although metallic Na was still evident after 

several hours. From examination of the O(ls) lineshape, 

the observed Na+ results predominantly from sodium 

associated with non-bridging oxygens within the glass 

structure, although some Na20 formation has occured. 

Deposition on lower alkali glass (and also deposition 

of thicker Li films) results in markedly different plasmon 

structure for the Na XPS lines as shown in Figure 6.33a. 



Table 6.4 K+ Depletion from Potassium Silicate Glass 

glass composition 

K20-8Si02 

K20-4Si02 

K20-2Si02 

K/Si ratio 1 K/Si ratio 2 

.25 .13 

.50 .25 

1.0 .34 

1) clean surface 
2) following Li deposition 
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The Na(ls) 1ineshape #1 was obtained immediately following 

Li deposition on Na20-(Si02)4 glass. Lineshape #2 is the 

Na(ls) lineshape obtained from a scraped bulk lithium 

surface. Sodium is a common contaminant in commercially 

available lithium. The plasmon structure for this line is 

markedly different from that for the Li(ls) line of the 

same surface. Presented in Figure 6.33b are the Na(ls) 

spectra for the same glass surface after 1 hour (lineshape 

#3) and for a scraped Na metal surface (lineshape #4). 

Lineshape #3 most likely contains contributions from the Na 

oxide transition but otherwise closely resembles the Na 

metal XPS spectrum. The additional broadening evident in 

the spectra #1 and #3 is probably the result of charging 

effects. 

Although lithium and sodium are similar in electronic 

structure, the difference in the size of the atoms hinders 

the formation of alloys or bulk intermetallics [128]. The 

solubility of Na in Li at room temperature is estimated at 

below 0.64 mole percent; that of Li in Na below 1.9 

percent. Lineshape #1 in Figure 6.33a thus indicates that 

sodium is present as a dilute species in a predominantly 

lithium metallic overlayer, whereas lineshape #3 in Figure 

6.33b indicates the presence of bulk sodium, or possibly 

sodium with a small percentage of Li. The low intensity of 

the Li(ls) line as well as the overlapping of the Na(2s) 



spectrum with the Li(ls) plasmon structure prevents 

accurate characterization of the Li(ls) lineshape. 

Matrix Breakdown of Alkali Silicate Glasses 

Previous results have shown that matrix reduction for 

Si02 glass upon Li deposition is substantial. For alkali 
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silicates, only glasses with lower alkali content show 

evidence of matrix breakdown, and even then only under 

certain reaction conditions. Alkali exchange occurs before 

matrix reduction, and the reacted layer which then forms 

with additional Li exposure appears similar to that for the 

Li/Si02 reaction. 

During the alkali exchange, only slight changes in the 

O(ls) and Si(2p) spectral regions are observed. These 

changes result primarily from the interaction of Li with 

surface hydroxyls. With continued deposition of lithium on 

the lower alkali glasses (Na20-4Si02 and K20-8Si02), major 

1ineshape changes occured in both O(ls) and Si(2p) regions. 

Shown in Figure 6.34 are Si(2p) spectra for further 

deposition of Li on the potassium-depleted silicate glass 

of Figure 6.31. The relative positions of the substrate 

and reduced Si species were identical to those formed from 

the Li/Si02 reaction, but there were notable differences in 

the relative intensities of the product species. 

Attenuation of the substrate Si(2p) signal was nearly 
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Figure 6.34 Si(2p) spectra obtained following additional Li 
deposition of the glass in Figure 6.31. 
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complete for the low-alkali potassium silicate glass. 

The results are similar for Na20-4Si02, although 

complete substrate attenuation was not observed. Shown in 

Figure 6.35 is a comparison of the Si(2p) lineshapes 

obtained for a) the Li/Si02 reaction (in progress), b) K20-

8Si02 following the reaction, and c) Na20-4Si02 following 

the reaction. It is important to note that the Si 

reduction of the alkali silicates was not obtained with a 

rapid (over 20 A/min) rate of Li deposition. The same 

glasses deposited with thick coverages of Li metal showed 

no measurable Si 1ineshape changes or matrix breakdown. Si 

reduction was also not observed for glasses of higher 

alkali content under identical reaction conditions, but 

this does not preclude the possibility of this occuring 

under different conditions (heated substrate, for example). 

DISCUSSION 

Mechanism of Na and K Depletion 

The proposed mechanism for the Li -> M+ exchange (where 

M - Na, K) is shown schematically in Figure 6.36. Note 

that time increases to the right side of the figure. The 

glass surface following cleaving is comprised of 

hydroxy1ated sites as well surface ~ation species. The 
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interaction of Li atoms with these sites results in 

electron exchange and direct substitution of Li for Na or 

H. H2 and atomic Na then desorb from the surface. Ion 

exchange between the surface Li+ and the bulk Na+ occurs, 

providing further surface Na sites for lithium attack. The 

rate limiting step in this process is initially the 

diffusion of Na+ in the glass. As the Li+ concentration 

increases in the near-surface, however, the relatively 

slower diffusion rate of lithium becomes the kinetically 

limiting step [125]. 

Driving Force for the Alkali Exchange Process 

The apparent driving force for this process is not 

obvious from an energetic standpoint, as Li has a higher 

ionization potential (0.52 MJ/mol) than either Na (0.50 

MJ/mol) of K (0.42 MJ/mol) [129]. The overall energetics 

of the complete system must also be considered. The 

thermodynamics of the Li -> M ion exchange can be described 

using the reaction: 

where M is either Na or K and X is an integer. 8G values 

for this reaccion for several silicate glasses [130] are 

presented in Table 6.5. Although the process is favorable 
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Table 6.5 Thermodynamics of Li~Alkali Exchange 

glass aG(Li~Na) aG(Li~K) 

kcal/mol a kcal/mol a 

M20- Si02 -8.88 -1.44 

M20-2Si02 -5.82 0.53 

M20-3Si02 9.96 7.8lb 

a) from ref. 130 
b) estimated value 
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for some cases, the energetic driving force is nevertheless 

rather small. Additionally, the actual 8G for the surface 

exchange is expected to be more positive than the values in 

Table 6.5, since the structure is expected to remain 

strained following the exchange, similar to the behavior 

obtained with alkali exchange from molten salts [124]. 

These observations suggest that the driving force for 

the exchange is the increase in disorder within the system, 

or the increase in entropy. Prior to the exchange, 

infinite concentration gradients exist at the glass/UHV 

interface, both for Na+ within the glass and for Li at the 

glass surface. In the absence of Li at the surface, the 

kinetics of Na desorption from the surface are slow due to 

the strong ionic interactions with the non-bridging 

oxygens. The surface electron transfer between Li and Na, 

and the subsequent interchange of ions within the glass, 

lowers the activation energy for the interdiffusion; this 

provides a more kinetically facile mechanism for the 

response to the concentration gradients at the surface. 

Theoretical Modeling of XPS Signal Attenuation 

In the above studies, the depletion of the modifying 

cation M+ was most rapid with initial exposures and leveled 

off at higher exposure times. The decay of the XPS 

response for M+ with Li exposure, however, is determined by 
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the exponential dependence of the photoemission signal on 

sampling depth beneath the surface as well as the M+ 

concentration profile C(x,t) into the surface as a function 

of time. 

~ 

I(t) ~ I C(X,t) e- X/ A dx 

x-o 
6.1 

The inelastic mean free path (IMFP), or A, typically has a 

value from 10 to 25 A for silicate-type glasses [131]. 

Thus, the linear growth of an layer uniformly depleted of 

M+ would result in a exponential decay of the XPS signal 

(over1ayer attenuation). The experimental results indicate 

additional effects caused by ion diffusion from further 

into the bulk glass; complete depletion of a given layer 

does not occur. This is not suprising for sodium 

considering the high mobility of Na+ within these glasses. 

Assuming the M+ depletion results from a surface 

exchange process, as presented above, the M+ concentration 

gradient into the glass surface during the depletion 

process can be described assuming planar diffusion [125]. 

If the surface Li -> M exchange rate is fast relative to 

the ion diffusion rate in the glass, the following boundary 

conditions exist: 

{

CO for x-O ~ ~ and t-O 
C(x,t) -

o for x-O and t>O 
6.2 



where C(x,t) is the M+ concentration at a depth x into the 

surface at time t and Co is the bulk M+ concentration. 

C(x,t) for x>O can be obtained from: 

C(x,t) - Co erf{---~---} 
2(DOt)~ 

6.3 

where DO is the combined diffusion coefficient for the 

process. M+ concentration profiles obtained from eqn. 3 

for 1, 5, and 10 minutes from the onset of the surface 

exchange are shown in Figure 6.37. Initial M+ depletion 

results in a sharp decrease in the near-surface 
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concentration; diffusion from larger depths smooths out the 

profile at longer time values. 

The XPS intensity corresponding to the [M+] as a 

function of time can be determined by combining equations 1 

and 3 to obtain: 

-x/~ e dx 6.4 

Shown in Figure 6.38 are the XPS intensity-time responses 

thus obtained for several values of DO and a IMFP of 10 A. 

As the rate of diffusion increases, the initial decay of 

the signal is more rapid followed by a gradual plateau as 
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Figure 6.37 Theoretical alkali surface concentration 
profiles during exchange process determined 
from Equation 6.3. 
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calculated using Equation 6.4. 
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the linear profile is formed. 

A comparison of the theoretical M+ depletion profiles 

with the experimental results indicates that ion diffusion 

from the bulk accounts for the response at long time 

values. It is not possible, however, to obtain diffusion 

rate information from these data for several reasons. 

First, the exposure times indicated are the periods of 

actual exposure to the Li source; additional diffusion 

probably occurs during the analysis period, resulting in 

further smoothing of the concentration profile at longer 

times. Second, the diffusion rates of more than one ionic 

species might be important in determining the overall 

exchange rate. This is the case in ion-exchange from 

molten salts, indicating the presence of non-linear 

diffusion. Finally, the time period during which the XPS 

response decays most rapidly (exponential dependence) is 

concurrent with the period of maximum M+ depletion rate. 

The former effect predominates at short time values. 

Mechanism of Sodium Metal Formation 

Of consideration here is the formation and lineshape 

changes of surface metallic sodium at thick Li coverages as 

well as the absence of metallic potassium. Due to small 

interatomic binding energies relative to lithium, sodium 

and potassium sublime in vacuum at room temperature; the 
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effect is most extreme for R. (Scraping Na metal in UHV 

results in the transport and deposition of Na throughout 

the vacuum system). The change in the plasmon structure 

and tho reemergence of a Na+ signal is thus described as 

follows: 1) atom exchange occurs from the Li overlayer to 

the surface of the glass (as above), 2) Na is dissolved in 

the Li metal, 3) depletion of the Li overlayer occurs with 

continued atom exchange, 4) the Li overlayer becomes 

saturated with Na and phase separation occurs (bulk Na 

forms), and 5) sublimation of surface Na occurs. These 

processes are shown in Figure 6.39. Oxidation of the 

surface layer (either metallic Li or Na) could result in 

the trapping of Na metal beneath this layer; there is 

evidence for this phenomenon in this work and in that of 

Zavadil [20]. The absence of metallic potassium formation 

is explained by the low heat of sublimation. 

Mechanism for Enhanced Resistance of Alkali Silicates 

The higher chemical resistivity of silicates results 

primarily from decreased reactivity of the non-bridging 

oxygen-silicon bond relative to the bridging oxygen-silicon 

bond. The breaking of a substantial number of these bonds 

would give rise to an increased O(ls) oxide peak intensity 

during the matrix breakdown; this has not been observed. 

Exchange of the modifying alkali does not have a 
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significant role in contributing to the breakdown with the 

exception of an initial titrating effect (alkali exchange). 

If this were the case, glasses with higher alkali content 

should exhibit higher reactivity to Li attack. In 

addition, it was found that deposition of metallic Li on 

glasses already depleted (over 50%) of alkali as exhibited 

by XPS showed no evidence of matrix breakdown. Additional 

alkali exchange, as evidenced by alloy formation, was noted 

however. The alkali exchange process thus appears to 

enhance the resistance of these glasses to Li attack, but 

this mechanism is only valid in a reaction environment 

where the exchange is feasible (via sublimation or possible 

solvation). 

INTERACTION OF Li WITH B203 

The Li/B203 system was found to have markedly different 

behavior than the Li/Si02 system under identical 

conditions. First, there was no apparent passivation of 

the surface to the initial reduction of B-O bonds. More 

importantly, the reaction was found to be incomplete within 

the XPS sampling depth. Under all the conditions studied 

here, a reaction product layer (less than 5 monolayers) 

forms which passivates the glass to further Li attack. 
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Shown in Figure 6.40 is the O(ls) spectrum obtained 

from a) a cleaved B203 surface, b) the surface deposited 

with a metallic Li film, and c) after heating (100-200 C) 

for 60 min. The presence of a non-bridging oxygen species 

is apparent immediately following deposition, but complete 

attenuation of the substrate could was not achieved with 

heating. The corresponding B(ls) spectra are shown in 

Figure 6.41. Reduction of boron to form at least two 

additional states of boron were indicated immediately 

following deposition. There is unusual similarity to the 

Si product distribution for the Li/Si02 case. This was not 

totally unexpected, however, as LiB alloys are quite 

common. 

Sequential deposition of lithium on B203 was found to 

produce the same overlayer composition as the thick film 

deposition. Shown in Figure 6.42 is the B(ls) spectra 

obtained following Li deposition (source current 9 amps) 

for 0-10 min. The formation of the reduced B species is 

evident at the early exposures, indicating that the 

passivation observed for Li/Si02 was not present. A 

metallic lithium film was formed on the surface after 6 

min. deposition, and further reaction was not observed. 

Barsoum and Tuller [132] have investigated the 

interaction between metallic lithium and various borate 

glasses used as solid electrolytes. For some of the 
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Figure 6.40 O(ls) spectra obtained from: a) cleaved 8203, 
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glasses, a reaction product layer of 3Li20-B203 was 

identified. These experiments were not performed in UHV, 

thus further oxidation of the initial products of the 

reaction is expected. 

Model for the Li/B2~3 Reaction 
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The results indicate that the breaking of the boron

oxygen bond is more favorable than the Si-O bond, as 

evidence of the highly reduced form of boron is immediately 

apparent. The lack of complete reaction within the XPS 

sampling depth is a result of limited diffusion of lithium 

through the reacted layer which forms under a variety of 

conditions. A model of the interaction of Li with the B203 

surface is shown in Figure 6.43. In contrast to Li/Si02, 

there is minimal strain at the glass/reacted layer 

interface such that additional diffusion pathways are not 

produced at the conditions used in this work. 

In conclusion, the XPS results for the Li/B203 

interaction suggest that the mechanism for enhanced 

chemical resistivity of borate-containing glasses is the 

formation of a Li+ diffusion barrier, of only a few 

mono1ayers in thickness, at the interface. The formation 

of a similar layer was also observed by Zavadil [20] for 

more complex borate glass compositions. A comparison of 

the XPS results obtained for Li/Si02 and Li/B203 indicates 
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that the difference in reactivity between silica and borate 

glasses is due more to the diffusional properties of the 

initial product layer formed than to the thermodynamic 

stability of the glass in contact with lithium. 



7. CHARACTERIZATION OF IRON OXIDE 
THIN FILM FORMATION 

Presented in the next two chapters are the results of 

investigations of the electron and ion transport 

characteristics of oxide films formed on polycrystalline 

iron surfaces at room temperature. The oxidation of a 

clean metal surface is an inherently complex process which 

involves the transport of electrons from the metal to the 

oxide/gas interfa~e and the transport of ions to or from 
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the metal/oxide interface [17]. The kinetics for oxidation 

are dependent on the film thickness, temperature, oxidant 

gas pressure, and the ion and electron transport properties 

of the oxide film. Of specific interest in this chapter is 

the chemical composition of the oxide films which are 

formed on iron surfaces upon controlled exposures (10. 7 . 

10. 3 torr) of oxygen, as well as the rate at which these 

films form. XPS is a useful technique for these studies, 

as the oxide overlayer thicknesses, thus obtained are within 

the XPS sampled volume as determined by the photoelectron 

attenuation length in the iron oxide [91,133]. Studies of 

electron transfer reactions at iron oxide films, presented 

in the next chapter, provide additional evidence as to the 

film composition and the mechanism for film growth. 

It is important to note the distinction between the use 

of evaporated, polycrystalline films and single crystal 



surfaces in studies of surface reactivity. Although the 

thermodyna~ic aspects of the reactivity are the same for 

the two cases, the kinetics can be markedly different. 
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This results from the fact that different crystal faces of 

a given metal have varying degrees of reactivity. A 

polycrystalline surface provides an assembly of the 

possible surface structures and an averaging of the 

properties. Additionally, boundaries between the 

microcrystal lites can provide sites for enhanced chemical 

reactions or accelerated diffusional processes. In light 

of these difficulties, the studies in this work will be 

restricted to polycrystalline Fe films. Although 

experiments with single crystal surfaces would be 

desireable, it was necessary to perform the electrochemical 

experiments using evaporated films. 

between experiments is desired. 

Direct correlation 

Oxidation resulting from oxygen exposure is the 

simplest case to consider, as dissociation of adsorbed 

molecular 02 occurs in one step. Oxidation from water 

exposure, however, is more complex. For the formation of 

bulk iron oxide, H20 must completely dissociate to form 

oxygen (atomic or anionic) and hydrogen as H2(g). Although 

the Fe/02 system represents the bulk of this chapter, 

preliminary results of Fe/H20 and Fe/CH3CN reactions will 

also be presented. Exposure of CH3CN to clean iron is of 



interest, as the electrochemical measurements were 

performed in an acetonitrile electrolyte system. 

OXIDATION OF IRON 
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The oxidation of iron surfaces has received 

considerable attention [17,134,135]. This process results 

from adsorption and dissociation of oxidant species on the 

surface, place exchange of the surface species with 

substrate metal atoms (formation of oxide structures), and 

subsequent diffusion of either metal ions or oxidant 

species to the metal/oxide interface. At low temperatures, 

a limiting thickness is usually obtained; the surface 

becomes passive to further reaction unless the structure of 

the oxide over1ayer is externally modified. In aqueous 

solution, this modification can occur by dissolution of 

surface metal ions from the oxide into solution. In 

atmosphere or solution, the presence of interfacial stress 

can result in separation of the oxide from the metal, thus 

allowing for further reaction. 

Initial Oxidation: Adsorption of 02 and Place Exchange 

The adsorption and the initial stages of oxidation of 

polycrystalline iron were studied using ultraviolet 

photoelectron spectroscopy (UPS). Shown in Figure 7.1a 
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(curve 1) is the spectrum obtained from a clean iron film 

evaporated onto a polished nickel substrate. The data were 

obtained in the CAE mode for the analyzer, with the pass 

energy set to 5 eV. Using this mode of analysis, the 

spectral features to higher kinetic energy are enhanced. 

The strong feature at 2 eV binding energy is attributed to 

the Fe d-band structure [136]]. The peak at 6 eV 

corresponds to the D(2p) band for oxygen dissociatively 

adsorbed [137] on the surface or within an oxide phase. 

The peak at 4 eV is assigned to an Fe 2+ state arising from 

the d-band [138]. It was not possible to obtain a film 

without evidence of some chemisorbed oxygen. However, the 

spectra presented here are similar in appearance to those 

of Bernasek et al. [136] except for the differences 

resulting from the use of a different electron analyzer 

collection mode. Exposure of this surface to 6 Langmuirs 

of oxygen (10- 7 torr/60 seconds) resulted in the spectrum 

shown by curve 2 in Figure 7.la. There is a marked 

increase in the features associated with the formation of 

FeD relative to the metal d-band. Exposure of this surface 

to an additional 12 Langmuirs of 02 resulted in the 

lineshape shown in Figure 7.lb (curve 3). The d-band 

signal is strongly attenuated and the oxide features have 

been broadened considerably. This broadening has been 

given as evidence of Fe 3+ formation at the surface [137]. 
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There are also notable changes in the low binding energy 

region of the spectrum, but the assignment of these 

features is difficult due to the electron cascade in this 

region. A 50 L 02 exposure (Figure 7.lb, curve 4) results 

in the growth of lower binding energy features which are 

attenuated upon x-ray source heating. Transitions in this 

region have been attributed to multi-electron satellites 

[139], but the attenuation of these features with mild 

heating suggests that they arise from weakly-bound surface 

oxygen species which either desorb or react with the 

surface. Additionally, the possibility of photo-stimulated 

processes (reaction or desorption) cannot be ruled out. 

~1.~.9.!;i.on EELS Studies 

Initial oxidation was also studied using reflection 

electron energy loss spectroscopy (EELS). Shown in Figure 

7.2 are the EEL spectra for clean Fe and for a series of 02 

exposures. The incident beam energy for these spectra was 

700 eV. This beam energy was used for XPS data reduction 

purposes, as described in Chapter 5. The spectrum (a) for 

clean Fe exhibits features corresponding to a 3d-4s 

transition (8 eV) and bulk plasmons (15 and 22 eV) 

[136,140]. Exposure to 60 L 02 yields lineshape b. The 

metallic features are noticably attenuated, and a new 

feature, attributed to an interatomic transition (02p -> 
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Fe3d,4s) can be identified at 7 eV. This feature was also 

observed by Hawn and Dekoven for FeO [70]. Exposure to 600 

L (curve c) and 2000 L (curve d) results in the further 

attenuation of the metallic character, the prominant growth 

of a feature at 23 eV attributed to a bulk plasmon for the 

oxide, and an apparent shift of the 7 eV transition [70]. 

This shift, however, likely results from the disappearance 

of the overlapping metallic transition. 

It is of interest that the EELS investigations of Hawn 

and Dekoven for pure Fe304 did not show evidence of the 7 

eV transition. This indicates that Fe304 is probably not 

the major constituent of the oxide film formed on Fe. The 

results for the low 02 exposures confirm the presence of 

FeO at the early stages of oxidation. This is consistent 

with several other studies for the initial stages of iron 

oxidation. It has been reported that clean Fe films 

exposed to less than 1.5 Langmuirs of oxygen results in 

dissociation and adsorption of 0 species, up to a half 

monolayer, on the surface [141]. This is accompanied by a 

slight decrease in the surface potential (-.2 eV) [142] but 

little change in the Fe d-band structure as seen in UPS 

[136]. At higher exposures, place exchange occurs and 

oxide nucleation begins with the formation of FeO-1ike 

3+ 
structures [143,144]. From 20-40 L, Fe forms and 

2+ increases relative to Fe with continued exposure [139]. 
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Formation of Bulk Oxide 

XPS was used to characterize the further growth of the 

oxide layer (beyond 20 L 02)' In principle, the core 

spectra (Fe(2p) and O(ls) can provide chemical state 

identification as well as rough quantitative estimates of 

the film composition. There were, however, fundamental as 

well as experimental difficulties which limited the utility 

of core-level information for the Fe/oxide system. First, 

it is well documented that the binding energy and lineshape 

for the O(ls) transition is nearly independent of oxide 

composition [35]. Second, the determination of O/Fe x + 

ratios were hindered by the ambiguity of electron IMFP 

values for thin layers and, additionally, by the 

indeterminate nature of the exact analyzer transmission 

function for the spectrometer used for this work [145]. 

Detailed lineshape analysis of the Fe(2p) spectral region, 

however, does provide substantial information as to the 

composition and thickness of the oxide films formed from 

higher 02 exposures. These results are presented below. 

Fe(2p) Lineshape: Shake-up Satellites 

Both Fe 2+ and Fe 3+ centers exhibit shake-up satellites 

approximately 6-8 eV higher than the respective main core 

lines [35]. For bulk FeO, where only a single oxidation 

state (Fe2+) is present, satellite peaks corresponding to 
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the Fe(2P3/2) and Fe(2Pl/2) lines occur at 6 eV to higher 

binding then the main transitions. 

satellite peaks are located 8.5 eV higher than the main 

transitions. For Fe304, however, discreet satellite peaks 

are not observed, possibly due to overlap of satellites 

corresponding to Fe 2+ and Fe 3+ states. Shown in Figure 7.3 

are Fe(2p) spectra for 02 exposures to clean iron ranging 

from 25-10 5 Langmuirs (curves a-e), brief exposure to 

atmosphere (curve f), and for a film deposited in a high 02 

partial pressure. The expected satellite positions for the 

Fe2+ states are shown in the figure. As 02 exposure is 

increased, the Fe metal signal is strongly attenuated 

relative to peak intensity corresponding to oxide. No 

discernable change occurs in the Fe(2Pl/2) satellite region 

until atmosphere exposure, even though the oxide thickness 

for the 10 5 L exposure approaches that resulting from 

atmosphere exposure. This suggests that contributions from 

both Fe2+ and Fe3+ centers are present throughout the 

initial oxidation process. The film grown in the presence 

of 02 appears to form predominantly FeO. 

Fe(2p) Lineshape: Least-squares Fit 

Fe(2p) spectra corresponding to various exposures of 02 

to iron were fit using the procedure detailed in Chapter 5. 

To obtain consistent results over a wide range of 
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exposures, it was necessary to fit a data window which 

included the Fe(2P3/2) peaks for both Fe 2+ and Fe 3+, a 

satellite corresponding to Fe 2+, and a significant portion 

of the Fe metal signal. The fit results were used to 

obtain a semi-quantitative estimate of the Fe 2+/Fe 3+ ratio 

and a reasonably accurate determination of the intensity 
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corresponding to the Fe metal substrate. The latter values 

were used to calculate uptake profiles for 02 on Fe (used 

for kinetic studies). 

Shown in Figure 7.4a is the fit for a 25 L 02 exposure. 

Shown are the contributions of Fe metal and the three oxide 

transitions (two main peaks and one satellite) to the 

lineshape. The inelastic background contributions have not 

been shown for reasons of clarity. Although the Fe 2+ 

transition appears rather broad, it is clear that the oxide 

film at this point is predominantly FeO. The more 

pronounced contribution of Fe3+ to the UPS spectrum for the 

18 L exposure is explained by the smaller sampled depth for 

lower kinetic energy electrons. 

Shown in Figure 7.4b is the fit for a 250 L 02 

exposure. The Fe 3+ contribution has increased relative to 

the Fe 2+, and the overall oxide intensity has increased 

relative to the Fe substrate signal. Assuming that the two 

oxidation states of iron exhibit similar satellite/main 

peak intensity ratios, the oxide film is still 
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predominantly Fe 2+ at this point with the Fe 3+ concentrated 

near the surface. The fitted spectra for a 105 Langmuirs 

02 exposure is presented in Figure 7.5. The Fe metal 

signal is further attenuated, but the relative 

contributions of the two oxidation states is similar. 

Increasing the takeoff angle of the photoelectrons 

increases the surface specificity of the measured signal 

due to the cos ~ dependence of the path length [23]. Shown 

in Figure 7.6 is the fit to the spectrum for the 10 5L 

exposure obtained at 70° takeoff angle. As expected, the 

Fe metal signal decreases relative to the background and 

oxide transitions. The Fe 3+ contribution is considerably 

increased, however. This is further indication that higher 

oxidation state (Fe3+) is higher at the surface than at the 

metal/oxide interface. It cannot be determined whether the 

increase is continuous (perhaps a linear function of depth) 

or whether a layered structure (FeO and Fe304) is present. 

The assignment of FeO as the primary constituent of the 

low-temperature oxide film is in disagreement with earlier 

investigations [135] using electron diffraction. 

Thermodynamically, FeO is expected to disproportionate to 

form Fe and Fe304 at room temperature [99]. The 

conclusions presented here are in agreement with those of 

Somorjai et a1., however [146]. FeO was identified as the 

primary constituent of an epitaxia11y-grown iron oxide film 
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on Pt(111) based on XPS, AES, and LEED data. Monolayer and 

multilayer FeO structures were formed by evaporating Fe 

onto single crystal platinum and exposing the surface to 

low pressures of 02' The formation of Fe203 was indicated 

at 02 pressures of 10 torr; this oxide was reduced to FeO 

upon sitting in UHV at room temperature. 

KINETICS OF OXIDE FORMATION 

The theory of metal oxidation kinetics has received 

considerable attention, yet is still not well understood 

[147-161]. The usual protocol for kinetic determinations 

is to measure oxide film thickness obtained at a given 02 

partial pressure for various oxidation times. Following 

this, the data are usually interpreted in terms of one or 

more rate theories by fitting to, or simply comparing with, 

thickness vs. time profiles obtained from the theory or 

theories. Unfortunately, several mechanisms give rise to 

seemingly identical profiles [17,147] such that assignment 

of a mechanism is ambiguous. Presented below is a brief 

discussion of possible rate limiting processes for 

oxidation. The reader is directed to references 17 and 134 

for a more thorough treatment. 



Simple Rate Theory; Parabolic and Logarithmic Kinetics 

The theory of Wagner [148] holds that the rate of 

oxidation of a metal is determined by simple diffusion of 

ions and electrons. The oxide film thickness obtained is 

thus proportional to the square root of oxidation time as 

derived from Fick's law, 

x(t) - At~ 7.1 
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where A is dependent on the transport properties of the 

film. While a parabolic law often describes the kinetic 

response at high temperatures, low-temperature oxidation is 

often found to proceed logarithmically with time. Mott 

[149,150] summized that the kinetics for growth of small 

oxide thicknesses «50 A) is limited by diffusion but that 

for thicker films it is limited by the rate of the quantum 

mechanical tunneling of electrons from the metal to the 

oxide/gas interface. As will be discussed further in the 

next chapter, tunneling probability decreases exponentially 

with tunneling distance. The oxidation kinetics for thick 

films limited by the tunneling rate is thus expected to be 

of a form known as the direct logarithmic rate law (2) 

x(t) - A + Bln(t+l) 7.2 
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where B is dependent on the nature of the film. A is the 

thickness of the film formed prior to the logarithmic 

growth region. The original theory of Mott held that the 

pre-logarithmic region obeyed parabolic kinetics (simple 

diffusion limited). Since tunneling probability is not an 

activated process, logarithmic oxide growth is predicted to 

be independent of temperature. This is not confirmed in 

experiment, indicating that either additional mechanisms 

for electron transfer predominate or that film growth is 

ion-transport limited. 

Linear Film Growth 

For initial oxidation to be limited by electron or ion 

transport, the chemisorption of oxygen on the surface must 

be sufficient to maintain a steady state concentration at 

the surface. In the absence of this condition, the film 

growth is dependent on the flux of oxygen upon the surface. 

A linear time dependence for the early stages of oxidation 

is predicted [151], especially for low-pressure oxidation. 

For constant exposure time, oxide thickness is also 

linearly proportional to oxygen pressure. 

Field-Assisted Growth Models 

Cabrera and Mott [152,153] subsequently proposed a 

mechanism in which the oxidation rate is limited by fie1d-
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assisted ionic transport across the film (eM mechanism). 

Electron transport, which occurs either within the 

conduction band of the oxide or by tunneling, is predicted 

to be more rapid than ionic diffusion. An electric field 

is thus established across the oxide, and ion transport, 

predominantly cation migration, is enhanced. The voltage 

across the film is expected to remain constant. The rate 

of film growth is limited by the dissolution of ions (metal 

and oxygen) into the oxide. The resulting kinetic response 

for the eM model can be approximated by the inverse 

logarithmic rate law: 

l/x(t) - A + B1n(t) 7.3 

where A and B are dependent on the nature of the film as 

well as on temperature. Grimley and Trapnell have proposed 

a similar cation diffusion-limiting mechanism which 

predicts direct logarithmic kinetics [155]~ 

Logarithmic kinetics can also result from anion 

diffusion using the model of E1ey and Wilkinson [156]. In 

this case, a constant field within the film over time is 

assumed. Burrell [71] has used this model to explain the 

logarithmic kinetics of low-temperature titanium oxidation. 

Justification for this was based on the pressure dependence 

of the kinetics (not expected for the eM mechanism) as well 
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as a marker experiment (using Fe). 

Single Current vs. Coupled Currents Approach 

Oxidation requires the transport of both ionic and 

electronic species across the oxide. The eM model (and its 

variations) assume that electron transport does not playa 

role in determining the kinetics. This view is termed the 

Single Current Approach [17]. The faster charge transport 

process (in this case, electron transport) is assumed to be 

in virtual equilibrium between the metal and the oxide/gas 

interface. Closed-form solutions to the differential 

equations corresponding to ionic transport can usually be 

obtained or reasonably approximated. An alternate approach 

has been pursued by Fromhold [157,161], which accounts for 

the interaction of electronic with ionic charge transport 

processes. The slow step in the process is a function of 

the nature and thickness of the film. Solution of the 

integral equations requires numerical computation for each 

case. This approach requires accurate knowledge of oxide 

structure and properties [17]. 

Due to limitations in present theory (or perhaps more 

fundamental limitations), it does not appear to be possible 

to ascertain the correct mechanism based on the observance 

of a particular rate law. It is useful, however, to 

consider possible contributions to the kinetic response 



observed. Given below is a discussion of the results 

obtained in this work using XPS analysis of the Fe(2p) 

region. 

Results for Iron Oxidation 

The kinetics for the low-temperature oxidation of 

polycrystalline iron were determined from the rate of 

attenuation of the metal substrate Fe(2p) signal obtained 

from the least-squares fit results described earlier. 

Thicknesses were computed assuming an electron attenuation 

length of 20A for the oxide film. This value was 

determined using the model of Seah and Dench [91]. Note, 

however, that this results in oxide thickness which are as 

much as twice that obtained by other workers, for similar 

oxidation conditions, using other experimental methods 

[135] • 

Shown in Figure 7.7 are the results obtained for 02 

pressures of 10- 7 , 10- 6 , and 10- 5 torr. Evident in the two 

higher pressures is the characteristic rapid initial growth 

followed by a strong decrease in the rate at longer times. 

There is evidence for linear behavior in the initial stages 

of the process for the two higher pressures (0-50 sec.), 

although the data is of insufficient density to allow a 

definite conclusion. For 10- 7 torr, the linear behavior 

(0-500 sec.) is more pronounced, indicating that film 
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growth in this period is limited by the oxygen flux to the 

surface. The three sets of data are consistent if it is 

assumed that the 02 sticking coefficient during the linear 

phase is nearly unity. Film thickness following 10- 5 torr 

exposure appears to reach a limiting value after ca. 200 

seconds. 

Comparisons of the absolute O(ls) intensity profiles 

vs. the oxide thickness profiles are presented in Figures 

7.8 and 7.9. The more rapid increase for the O(ls) 

intensity profiles is attributed to the exponential 

attenuation of the subsurface O(ls) signal as the film 

grows; this was also observed for the 10- 6 torr oxygen 

exposures as presented in Figure 5.38. 

A strong pressure dependence is also evident in the 

data shown in Figure 7.10, where thicknesses obtained from 

equivalent exposures (in Langmuirs) using two different 

pressures (10- 7 and 10- 6 torr 02) are compared. If the 

film growth were limited by 02 flux to the surface, the 

plots for the two pressures should be similar. One 

possible explanation for the increased reactivity at 10- 6 

torr is that additional adsorbed oxygen increases the 

contact potential across the oxide, thus enhancing non-

linear ion transport of ions into the film. This 

hypothesis was used by Burrell in describing the pressure 

dependence of titanium oxidation [71]. An alternate 
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interpretation is that a higher 02 pressure during exposure 

results in a structural (smaller grain size) or 

compositional (increased oxygen dontent) in the film. A 

smaller grain size would enhance oxidation by providing 

additional diffusion paths. 

Plots of thickness vs. In(time) for the 10- 6 and 10- 5 

torr exposures are given in Figure 7.11. Interpretation in 

terms of logarithmic growth is possible from both sets of 

data, up to a point at which an apparent limiting thickness 

is approached. The thickness values for higher exposure 

times become questionable, however, due to the 

exponentially decreasing XPS signal. Shown in Figure 7.12 

is the same data interpreted in terms of the inverse

logarithmic law [153]. This yields less satisfactory 

results for the 10- 6 torr exposures, and the 10- 5 torr 

results are dubious due to the small slope. Dignam and 

Young [154] have pointed out that the validity of using the 

inverse-log approximation (Equation 7.3) to the more 

complex sinh(t) functional dependence is questionable. 

Oxidation at High Pressures; Comparison with Sputtered Fe 

Surfaces 

As seen in the data presented in Figure 7.7, the 

limiting oxide thickness for 02 pressures in the range 10- 6 

- 10- 5 torr at 300K is approximately 40A. This apparent 
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limiting thickness is also maintained to higher exposure 

pressures (Figure 7.13, curve a). Shown are the oxide 

thicknesses obtained for a constant exposure time (100 

sec.) for 02 pressures from 10. 7 • 10. 3 torr. The pressure 

dependence of the kinetics is most apparent at lower 

pressures (where linear growth rates predominate). Shown 

in curve b are the results obtained for a sputtered iron 

foil for identical oxidation conditions. The difference in 

the oxidation rate and the apparent limiting thickness 

between the evaporated and sputtered surfaces strongly 

suggests that surface structure of the substrate is an 

important factor in determining the reactivity well beyond 

the initial oxidation phase. 

Different oxidation kinetics for the different 

crystallographic orientations of Fe have been reported 

[162J. Additionally, oxidation rates were found to be more 

rapid for po1ycrysta11ine films with small grain sizes than 

for those with larger grains. This is consistent with the 

conclusion that grain-boundary diffusion is important in 

determining the ionic transport rate across the film. 

Fehlner [17J has suggested that where crystallographic 

orientation effects are apparent, cation migration 

predominates. Conversely, where pressure effects are 

apparent, anion migration predominates. Both of these 

effects are evident.in the oxidation of polycrystalline Fe, 
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thus suggesting that both cation and anion migration 

determine the kinetic response. This is consistent with 

the radioactive tracer measurements of Atkinson et al. for 

various iron oxides [163]. 

MODEL FOR OXIDE FILM STRUCTURE AND FORMATION 
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Based on the spectroscopic results presented above, a 

model is proposed for the composition and structure of the 

oxide film on polycrystalline iron. Discrete layers of FeO 

and Fe304 are presumed to coexist on the surface, with the 

former comprising the bulk of the film at the conditions in 

this study. FeO formation is initiated at exposures below 

10 L by place exchange on the oxygen-saturated surface. 

The structure of this layer is likely microcrystalline, 

being strongly influenced by the structure of the metal 

substrate. Continued film growth occurs by a combination 

of field-assisted cation and anion migration. It has been 

shown by Norlander and Ronay that a large barrier exists 

for the penetration of FeO by oxygen anions [164]; thus, 

cation migration likely predominates. 

The experimental observation of surface Fe 3+ species, 

even at low exposures, is accounted for by the presence of 

surface 0- species. As the film thickness increases, the 
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field strength decreases (constant potential assumed) and 

the rate of ion t~ansport also decreases. Bulk Fe304 then 

begins to form at.the surface. Oxygen penetration in Fe304 

has a smaller barrier than in FeO such that the overall 

rate is limited by anionic as well as cationic migration. 

The overall thickness of the Fe304 layer does not appear to 

be more than 25% of the overall film thickness. The 

proposed oxide structure is shown in Figure 7.14. 

It should be restated that these thickness 

determinations were obtained by assuming a constant IMFP of 

2oA. Inaccuracies in the Seah and Dench empirical model 

will affect the absolute thickness values but will not 

affect the oxide growth characteristics. Changes in the 

IMFP due to structural or compositional modification during 

growth of the film severely restrict the applicability of 

these results for kinetic studies. 
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+ + 
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Figure 7.14 Kodel f~r oxide film formed on polycrystalline 
. Fe at room temperature. 
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OXIDATION FROM WATER EXPOSURE 

As mentioned earlier, the oxidation of iron as the 

result of low-level exposure to H20 vapor is a more complex 

problem than for 02' There have been studies which have 

demonstrated that a partially hydroxlyated surface layer, 

of one to two monolayers in thickness, results from water 

exposures [165,166]. This layer was found to passivate the 

surface to further reaction with higher levels of H20 and, 

unexpectedly, with subsequent 02 exposure [165]. In sharp 

contrast, quartz crystal microgravimitry studies have 

indicated substantial reactivity of evaporated iron films 

with water [167]. Results described below indicate that 

while the kinetics for oxidation of evaporated Fe as the 

result of H20 exposure are well below that for 02, no 

surface passivation is indicated. 

Shown in Figure 7.15 is a comparison of the relative 

oxide thicknesses obtained from equivalent exposures of 

oxygen and water to clean Fe surfaces. XPS results (Fe(2p) 

lineshape analyses) indicate that there is no compositional 

difference in the films formed from the different oxidants. 

The lower reactivity of iron to water as compared to 02 

could result from several effects. Since it is likely that 

the mechanism responsible for the apparent variability 

(depending on surface, conditions, etc.) in the reactivity 
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with water also causes the comparatively lower reactivity 

in general, it is worth pursuing an explanation for both 

effects simultaneously. 
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One possible link for both effects is the role of 

hydrogen evolution from the surface in determining the 

kinetics. The formation of bulk iron hydroxide (FeOOH) has 

not been observed from water exposure to clean Fe. 

Complete dissociation of H20 is thus necessary, and H2 

evolution from the surface is required. If the reaction 2H 

-> H2 is not facile, surface hydrogen might hinder further 

H20 (or 02) adsorption or dissociation. This might explain 

the slow kinetics obtained by Krueger and Yo1ken [168] for 

po1ycrysta11ine Fe exposed to 02. In their work, metal 

surfaces were prepared by annealing in H2' Studies 

involving coexposure of 02 and H2 to Fe would be necessary 

to confirm this link [169]. 

REACTIVITY OF IRON TO ACETONITRILE 

The electrochemical experiments in the next chapter 

were performed in an acetonitrile/electrolyte system. A 

non-aqueous system was chosen in order to minimize reaction 

with an iron/oxide electrode at open circuit. To determine 

whether acetonitrile would react with either metallic iron 

or iron oxide surfaces, studies of controlled exposures of 

acetonitrile to these surfaces were conducted. Results 



indicate that adsorption or decomposition of CH3CN on both 

iron and oxidized iron is minimal. Shown in Figure 7.16 

are XPS spectra for clean iron, for oxidized Fe exposed to 

104 L CH3CN, and clean Fe exposed to 104 L CH3CN. This 

exposure level approximates the partial pressure of 

acetonitrile expected in an electrochemical chamber prior 

to electrode immersion. The oxidized surface was prepared 

by exposing clean Fe to 10 4 L 02. The spectral region for 

each includes the N(ls) and the C(ls) transitions. 

There is visible decomposition on clean Fe and 

additional carbon buildup on the surface. The extent of 

this buildup, however, represents less that 0.1 monolayers 

of product. As seen in spectrum b, reactivity with the 

oxidized surface is considerably less. These results 

indicate that iron oxide surface modification prior to 

immersion into CH3CN solution will be minimal compared to 

that from 02 exposure. In addition, clean iron surfaces 

introduced directly into the electrochemical chamber will 

undoubtedly react with residual 02 in the N2 backfill gas 

prior to significant CH3CN exposure in a fashion predicted 

by the Fe/02 studies described above. 
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Figure 7.16 XPS showing the N(ls) and C(ls) regions for: 
a) unexposed iron,. b) oxidized iron exposed to 
104L CH3CN, and clean iron exposed to 104L 

. CH3CN. 
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8. ELECTRON TRANSFER REACTIONS AT THIN FILM 
IRON OXIDE ELECTRODES 

Studies of electron transfer reactions (ETR) at metal 

oxide electrodes are of interest in corrosion and 

passivation studies {170J as well as in the development of 
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modified electrodes surfaces for efficient electrocatalytic 

reactions [10]. In this chapter, investigations were 

initiated on the ETR characteristics of thin film iron 

oxide surfaces prepared in a controlled environment. 

Cyclic voltammetry (CV) was used to determine the kinetics 

of electron transfer between the oxide-covered iron surface 

and a redox-active species in an acetonitrile/electrolyte 

solution. These studies have shown that the ETR kinetics 

can be altered by prior exposure of the iron electrode 

surface to oxygen. The results provide complementary 

information as to the structure and composition of thin 

oxide films on polycrystalline iron to that presented in 

the previous chapter. 

The surface spectroscopic results indicated that the 

oxide formed at low 02 pressures consisted of a FeO/Fe304 

bilayer. As discussed in Chapter 7, several studies have 

indicated that the oxide film is an Fe304/Fe203 bilayer 

[135], although the majority of these experiments were not 

performed under UHV conditions. Since bulk Fe304 exhibits 

nearly metallic conductivity, electron transport through 
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this phase is expected to be rapid. Conduction is presumed 

to occur via electron exchange between the Fe 2+ and Fe 3+ 

centers [99]. By contrast, FeO is a Mott insulator with a 

band gap over 4 eV [171]. The stoichiometry is usually 

iron deficient (Fel_yO), where the value of y varies from 

0.05 at the Fe/FeO interface to 0.15 at the FeO/Fe304 

interface). 

2.2 eV. 

Fe203 is also an insulator, with a bandgap of 

The small Fe3+/Fe2+ ratio of the oxide film as 

determined by XPS excludes the possibility that significant 

amounts of Fe203 are present. Due to the markedly 

different electronic properties of FeO and Fe304, the rate 

of electron transport across the the respective films 

should be different. It was the goal of this work to 

determine if that difference could be observed in an 

electrochemical experiment. Also of interest is whether 

the transport of electrons across the oxide modifies the 

structure of the oxide. 

Burrell [172] has observed displacement in the onset of 

oxidation current (anodic) for titanium electrodes exposed 

to controlled amounts of oxygen prior to immersion in 

aqueous HCI solution. It was concluded, however, that 

immersion into solution resulted in the conversion of the 

titanium suboxide, which was formed during the controlled 

02 exposure, into a uniform layer of Ti02 on the surface. 
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Although studies in an aqueous environment are of more 

interest for direct corrosion and/or passivation studies, 

it is desireab1e to maintain the chemical composition of 

the iron oxide surface prepared in the controlled 

environment as characterized by electron spectroscopy. 

Correlations between the spectroscopy and the ETR behavior 

are therefore more direct. 

KINETICS OF HETEROGENEOUS ELECTRON TRANSFER 

The theory of electron transfer between a metal surface 

and an atom or molecule in solution has been extensively 

developed in recent years [173,174]. This transfer occurs 

between equal-energy electronic states in the metal and the 

redox species in solution. Considered here is the 

reduction of the solution species, or transfer of an 

electron from the metal to the solution. The distribution 

of electronic states in a metal, with a density of states 

p(E), can be approximately described by the Fermi-Dirac 

distribution (Equation 8.1). 

1 
n(E-Ef) - ----------------

1 + eXP(E-Ef)/kT) 

8.1 

Ef is the Fermi energy of the metal and n(E-Ef) represents 
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the distribution of electronic states E. The probability 

of finding an electron at energy E in the metal is then 

given by p(E)n(E-Ef). The empty electronic states of the 

species in solution (Dox(E» are broadened due to 

interactions with the solvation sphere, and can be 

approximated by Gaussian distributions as follows: 

D (E) - G(~/~kT)~ ox 
expI~~~~~~~~l:-

4~kT 

8.2 

where Ef is the Fermi level of the redox couple and ~ is 

the reorganization energy of the solvation sphere. 

In outer-sphere electron transfer reactions, there is 

no direct contact between the metal and the redox couple 

due to the structure of the double layer. Electron 

transfer occurs via quantum tunneling between equal-energy 

states. The tunneling probability T decays exponentially 

with the tunneling distance t. The overall probability for 

electron transfer is given by: 

WeE) - Gp(E)n(E-Ef)D (E)T ox 8.3 

The measured current is proportional to WeE) and also to 

the concentration of the redox species near the electrode 

surface. 
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ELECTRON TRANSPORT THROUGH OXIDE FILMS 

If a non-metallic film is present on the electrode 

surface, the kinetics of electron transfer can be 

considerably attenuated. Depending on the thickness of the 

over1ayer, different mechanisms are employed to describe 

the transfer process [175-179]. Transport can occur via 

tunneling from the metal to the redox species (across the 

oxide) or within the conduction band of the oxide. 

Although small film thickness might be expected to limit 

the applicability of a band model in the perpendicular 

direction to the film, it is a good approximation for 

thicknesses greater than loA [170]. 

Tunneling Across the Oxide Film 

For thin oxide films «40 A), tunneling from the metal 

electronic states through the oxide to the redox couple is 

predicted to be significant. Two types of tunneling can 

contribute to the overall current: direct elastic 

tunneling, where the oxide is essentially transparent to 

the process, and resonance tunneling via by means of a 

virtual state (again of equal energy) within the oxide 

film. For both the direct and the resonance mechanism, the 

effective tunnel barrier is assumed to be the average 

energy barrier experienced by the electron through the 



347 

film. This is usually described as the bottom of the 

conduction band for the semiconducting or insulating oxide. 

The dependence of the tunneling probability on the barrier 

height and the tunneling distance can be approximated by 

the Gamov formula: 

8.4 

where d t is the tunneling distance, m is the effective mass 

of the electron, AE is the barrier height, and T is the 

probability. 

Transport Through the Oxide Band Structure 

For thicker oxide films (>50 A), the probability of 

tunneling from the metal states becomes small such that 

other mechanisms are necessary to describe the electron 

transport. Specifically, electron transfer from the 

conduction band or the valence band of the oxide can occur 

[170,176,177]. Oxide films on iron are presumed to be n

type [180], and transfer is thus expected to be from the 

conduction band. For the transfer from the metal through 

the oxide, an individual electron must have energy greater 

than or equal to the bandgap (activation energy). The rate 

of transfer is thus dependent on the thermal activation of 

a sufficient number of electrons into the conduction band. 



For this process, Q c is predicted to be 0.5 such that 

anodic currents are negligible. Tunneling effects can 

contribute to this process in a similar fashion to that 

described earlier, particularly if a space charge region 

resulting from the oxide/solution interface causes upward 

band-bending. Tunneling can occur through the Shottky 

barrier to states on the redox couple. For p-doped 

semiconductors, the reverse situation applies; transport 

occurs via the valence band and cathodic currents are 

predicted to be negligible. 

Measurement of Electron Transfer Rates 

348 

Several authors [170,181-183] have presented results on 

ETR kinetics on metals with oxide over1ayers. The kinetic 

studies were usually performed with anodically grown oxide 

films in aqueous solution. Tafel plots of the current 

density for various redox couples yielded evidence as to 

the predominant electron transport mechanism in different 

potential regions. Schultze and Stimming [15] have 

investigated the behavior of the [Fe(CN)6]4-/[Fe(CN)6]3-

couple at passive iron. Electron transport through an 

outer lFe203 layer was attributed to an indirect tunneling 

process through the conduction band of the oxide. The 

inner Fe304 layer was assumed to be perfectly conducting; 

thus, the tunneling distance was smaller than the overall 
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film thickness. 

Fredlein and Bard [184] studied the electrochemical 

and photoelectrochemical behavior or a variety of redox 

couples at several Fe203 electrodes in CH3CN. They 

observed strongly rectifying behavior (low anodic currents) 

for all the electrodes studied and large 8Vp values (>400 

mV at 50 mV/sec) in cyclic voltammetry experiments 

indicating fairly irreversible behavior (see below). The 

use of cyclic voltammetry to obtain kinetic information 

under these circumstances is problematic due to uncertainty 

of assigning the peak current for the anodic wave. For 

thinner films where tunneling effects should predominate, a 

should be close to 0.5 and measurement of the 8Vp values 

should be more ascertainable. The approach used in the 

present study is described below. 

APPLICATION OF CYCLIC VOLTAMETRY 

TO ETR KINETIC MEASUREMENTS 

Simple kinetic information of ETR rates at electrodes 

can also be obtained using cyclic voltammetry [185-187], 

introduced in the experimental section. The potential 

separation between the anodic and cathodic peak maxima is a 

function of kO (the standard heterogeneous electron 

transfer rate constant), the potential sweep rate w, and 



350 

the redox diffusion coefficient DO' The use of cyclic 

voltammetry for kinetic measurements was originally 

proposed by Nicholson and Shain [185]. More recently, this 

approach has been used to study the effects of electrolyte 

and solvent on ETR at platinum electrodes [187] and the 

effect of surface modification of tin oxide electrodes 

[188]. 

Determination of kO 

A complete derivation of the integral equations 

obtained from mass transport theory, which are used to 

describe the characteristic features of the cyclic 

voltammetric experiment, will not be presented here. The 

reader is directed to the original work in this area 

[185,186] as well as more recent modeling efforts [189] for 

a detailed treatment. The basic experiment has been 

described in Chapter 2. The potential separation between 

the cathodic and anodic current maxima is related to the 

dimensionless parameter ~ defined as 

8.4 

where v is the scan sweep rate, kO is the standard rate 

constant, and DO is the diffusion coefficient (assuming 

that the oxidized and the reduced forms ot the redox couple 



have identical diffusion characteristics). Unfortunately, 

an exact analytical expression for ~ in terms of the peak 

separation AEp does not exist. Discrete values for ~ can 

be obtained from a numerical solution of the integral 

equation [185]. A useful approximation to the exact 

relationship has been presented by Russel and Jaenicke 

[187]: 

AEp/mV - 81.34-3.06/~+149/~1/2_l45.5/~1/3 8.5 

Values of ~ from AEp and the scan rate w were obtained 

using a computer-programmed routine which iteratively 

converges on ~ from an input AEp value and a guess for ~. 

Experimental Protocol 
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In the experiments described below, clean iron surfaces 

were prepared on a sample stub used as a working electrode. 

The electrode was either dosed with 02 and transferred 

directly to the electrochemical chamber, or transferred 

without dosing. Immediately after immersion of the 

electrode into solution, cyclic voltammagrams were obtained 

at 20-200 mV/sec sweep rates. Acetonitrile solutions 

containing O.lM tetraethylammonium perchlorate and O.OOlM 

redox-active species were used to monitor the changes in 

the ETR behavior of the iron surface as a function of 02 



exposure. Measurements were also made in solutions 

containing no redox species to determine the baseline 

current-voltage responses in the potential regions of the 

redox couples. Although a AgC104 reference electrode was 

used, potentials were referenced to the 

ferrocene/ferrocenium potential. 

Electrochemistry of BenzoQuinone and Ferrocene 
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The two redox-active species were chosen for the 

present study were benzoquinone and ferrocene. These were 

chosen because their non-aqueous electrochemistry has been 

well characterized. Their combined use allows the study of 

both a cathodic and an anodic process (for the foward 

sweep). In addition, the oxidized and reduced forms of 

ferrocene and benzoquinone respectively are soluble in 

solution; thus, changes in the electrode kinetic behavior 

due to film buildup should be minimized. 

The electrochemical behavior of benzoquinone is 

strongly dependent on the availability of protons 

[190,191]. In aqueous solution, benzoquinone undergoes a 

two electron reduction, coupled with a two proton addition, 

to form hydroquinone. In the absence of water, 

benzoquinone undergoes a one electron reduction to form a 

semiquinone radical species. Evidence of this species has 

been obtained from ESR measurements. At more negative 



potentials, addition of an second electron becomes 

possible. Russel and Jaenicke [187] have reported strong 

dependence of the first electron transfer kinetics of 

benzoquinone on solvent and electrolyte, and reported kO 

values in the range of 1-5x10- 2 cm/sec at a platinum 

electrodes in various solvents. 
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Ferrocene exhibits a reversible one electron oxidation 

to form the ferrocenium ion. Ferrocene and its derivatives 

have been extensively studied using electrochemical 

techniques [192]. The kinetic reversibility and the redox 

potential EO of ferrocene are only weakly dependent on 

solvent and electrolyte conditions; thus, it has been 

proposed that ferrocene be used as in internal standard for 

EO determinations of other redox-active species in non

aqueous solvents. The validity of this has recently been 

questioned by Pons et a1. [193], who report that ferrocene 

often forms an insoluble salt or polymeric film on the 

surface. The presence of this film degrades the kinetics 

of electron transport, making EO determinations more 

difficult. This effect was observed in these experiments, 

as will be described later. 
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EXPERIMENTAL RESULTS 

Cyclic Yoltammetry at Pt Wire Electrode 

The purity of the acetonitrile/electrolyte solution was 

monitored by sweeping the potential at a platinum wire 

working electrode (vs. an adjacent counter electrode) 

between the limits of electrolyte breakdown. Shown in 

Figure 8.1 are the results obtained for a potential sweep 

of 50 mY/sec. There is no significant current flow in the 

potential regions where ferrocene and benzoquinone are 

electroactive, indicating that the solution is of 

sufficient quality for the experiment. 

Results for Benzoguinone at Platinum 

Cyclic voltammagrams obtained for ca. O.OOIM 

benzoquinone in O.lM TBAP/CH3CN, for scan rates of 20, 50, 

100, and 200 mY/sec., are shown in Figure 8.2. Deviation 

of 8Ep from the expected 59 mY was observed, as shown in 

Table 9.1. Benzoquinone has been shown to exhibit 

reversibility for the first reduction wave in CH3CN/TEAP 

solution [187]; thus, it is expected that uncompensated 

solution resistance increases the 8Ep values beyond that 

caused by the ETR kinetics. The kinetic parameters 

obtained at different scan rates, particularly for the 

oxidized iron surfaces discussed later, were consistent 
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Figure 8.1 Cyclic Voltamagram obtained in O.lM TEAP/CH3CN 
at a platinum wire working electrode with a 
potential sweep rate of 50 mV/sec. 
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Figure 8.2 Cyclic voltametry obtained for O.OOlH 
benzoquinone in O.lH TEAP/CH3CN at Pt with 
sweep rates of 20, 50, 100, and 200 mV/sec. 
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Table 8.1 Dependence of Kinetic Parameters 
on Potential Scan Rate for Benzoquinone at Platinum 

Scan Rate l1!~ kO 
mV/see em/sec (xl03) 

20 105 0.47 2.8 

50 110 0.42 3.9 

100 125 0.31 4.1 

200 160 0.18 3.4 
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within the limits of the approximation used (Equation 8.5). 

Cyclic Voltammetry at Iron Electrodes 

The cyclic voltammagrams obtained for both benzoquinone 

and ferrocene in CH3CN solution at iron electrodes 

indicated that the electron transfer properties of the film 

were modified by the current flow during the CV scan, and 

also by pre-exposure of the surface to oxygen. Presented 

below are the details of the results and possible 

explanations for the electrochemical changes observed. 

First described are the time-dependent changes in the CV 

response. 

Time-Dependent CV Response 

Following immersion into solution, all the iron (oxide) 

electrodes studied here exhibited characteristic time

dependent cyclic voltammagram profiles. The initial CV 

scan for each, obtained at a SO mV/sec scan rate, indicated 

slower electrode kinetics (as measured by the peak 

separation) than subsequent scans. Additionally, the 

current decay beyond the anodic or cathodic maximum varied 

from the expected t~ dependence on the initial scans. 

These phenomena were observed for both benzoquinone and 

ferrocene redox cycles at both undosed and 02-dosed Fe 

surfaces. 
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Shown in Figure 8.3 are the results for the one

electron reduction-oxidation cycle of benzoquinone at an 

evaporated iron surface exposed only to the UHP N2 backfill 

gas. The first scan (a) was initiated immediately 

following immersion of the electrode. Scans (b) and (c) 

were initiated two and three minutes subsequent to this. 

There were no further changes in the CV response for over 

10-15 minutes following immersion. There is an apparent 

decrease in the integrated current passed during the 

reduction sweep from the first to the third scans. It is 

difficult to determine if this is accompanied by changes in 

the anodic current, as the baseline for this measurement 

(determined by the cathodic wave) cannot be ascertained. 

Cyclic voltammagrams obtained at this surface in the 

absence of the redox-active species exhibited a measureable 

amount of Faradaic current corresponding to possible 

reduction of the oxide film in the potential regions of 

benzoquinone, as shown in the lower portion of Figure 8.3. 

This might also result from a contaminant species. This 

current does not fully account for the disparity in the 

current passed beyond the current maximum from the first to 

subsequent scans, however. A more plausible explanation is 

that the small current in the absence of redox species is 

residual charging current. In addition, the behavior 

described above was also observed for the oxidation of 
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Figure 8.3 Cyclic vo1tametric wave for benzoquinone at 
clean Fe (exposed only to N2 backfill gas): 
a) immediately following electrode immersion, 
b) after tw~ minutes, c) after 3 minutes. 
Shown in the lower right is the response 
obtained in the absence of BQ. 
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ferrocene, as will be shown later. 

The time-dependent benzoquinone CV response for an 02-

dosed Fe surface is shown in Figure 8.4. An evaporated 

iron surface was exposed to lX10- 6 torr 02 for 100 seconds 
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before transfer to the electrochemical chamber. Scans were 

again obtained at 50 mV/sec starting at 0, I, and 2 minutes 

following immersion. The anomalous current response beyond 

the cathodic maximum is more pronounced than for the 

undosed film. Additionally, the peak separation ~Ep values 

are lower than the corresponding values for the undosed 

film, indicating more rapid electrode kinetics both at 

immersion and after repeated potential cycling. As before, 

a steady-state response was obtained after 3-4 scans. 

Similar results were obtained for the ferrocene

ferrocenium couple at both dosed and undosed surfaces. 

Shown in Figure 8.5 are the cyclic vo1tammagrams obtained 

at an undosed surfaces immediately upon immersion and after 

5-6 potential cycles at 50 mV/sec. In this case, the 

potential was first swept in the anodic direction. The 

current hysteresis past the anodic maximum is evident in 

the initial scan (#1), although it is not as pronounced as 

the benzoquinone result. The steady-state CV response (#2) 

is nearly identical to a mirror-image of the benzoquinone 

steady-state response, indicating that the transfer 

coefficient (a) is close to 0.5. Rectifying behavior is 
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Figure 8.4 Cyclic voltametric wave for benzoquinone at 
oxidized Fe (exposed to lOOL 02): 
a) immediately following electrode immersion, 
b) after 1 minutes, c) after 2 minutes. 
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Figure 8.5 Cyclic voltametric wave for ferrocene at clean 
Fe (exposed only to N2 backfill gas): 
a) immediately following electrode immersion, 
b) after 5 redox cycles. Shown in the top is 
the response obtained in the absence of 
ferrocene. 
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thus not observed for iron oxide films of these 

thicknesses. Shown in the upper portion of the figure is 

the response in the absence of the ferrocene. 

Effect of Oxygen Dosing 

As described earlier, dosing the Fe surface with 02 

(lxlO- 6 torr/100 sec.) prior to transfer into the e-chem 

chamber resulted in the formation of a surface with 

enhanced ETR kinetics for both ferrocene and benzoquinone. 

Higher'02 exposures, however, formed surfaces with 

diminished ETR kinetics. Shown in Figure 8.6 are the CV 
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obtained on surfaces exposed for 100 seconds to 02 at a) 

10- 6 torr, b) 10- 5 torr, c) 10- 4 torr, and d) 10- 3 torr. 

The peak separation ~Ep increased toward the higher 

exposures, indicating slower kinetics. Significant changes 

in the amount of current flow were not observed, although a 

reliable comparison is difficult due to variability in the 

immersed electrode area. 

The values of kO for these surfaces were calculated as 

described earlier. Measurements were made at potential 

sweep rates of 20, 50, 100, and 200 mV/sec, and average kO 

values were computed. The results of these calculations 

are presented in Table 8.2. A plot of kO as a function of 

the iron oxide thickness is shown in Figure 8.7. These 

thickness values were obtained from the XPS results of 
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Table 8.2 Dependence of Kinetic Parameters 
on Potential Scan Rate: Iron Electrode 

Exposure Scan Rate ~!~ kO 
mV/sec cm/sec (X103) 

10- 6 torr °2 20 140 0.235 l. 40 
100 sec 

50 160 0.175 l. 65 

100 195 0.115 l. 53 

200 245 0.072 l. 35 

ave. l. 48 

10- 5 torr °2 20 150 0.201 l. 20 
100 sec 

50 185 0.128 l. 21 

100 200 0.109 l. 45 

200 250 0.069 l. 29 

ave. l. 28 

10- 4 torr °2 20 180 0.136 0.81 
100 sec 

50 200 0.109 l. 03 

100 250 0.069 0.91 

200 300 0.47 0.89 

ave. 0.91 

10- 3 torr °2 
100 sec 20 200 0.109 0.65 

50 230 0.082 0.77 

100 300 0.047 0.63 

200 375 0.029 0.55 

ave. 0.65 
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films oxidized under identical conditions, as described in 

the previous chapter. 

DISCUSSION 

Oxide Thickness Dependence 
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The above results indicated a marked dependence of the 

electron transfer rate on prior exposure of the clean 

surface to oxygen. This suggests that the predominant form 

of electron transport is tunneling [175]. In addition, the 

absence of rectifying behavior also suggests that transport 

through the band structure of the oxide does not occur. 

The observed behavior also provides supporting evidence for 

the composition of the film proposed in Chapter 7. If the 

oxide film was predominantly Fe304, negligible dependence 

on thickness would be expected due to nearly metallic 

conductivity (small bandgap). This was clearly not 

observed. If the oxide film consisted only of an 

insulator, such as FeO, an exponential dependence on 

thickness would be expected. The deviation from this 

behavior indicates that other factors affect the rate, 

possibly that other transport mechanisms contribute to the 

electron transport to and from solution. One possible 

reason for this deviation is described below. 
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It is proposed that the exponential thickness 

dependence on the ETR rate predicted for a tunneling 

mechanism is modified by changes in the stoiGhiometry of 

the FeD layer, and thus the electronic properties, as the 

film thickness increases. The results from Chapter 7 

indicated that the relative Fe2+/Fe3+ does not change 

measureably in the film thickness range of interest in 

Figure 8.7. This suggests that the Fe3+ is present in an 

Fe3D4 layer of constant thickness. Film growth then occurs 

as the thickness of the FeD layer is increased. At small 

thicknesses, the average FeD stoichiometry is more iron 

deficient than at larger thicknesses, due to the proximity 

of the Fe3D4' Conductivity of FeD, and hence the bandgap 

(and tunneling barrier) decreases as the film becomes less 

iron deficient [171]. This occurs as the film increases in 

thickness, and hence a more rapid falloff in the electron 

transfer rate occurs than would be expected if the FeD 

electronic structure was not changed during oxide growth. 

Another possible explanation for the observed effect is 

structural changes which occur during the growth of the 

film. More specifically, electronic transport along grain 

boundaries might be a significant contribution to the 

overall transport rate. The density of these charge 

diffusion pathways might be expected to decrease as film 

thickness increases (the grain size of the film increases), 



thus causing the rapid decrease in the ETR kinetics 

observed. The role of grain boundary electron diffusion 

might also be a factor in describing the time-dependent CV 

behavior as described later. 

Finally, it should be noted that the experiments 

described above were not reproduced sufficiently to obtain 

statistical reliability for the kinetics vs. thickness 

measurements. It is eRtimated that the standard deviation 

for an individual measurement could be as much as 50% of 

the overall range of kinetic values. 

Variable CV Response 
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The unusual current decay profile beyond the current 

maxima (hysteresis) for the initial scans, as well as the 

change in the cyclic vo1tammagrams from the first to 

subsequent potential sweeps indicates that the structure of 

the film is being modified by charge transport across the 

film. The current hysteresis suggests that additional 

charge transfer sites are being created as the potential is 

swept. If this were the case, however, this should be 

manifested in subsequent scans as an increase in peak 

current. This was not observed, indicating that the 

effective electrode area does not change. 

No Faradaic current was observed on oxidized iron in 

the absence of redox species. It is possible that the 
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benzoquinone or ferrocene assists in some charge transfer 

involving the modification of the immersed oxide film. The 

hysteresis effect was observed for both benzoquinone and 

ferrocene, however. It is unlikely that the same chemical 

modification of the oxide (resulting in the additional 

current flow beyond the current maximum) occurs in two 

potential regions and with opposite current directions. 

If electron transfer occurs along grain boundaries, as 

suggested earlier, changes in the microcrystalline 

structure might be reflected in the redox kinetics. If the 

passage of charge opens up additional charge transfer 

paths, this could explain the increase in ETR kinetics for 

subsequent scans. This is the most reasonable explanation 

at this point. If in fact the film is modified by the 

electron transport, the mechanism of transport is not 

likely to be direct tunneling across the oxide. This 

mechanism implies that no energy is transferred to the 

film; this is required for film modification. 

Another observation that remains unexplained is the 

increase in ETR kinetics from the unexposed (to 02) iron 

surface to the surface exposed to 100L 02. Exposure levels 

lower than 100L resulted in a similar response to that seen 

in Figure 8.3. It is expected that the unexposed film is 

slightly oxidized as the e-chem chamber is backfilled with 

UHP N2, sinc~ the 02 contaminant level in the backfill gas 



should be on the order of 10. 8 • 10. 6 torr. The results 

from Chapter 7 indicated that neither the clean nor 

oxidized iron surface was reactive to CH3CN vapor. It is 
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possible that the oxide formed from during the chamber 

backfilling is structurally different from that formed from 

02 exposure under otherwise UHV conditions. XPS results 

did not show an apparent compositional difference, however. 

CONCLUSIONS 

The results in this chapter have shown that structural 

and compositional information, complementary to the XPS 

results, can be obtained with an electrochemical probe. 

These investivations are preliminary, however, in that 

several effects ~ere observed which cannot be explained 

based on these experiments alone. The precise electron 

transport mechanism across the oxide is uncertain, but the 

results are consistent with the composition for the iron 

oxide film proposed in the preceding chapter. 
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9. CONCLUSIONS 

This chapter will summarize the major conclusions for 

each of the topics in this dissertation: 1) lithium/glass 

chemistry, 2) iron oxidation, 3) electron transfer kinetics 

at iron oxide electrodes, and 4) the development of 

improved XPS lineshape models for least-squares fitting 

applications. The goal for the first three of these was to 

develop a basic understanding of chemical processes which 

are likely to contribute to corrosion phenomena of 

technological importance. In the last of these, the goal 

~as to develop an improved understanding of a physical 

process, photoemission of electrons from a surface, and to 

use these ideas to formulate improved data reduction 

methods for use in the XPS investigations. Also discussed 

below are suggestions for future studies in each of these 

areas. 

LITHIUM CORROSION OF GLASSES 

The interfacial reaction between metallic lithium and 

the surfaces of simple glasses has been studied using XPS. 

The glass composition which was most sUGceptible to 

reduction was Si02' Rapid deposition of Li metal on a 
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clean silica surface resulted in temporary passivation of 

the surface due to compressive stress near the glass/metal 

interface. Following the breakdown of this passivation, a 

product layer consisting of reduced silicon and oxygen 

rapidly formed; the thickness of this layer exceeded looA 

provided that sufficient lithium was present. A negatively 

charged Si species was identified based on an unusually low 

Si(2p) binding energy. It was proposed that a LixSi 

compound or alloy phase constitutes part of the product 

layer formed. Also identified in this layer were silicon 

species bound to two or more non-bridging oxygens. 

Studies of the interaction of lithium with alkali 

silicates indicated that these glasses are less susceptible 

than Si02 to reduction due to the presence of a large 

number of non-bridging oxygens. The most significant 

observation, however, was the alkali exchange process where 

Li was replaced for Na of K in the glass matrix. Reduced 

sodium or potassium then desorbed from the surface. This 

was observed for both fast and slow Li deposition rates. 

At low rates, the characteristic attenuation of the Na(ls) 

or K(2p) signal with time indicated that the alkali 

depletion occured form well below the glass surface. At 

sufficiently high deposition rates, reduced sodium became 

dissolved in the Li overlayer. The eventual phase 

separation of metallic sodium, as determined from XPS 



lineshape analysis, indicated that the energy released by 

the dissolution of Na in Li does not contribute 

significantly to the overall energetics of the process. 
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The results of the Li/B203 reaction were much less 

dramatic, but nonetheless important in describing the 

enhance stability of borate-containing glasses in batteries 

or in contact with molten lithium. The product layer 

formed, again consisting of reduced glass components, was 

limited in thickness to a few atomic layers «25A) due to 

limited lithium cation diffusion through this layer. 

Implications for Stability of Glass Insulators in Lithium 

Batteries 

This research was motivated by the problem of glass 

insulator corrosion in the Li/S02 primary cell. Although 

the investigations presented in Chapter 6 are of more 

relevance in applications where lithium is in direct 

contact with the glass, it is likely that the corrosion 

product formed on the glass header in the lithium battery 

is similar to that described in these studies. It is thus 

proposed that the ion transport properties of the glass are 

of more importance in determining the corrosion resistance 

of the glass than the thermodynamic stability of the glass 

in the presence of lithium. 
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Future Directions 

Further studies in this area should focus on the 

structural properties of the Li/g1ass reaction product 

layer. The results obtained with XPS suggest that unusual 

molecular fragments are present in this layer, but it is 

necessary to determine the heterogeneity and morphology of 

the product before further identification is possible. The 

choice of possible techniques is limited due to the 

necessity of performing the experiment in UHV. 

IRON OXIDATION 

X-ray Photoelectron Spectroscopy was used to determine 

the composition of the oxide film formed on po1ycrysta11ine 

i f h d t 1 (10 -7_10-3 ron sur aces w en expose 0 ow pressures 

torr) of oxygen. UPS and EELS were also used to 

qualitatively determine the oxidation state(s) present in 

the near-surface region during the oxidation. 

concluded that an oxide film of up to 40A in thickness 

forms at room temperature, consisting predominantly of FeO. 

A high concentration of Fe3+ was found at the oxide/vacuum 

interface, suggesting the presence of Fe304 on the surface. 

The kinetics of iron oxidation was determined by 

measuring the oxide thickness as a function of time and 02 
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pressure. Thicknesses were calculated based of the 

attenuation of the Fe substrate XPS signal. As this signal 

overlaps with that of the oxide overlayer, the use of a 

least-squares fitting procedure, specific for oxide 

overlayers on metals, was invaluable in these 

investigations. 

For an 02 partial pressure of 10- 7 torr, initial growth 

of the oxide layer (up to 10-lSA) was linear with time. 

For higher pressures, the linear growth phase was less 

apparant, and the kinetics were logarithmic with time. The 

pressure dependence, as well as an observed dependence on 

surface morphology, indicated that oxide growth occurs with 

both anion (0-) and cation (Fe2+) field-assisted migration 

(Cabrera-Mott mechanism). Diffusion along grain boundaries 

contributes significantly to the oxide growth rate. 

Future Directions 

This work reported some preliminary studies of the 

interaction of "20 with iron surfaces. The variability of 

the reactivity towards water depending on the surface 

characteristics needs to be explored. Studies involving 

pre-dosing or co-dosing the iron surface with hydrogen and 

water are necessary to determine the role of hydrogen 

recombination in the oxidation of iron in a humid 

environment. 



ELECTRON TRANSFER CHARACTERISTICS OF IRON 

OXIDE FILMS 
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The results presented in Chapter 8 indicated a marked 

dependence of the electron transfer kinetics, between an 

iron electrode and a redox-active species in 

CH3CN/electrolyte solution, on the extent of prior exposure 

of the electrode to oxygen. Electron transport was 

postulated to occur either by quantum tunneling or along 

grain boundaries across an FeO film. A thin outer layer of 

Fe304, with nearly metallic conductivity, was predicted to 

have little effect on the kinetics. These investigations, 

while preliminary, provided additional characterization of 

the oxide film formed on iron at low tempeLatures and low 

02 pressures. 

Future Studies 

This work describes a different yet simple approach for 

determining electron transfer kinetics at an oxide-covered 

electrode. Unfortunately, the iron oxide surface does not 

provide a useful test of this approach due to the 

multilayered structure of the oxide. It is desireable to 

first apply this method to a simpler oxide system. 



Examples of this are tantalum and tungsten, where the 

oxides formed are nearly stoichiometric. Another 

limitation of the iron/oxide system is that the oxides 

formed are often poor insulators. Thus, the oxidation of 

aluminum might be a useful system, since aluminum oxides 

are usually highly insulating. 

XPS LINESHAPE MODELING AND LEAST-SQUARES FITTING 
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In the course of this work, several theoretical models 

of the complete surface photoemission spectrum, of varying 

degrees of complexity, were developed. The use of these 

models in least-squares fitting procedures brought together 

two different approaches to XPS lineshape analysis. In the 

approach, the complexity of the inelastic background is 

often ignored by subtracting a simple function (linear, 

polynomial, integral) from beneath the peak. The resulting 

lineshape is then fit to one of several functional forms 

using the method of least squares. In the second approach, 

an improved description of the background (EELS response) 

is employed in a deconvolution procedure to effectively 

remove the background from the spectrum. This 

deconvolution result, however, is often not suited for 

subsequent data reduction, such as curve fitting. 
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The effort to obtain improved XPS primary lineshape and 

background models as presented here culminated in the 

development of the FFT Background Generation Method, from 

which a model background function is computed based on a 

presumed model for the primary spectrum and a measured EELS 

from the surface of interest. It was shown that this 

procedure could be applied to XPS of oxide-covered as well 

as clean metals. These spectral complexity of these two 

systems is rather atypical, but their technological 

importance warrants as detailed a treatment as possible. 

By fully accounting for the characteristics of both the 

primary spectral lineshape and the inelastic background 

within the fitting procedure, substantial improvements in 

XPS lineshape analysis can be obtained. This has been 

shown in the course of this dissertation as well as in the 

studies of lithium surface chemistry by Zavadil [20]. 

Future Studies 

It will be necessary to apply this data analysis 

methodology to a broad range of spectral types in order to 

determine the limitations of the assumptions made. 

Specifically, the limitations of the EELS response in 

modeling the inelastic background and those of the Doniach

Sunjic lineshape in describing the metal photoemission 

response have not been fully addressed. 
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