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ABSTRACT 

The reactions of atomically clean, titanium film surfaces with 

oxygen, deuterium, and water have been investigated. Auger Electron 

Spectroscopy was utilized to monitor the formation 9f a surface oxide in 

the case of oxygen exposure, and to characterize the deuteride which 

formed upon deuterium absorption, and its subsequent oxidation. Quan

tification of surface oxide stoichiometries was facilitated by novel 

data acquisition and treatment schemes. The quartz crystal microbalance 

was used to measure the mass of adsorbed oxygen or deuterium with sub

monolayer sensitivity. Electron energy loss spectroscopy was sensitive 

to the presence of Ti+3 in the surface oxide. 

The initial oxidation of the titanium surface was characterized 

by the dissociative adsorption of three mono1ayers of oxygen atoms at a 

constant rate. The oxide formed during this reaction stage was a 

Ti203/Ti02 mixture with a total thickness of 13 A. The rate of oxygen 

adsorption then decreased such that oxide growth was logarithmic with 

time. When the oxide had attained a total thickness of 20 A, the 

initial suboxide was converted to Ti02, and subsequent oxide formed was 

purely Ti02' Oxide growth occurred by oxygen anion migration under the 

influence of an electrostatic field, set up across the oxide layer by 

electron transfer from the metal to adsorbed oxygen species. The 

pressure dependence of the oxide growth rate and terminal thickness 

suggested a constant field growth mechanism. 

xiv 



xv 

Clean titanium films reacted with deuterium to form a bulk 

deuteride TiOx (x<2). The oxide layer which resulted from oxygen expo

sure was characterized by the above techniques. Oxide layers greater 

than 20 A completely inhibited deuterium absorption by prohibiting 02 

dissociation, but did not act as a diffusional barrier when additional 

dissociation sites were provided. Iron adlayers were found to accel

erate the 02 absorption reaction. 

Removal of the titanium films from the vacuum chamber to an iso

lable electrochemical reaction chamber, without exposure to the 

atmosphere, allowed a determination of the effect of the various 

gas/solid reactions on the subsequent electrochemical oxidation 

processes. 



CHAPTER 1 

INTRODUCTION 

Many important chemical reactions occur at the interface between 

a solid surface and a gaseous or liquid phase. In catalytic reactions, 

the solid surface provides an environment where molecules from the con

tacting phase can react with one another under conditions, which in the 

absence of the catalytic surface, would not occur as readily. Such 

reactions, under ideal conditions, do not alter the surface composition 

of the solid. Other reactions, including adsorption, corrosion, disso

lution, and oxidation, involve the surface as one of the reactants. The 

surface composition changes in these processes as a result of the reac

tion. The reactions described in this dissertation, such as the oxida

tion of a metal surface, are examples of this latter type. 

Because these reactions are confined to the top atomic layers of 

the material, identification of intermediates and products requires 

techniques which selectively probe the surface or interface region, with 

discrimination against effects resulting from bulk phases. During the 

past decade, a proliferation of techniques have emerged to characterize 

solid surfaces, particularly in ultra-high vacuum environments where the 

integrity of the surface can be maintained. This dissertation describes 

1 



2 

the application of some of these methods to characterize the reactions 

of oxygen, hydrogen, and water with titanium metal surfaces. 

1.1 Metal Oxidation 

The reaction between a solid metal and oxygen or water to form a 

metal oxide is often a thermodynamically favored process. The reaction 

would proceed to completion were it not for the fact that the reaction 

product forms on the metal surface, and this surface oxide acts as a 

barrier to further reaction by inhibiting contact between the reacting 

phases. For most metals, the surface oxide grows to thicknesses ranging 

from 5 A to 200 A (depending on the metal), after which the reaction 

rate becomes negligible. This is the general phenomenon of surface 

passivation. The dissolution or corrosion of a metal in contact with an 

aqueous environment is also controlled to a great extent by the presence 

of passive layers on the metal surface. 

The propagation of oxide layers proceeds by the movement of the 

reactants in the form of ions through the existing barrier to the 

appropriate interface. Thus, the mobility of metal cations or oxygen 

anions within the oxide itself would be rate-limiting in the absence of 

other effects. Complications can arise, for instance, if the growing 

oxide cracks and exposes fresh metal for continued reaction. This is 

especially prevalent when the metal is under mechanical stress; the 

resultant oxide cracking and reforming process is commonly called 

stress-corrosion cracking (SCC). 
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Titanium is an example of a metal that forms a passive surface 

oxide. The corrosion resistance of the oxide layer plays an important 

role when the metal is used in structural applications. From a che

mist's point of view, it is clear that an understanding of the 

reactivity of titanium with its environment requires a knowledge of the 

composition and thickness of the surface oxide layer present under 

various conditions. Titanium has three known valence states of +2, +3, 

and +4, and the corresponding common oxides are TiO, Ti203, and Ti02. 

Less common oxides, containing mixtures of valence states (e.g. Ti407), 

have also been characterized (1). Thus, it is not surprising that the 

oxidation of a titanium metal surface can result in the formation of a 

variety of oxide products under various reaction conditions. 

1.2 Titanium Hydride 

Titanium is a unique elemental metal in that it readily reacts 

with hydrogen gas to form a stable solid metal hydride, denoted by TiHx , 

where x <2. Metal hydrides in general have a variety of uses ranging 

from nuclear reactors to potential energy storage applications (2,3). 

Hydrogen for use as a fuel can be stored safely, reversibly, and com

pactly in the form of a metal hydride. In fact, the density of hydrogen 

atoms in TiH2 is actually greater than in liquified hydrogen. Although 

TiH2 is not the most feasible of hydrides for most energy storage appli

cations, the reactions occurring at the surface serve as a model for 

similar reactions in more complex systems. The oxide layer which forms 

on titanium surfaces can act as a barrier to the reaction with hydrogen 



4 

to form the hydride. The metal hydride surface can itself react with 

oxygen to form a surface oxide similar to that formed on the pure metal. 

This oxide can act as a barrier to the release of the hydrogen from the 

hydride. These facts illustrate that the surface oxide layer, while it 

is confined to the top 20 - 80 A, can control the extent and rever

sibility of the reaction of hydrogen with the entire material. 

1.3 Electrochemical Oxidation of Ti and TiHx 

Previous studies by Armstrong and Quinn (4,5) showed that the 

air-formed oxide on titanium and titanium hydride film surfaces ultima

tely controlled their subsequent reactivity under conditions of anodic 

electrochemical polarization. When the titanium is immersed into an 

electrolyte and its potential is controlled to more anodic values 

(positive with respect to some reference electrode), additional oxide 

can be formed on the surface according to a reaction of the type: 

Ti + 2H20 + Ti02 + 4 ~ + 4e (1.1) 

Examination of the air-formed oxide by x-ray photoelectron 

spectroscopy (XPS) showed the presence of lower valent oxides as well as 

Ti02, and it was hypothesized that part of the current passed during 

electrochemical polarization was due to a reaction involving oxide pre

sent prior ~ polarization: 

Ti02-x + xH20 + Ti02 + (2x)H+ + (2x)e (1.2) 
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The applied potential at which the onset of anodic current was observed 

was highly dependent on the extent of surface oxidation the film had 

experienced in air prior to introduction into the electrochemical 

environment. Titanium surfaces which had been more extensively air

oxidized required polarization at more positive potentials before addi

tional oxide could be formed. An additional activation was required 

before the barrier imposed by the existing oxide could be surmounted and 

the reaction propagated. When titanium hydride (TiH2) film surfaces 

were subject to similar anodic polarization, a similar type of behavior 

was noted. However, when the applied potential reached a certain value 

(approximately +2 V vs. Ag/AgCI), the anodic current increased sharply, 

with concurrent release of gaseous hydrogen. The applied potentials at 

which the oxidation and hydrogen evolution reactions were found to occur 

likewise depended on the thickness of the surface oxide present before 

polarization. Since this reaction represents a method by which hydrogen 

can be released from the hydride material, the effect of the oxide layer 

on the energetics of this reaction warranted further investigation. 

One model proposed (4,5) for the air-formed oxide on titanium or 

titanium hydride surfaces is shown in Figure 1.1. A thin layer of the 

maximum-valent oxide, Ti02, was hypothesized to exist on top of a region 

of suboxide at the metal/oxide interface. Electrochemical oxidation of 

the film was then believed to first oxidize the suboxide region to 

stoichiometric Ti02, and, at higher applied potentials, propagate the 

Ti02 layer into the metal. The current-voltage curves and the respec-
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tive ranges where each of these reactions was hypothesized to be 

occurring is shown in Figure 1.2. From these measurements, the surface 

oxide was hypothesized to consist of a thin « 10 A) layer of Ti02 

overlying a thicker (40-50 A) suboxide region. 

There has been a growing trend in electrochemical surface 

science (in this lab and others) to understand the mechanism of 

electrochemical processes by removing the electrode surface completely 

from the electrolyte environment--and then add the environment back, one 

molecular species at a time, until a complete understanding of the 

system at the moment of contact with the electrolyte is achieved. The 

most notable among these studies have been the work of Hubbard and asso

ciates (6), Ross and coworkers (7), and Yeager and coworkers (8). 

Working with single crystal platinum surfaces (using low-energy electron 

diffraction (LEED) and electron spectroscopies) they have shown that 

electrolyte components react with ordered surfaces to form ordered and 

tightly held layers, which direct the activity of the underlying plati

num toward other molecular species. Active metal electrodes do not 

offer the advantages that these relatively inert noble metals do in 

single crystal form. Single crystals are difficult to prepare and to 

maintain in an atomically clean state. The reactions with electrolytes 

and many small molecules succeeds in destroying the structure of the 

surface in any event, and the reactions often extend to several molecu

lar layers below the surface where LEED is insensitive. Thin films of 

active metals can be formed with relative ease and (like the single 
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crystals) their surface composition can be studied with electron 

spectroscopies. In addition, their reactions with small molecules and 

electrolyte components can be gravimetrically examined over a wide range 

of surface coverages that would not be possible with single crystal 

substrates. 

The goal of the studies presented in this dissertation was to 

characterize the oxide layers formed on titanium and titanium hydride 

surfaces exposed to oxygen gas at room temperature. The stoichiometric 

composition and thickness of the oxide at various stages of reaction 

were determined. The approach utilized was to start with the atomically 

clean metal in an ultra-high vacuum environment and carefully control 

the oxide growth by limited reaction with oxygen or water. Surface sen

sitive spectroscopies - Auger electron spectroscopy (AES) and energy

loss spectroscopy (ELS) - were used to characterize the oxide 

composition. The kinetics of oxygen adsorption and the total oxygen 

uptake were accurately monitored at submonolayer sensitivity using the 

quartz crystal microbalance (QCM), which also served to calibrate the 

spectroscopic techniques. A reaction mechanism was deduced from the 

observed pressure-dependence of the oxidation rate. The reaction of the 

clean titanium surface with water, both vapor and electrolytic solution, 

was also investigated. The initial rapid reaction to form a thin passi

vating oxide simulates the process of film repair in corrosive environ

ments, and controls any subsequent reaction. A unique high vacuum 

transfer system allowed a preliminary electrochemical investigation of 
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clean and carefully oxidized titanium films without exposure to the 

atmosphere, and the effect of the oxide layer on the electrochemical 

behavior was determined. It will be shown that the proposed electroche

mical model discussed above requires modification based upon the results 

of these studies - conclusions which might not have been drawn without 

the combination of UHV production, characterization and subsequent reac

tion of these surfaces. 

The utilization of AES for quantitative surface composition 

measurements required extensive development of instrumental approaches 

and data handling techniques. A' significant fraction of this disser

tation is devoted to describing the unique methodology developed during 

the course of this research project (Chapters 4 and 5), and their general 

applicability to analysis of a variety of metal and metal oxide sur

faces. The application of these methods, in conjunction with other 

techniques, to the surface reactions of titanium films is described in 

the remaining text (Chapters 6 through 10). 



CHAPTER 2 

PRINCIPLES OF EXPERIMENTAL METHODS 

Detailed within this chapter are the basic principles underlying 

the methods used in these studies, and the criteria used for 

interpreting the data. These methods include electron spectroscopic 

techniques of surface characterization - Auger Electron Spectroscopy 

(AES) and Electron-Energy Loss Spectroscopy (ELS), microgravimetry using 

the Quartz Crystal Microbalance (QCM), and an electrochemical method -

linear sweep vo1tammetry (LSV). 

2.1 Auger Electron Spectroscopy 

Auger electron spectroscopy (AES) has been used extensively for 

the characterization of surfaces over the past decade. A number of 

excellent reviews detail the progress in understanding the physics of 

the Auger process and the types of chemical information obtainable from 

the spectra; for example see references 9-11. In the present 

manuscript, only a brief overview of AES will be given, with special 

emphasis on those aspects which pertain to the studies presented herein. 

2.1.1 The Auger Process 

Ejection of a core electron from an atom produces an ion in an 

excited state, which can relax by one of two competitive processes: x-

11 
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ray emission or Auger decay. The ionization source itself can be either 

an x-ray or an electron source, and a variety of analytical techniques 

are derived from the interaction of the sources with a sample. The 

various combinations of ionizing sources and detected photons or 

electrons, and the corresponding techniques based on these phenomena, 

are summarized in Table 2.1. 

When the initial binding energy of the core electron (before 

ejection) is less than about 2 KeV, the Auger process is the principal 

decay mechanism. This process involves three electrons in the atom, and 

the final state is a doubly charged positive ion (in the isolated atom 

case). Following the creation of the core hole, relaxation occurs when 

an electron from a higher level drops down into the vacancy. The energy 

released in this process is then transferred to a third electron - the 

Auger electron - giving it sufficient energy to escape the atom. The 

kinetic energy of the emitted Auger electron is given by the binding 

energy difference of the electronic levels involved, and hence is 

characteristic of the elemental identity. Specific Auger transitions 

are denoted by the x-ray notation for the levels involved. The major 

analytical lines are the KLL series for elements Z = 3 to 15, the LMM 

series for Z = 10 to 40, and the MNN series for the heavier elements. 

An example of an Auger process in metallic titanium is shown in 

Figure 2.1; in the solid, the valence electrons are involved in band for

mation and are not accurately described as discrete levels. In this 

example, the initial core hole is in the Ti 2p (L2,3) level; the vacancy 



Table 2.1 

Analytical Methods Based on Ejection of 
Core Electrons in the Excitation Step 

Ionizing Source Detected Phenomenon Methods 

Electron (2-5keV) Auger Electron Auger Electron 
Emission Spectroscopy 

Electrons (5-20 KeV) X-ray Emission Electron Microprobe 
Analysis (EPMA) 

X-rays Photoelectron Emission X-ray Photoelectron 
(Auger Emission) Spectroscopy (XPS) 

(X-ray Induced AES) 

X-rays X-ray Emission X-ray Fluorescence 

13 

(XRF) 



Ti Auger transition 

45 
3.7 3d 

34 3p 

60 35 _ 1 ~ M1 

e~./, 
4 60 2 P 1 ~ 1 r(j)~ L 

2,3 

563 25 1 [, 

4966 15 1 l K 

14 

LMM 350-
LVV } 460eV 
MVV 27 eV 

Figure 2.1 Energy Level Diagram for an Auger 
Transition in Titanium Metal 



15 

is filled by an electron from the 3p (M2,3) level. The energy released 

by this decay is transferred to a valence electron (V) giving it enough 

energy to escape the atom. The transition shown is denoted L2,3M2,3V; 

other transitions involving other combinations of energy levels are also 

possible, e.g. L2,3M2,3M2,3, L2,3VV, M2,3VV, etc. The kinetic energy of 

the transition depends on the binding energies of the orbitals involved; 

for example, the LMV Auger electron energy is approximately: 

K.E. = E(L2,3) - E(M2,3) - E(V) 

referred to the vacuum level. (This neglects relaxation and electron 

correlation effects, which yield a small correction, ca. 1-5%) 

Auger electrons generated within a solid sample must exit the 

surface without experiencing an inelastic scattering event in order to 

contribute to the peak intensity. Since the mean free path of an 

electron within the solid is on the order of 5-20 A, only those Auger 

electrons emitted from the near-surface region escape with their charac-

teristic kinetic energy. This gives AES its surface specificity. The 

experiment must be performed in an ultra-high vacuum (UHV) environment 

to maintain a contamination-free surface. 

Commonly, Auger spectra are generated using electron beam excita-

tion sources. The principal advantages of electron excitation (versus 

x-ray) are the higher incident flux, the ability to vary the kinetic 

energy to maximize the sensitivity for a particular element, the small 

spot size attainable (0.1 ~), and the capability to raster the beam. 
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Rastering a very small area beam enables lateral resolution of elements 

on the surface - the basis of the scanning Auger microprobe (SAM). 

2.1.2 Auger Lineshape Analysis 

Shifts in the energy of the electron levels, due to chemical 

bonding between atoms, is manifest in a corresponding shift in the 

energy of the Auger transition. Changes in the Auger peak shape are 

common when the transition involves valence electrons. In transitions 

of the type core-core-valence, the valence band width dominates the peak 

shape (it is larger than lifetime broadening (10», and allows a direct 

measure of the valence band density-of-states. Transitions of the type 

core-va1ence-va1ence reflect the self-fold convolution of the valence 

band profile. The measured peak shape, and its intensity in relation to 

other possible transitions, is therefore dependent on the chemical 

bonding between the emitting atom and its neighbors. The interpretation 

of these types of peak shape changes in terms of chemical bonding 

effects is a powerful application of AES in surface studies (10-15). 

2.1.3 Quantitative AES 

The goal of quantitative AES is relating the measured Auger 

intensities to the real surface concentrations of the emitting species. 

This requires careful analysis of the experimental data, often involving 

several corrections for matrix effects, and where possible, the use of 

standards. The general formalism for relating the atomic concentration 

of a given element, NA, to the observed Auger intensity, lA, has been 



17 

discussed by numerous authors (9,10,16-21). This relationship is essen-

tially the product of the probabilities of Auger electron generation, 

transport through the solid to the surface, and subsequent detection. 

For a homogeneous specimen, we can write: 

(2.1) 

Figure 2.2 schematically represents the experimental set-up and shows 

the angle of incidence for the primary beam, ~, and the detection angle 

e. The remaining terms in-Equation 2.1 are explained below. 

2.1.3.1 Ip sec p. Ip is the primary excitation beam current, 

which can be experimentally measured at the specimen. Its effective 

pathlength through the sampled region is greater as the angle of inci

dence ~ (with respect to the sample normal) is increased, illustrated in 

Figure 2.2. Attenuation of the beam in passing through the surface 

region is negligible (21), because the mean free path of the incident 

electrons is much greater than the ejected Auger electrons. 

2.1.3.2 a(Ep,Eb). The probability that an incident electron 

will ionize the core level in a sample atom (which results in Auger 

decay) is given by the ionization cross section, a, which is a function 

of the kinetic energy of the incident electron, Ep, and the binding 

energy of the core level, Eb. In general, the electron inpact cross 

section for a given level is a maximum at Ep/Eb ~ 4. Thus, primary beam 

energies of 2-5 KeV are commonly used in AES. Powell (22) has given a 



source 
e-

detector 

vacuum 
specimen 

Figure 2.2 Experimental Geometry for AES 
Measurements 

18 



19 

review of numerous theoretical and experimental investigations of this 

parameter. 

2.1.3.3 The Backscattering Factor, RB. Ionization of the core 

level initiating the Auger event can also be brought about by primary 

electrons backscattered through the surface region, thus enhancing the 

effective excitation current by some fraction RB. Backscattered 

electrons include both elastically and inelastically scattered primary 

electrons. Their combined contribution to core hole production, nor-

ma1ized to the number created by the incident beam, is given by (23-27): 

(2.3) 

Calculation of RB requires a knowledge of the number and energy distri-

bution of electrons capable of ionizing the core level which results in 

Auger emission. This can be taken as the distribution measured empiri-

cally outside the sample (21), but this requires measuring the total 

N(E) distribution. Recently, Ichimura and coworkers (26-28) have per-

formed Monte-Carlo calculations for estimating the backscattering 

contribution, and determined a functional representation which depends 

on the energy and angle of the incident beam, and the sample com-

position. These calculations are considered to be an improvement over 

earlier calculations by Reuter (29), who considered high energy incident 

beams typically used in x-ray microprobe analysis. In most cases, 

values of RB range from 0.2 to 0.6, representing a sizeable contribution 

to the overall Auger intensity. 
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2.1.3.4 Fluorescence Correction, (l-w). The term w is the pro-

bability that the core hole created in the ionization step will relax by 

fluorescence rather than by Auger emission. In most cases, this proba-

bi1ity can be neglected when the core binding energy is less than a few 

(2-3) KeV (30). 

2.1.3.5 Escape Depth, ~ cos 0. Once an Auger electron has been 

emitted from an atom within the solid, it must travel to the surface 

without experiencing an inelastic collision to be emitted with its 

characteristic kinetic energy. It is assumed that the Auger emission is 

isotropic. The equivalent escape depth ~ (A) is defined as the depth 

from which lIe of ~he Auger electrons emitted will reach the surface 

without energy loss. The Auger intensity, I, reaching the surface from 

a single atomic layer at depth x in the solid (and detected normal to 

the surface plane), from which 10 Auger electrons originated, is related 

to ~ by: 

I 10 exp (-x/~) (2.4) 

For an infinitely thick sample, then the total intensity measured normal 

to the surface is 

m m 

J Idx = 10 J exp (-x/~)dx = 10 ~ o 0 
(2.5) 

The effective sampling depth depends on the angle 0 between the detector 

and the surface normal (see Figure 2.2), such that the measured inten-

sity is proportional to ~ cos 0. 
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Values of A range from about 5-20 A for electrons from 100 to 

1000 eV respectively. Seah and Dench (31) have reviewed the literature 

and given a 'universal' curve which shows A depends primarily on the 

electron kinetic energy and only slightly on the matrix composition. 

The attenuation length is determined mainly by electron-electron 

collisions (10). Penn (32,33) has given a method for calculating values 

of A, using the electronic properties of the material and the inelastic 

cross section. This method is applied in subsequent chapters and 

example calculations are given. 

When the measured Auger signal is originating from a very thin 

surface layer (thickness = x) the A term in Equation 2.1 is replaced by 

x J exp (-x/A)dx = A[l-exp(-x/A)] o (2.6) 

2.1.3.6 Analyzer Transmission Function, T. Once the Auger 

electron has been successfully emitted from the surface, it must be 

collected and energy-analyzed. The efficiency at which the spectrometer 

can do this must be accounted for in absolute quantitative schemes. The 

energy-dispersive cylindrical mirror analyzer (CMA), utilized in these 

studies and in most commercial AES instruments, has a transmission pro-

portional to the pass energy E: 

T = k6E = kRE (2.7) 

where k is the transmission constant and R is the resolution 

(R = 6E/E = constant). When comparing intensities of Auger transitions 
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of different energies, only the energy-dependence of T must be corrected 

for, because k is determined by the spectrometer construction. 

2.1.3.7 Electronic Gain, G. The electron current passed by the 

analyzer is usually on the order of 10-11 to 10-9 A, an easily measured 

signal. The amplification of this signal to higher levels is often 

accomplished with an electron multiplier and associated electronics, for 

a combined gain G. The various schemes for signal processing and 

spectral display are discussed further in Chapter 4. 

2.1.4 The Secondary Electron Background 

The Auger spectrum generated by electron excitation is superim

posed on a large background of other electrons emitted from the solid. 

This background arises from the interaction of the primary beam with the 

valence electrons in the solid, producing energetic secondary electrons. 

Fast secondary electrons can in turn cause additional valence excita

tions, resulting in a cascade-type process and an increasing background 

towards lower kinetic energies. Measurement of the Auger signal 

requires isolating it from the background, and constitutes a major 

problem in quantitative AES. 

In Figure 2.3b, the Auger spectrum of titanium, collected with 

the CHA, is shown. This spectrum illustrates the Auger peaks on the 

large secondary electron background. Because of this background, Auger 

spectra are commonly collected using a modulation technique and a 

synchronous detection scheme, which generates the first derivative of 
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the electron distribution, such as that shown in Figure 2.3a. In this 

display, the approximately constantly varying background is offset and 

the Auger peaks appear as sharp excursions; the peak height is often 

taken as the signal intensity. Since the peak shape and relative inten

sity (with respect to other transitions involving the same initial core 

vacancy) changes as a result of chemical bonding, the derivative 

measurement mode is not always accurate for quantitative analysis. The 

alternative is to use the undifferentiated display, digital data collec

tion, and background subtraction schemes to obtain the true peak area, 

which is insensitive to chemical environment. These alternate schemes 

are compared in Chapter 4, and some novel approaches to the latter 

scheme are presented in Chapters 4 and 5. 

2.1.5 Approaches to Quantitative AES 

Quantification of surface compositions by AES from first prin

ciples (Equation 2.1) requires knowing a large number of factors, many 

of which are known only with some uncertainty. Thus, the traditional 

approach has been the use of standards to calibrate measured Auger 

intensities. Ideally, the standard should have a known composition as 

close as possible to that of the unknown, such that the matrix factors 

do not differ significantly between the observed specimens. Obviously, 

this condition is usually not possible or practical, due to the dif

ficulty in preparing such standards. Even when standards are available 

with known bulk composition, there is still the possibility that the 
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surface composition is different. Several of the approaches that have 

been applied to quantitative AES are discussed below. 

2.1.5.1 Elemental Sensitivity Factors. In this approach 

(34,35), sensitivity factors ai are derived empirically by measuring the 

Auger intensity Ii from elemental standards by assuming Ii = aiCi, where 

Ci is the concentration (atoms/cm3) in the pure element. The con-

centration of element i in an unknown sample is then calculated as 

(2.8) 

The advantage is the simplicity in determining a single factor for each 

element, which represents the product of all the terms on the right hand 

side of Equation 2.1. However, this approach neglects any changes in 

the matrix-dependent factors in going from the pure element to the 

unknown sample. Satisfactory quantitative results can be obtained when 

the matrices are similar, such as a metal and an alloy containing that 

metal. 

Sensitivity factors for the elements have been published in 

tabular form (35), although these are presently available for derivative 

data only. The use of these factors can result in substantial error if 

there is a peak shape change between the matrices in addition to the 

changes in the other matrix-dependent variables. 

2.1.5.2 Elemental Factors with Matrix Corrections. The most 

important parameters contributing to the overall sensitivity factor, 

which are likely to be dependent on the specimen, are the mean escape 
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depth and the backscattering factor (34,36). The other factors in 

Equation 2.1 are not expected to vary significantly between sample 

matrices, provided the experimental conditions are identical. Improve

ment in quantitative AES using elemental sensitivity factors can be had 

if the matrix dependence of A and RB are accounted for. In this type of 

scheme, the concentration of the ith element in the foreign matrix is 

computed by first determining a modified sensitivity factor a' from the 

a value (36): 

a' = a (A'/A) (RB'/RB) (2.9) 

where the primed variables pertain to the foreign matrix, and the 

unprimed to the pure element. While there may be some uncertainties in 

the absolute values of A and RB, only the ratios of those factors bet

ween the element and host matrix must be known. Computation of the A 

and RB values requires an estimation of the sample composition, which is 

initially unknown. Schemes which perform this matrix correction must 

therefore utilize iterative algorithms which converge on the best calcu

lated sample composition (37,38), much in the same manner as the ZAF 

correction in electron-probe microanalysis. 

2.1.5.3 Calculation from First Principles. The computation of 

absolute surface coverages of adsorbed species from first principles has 

been reported in a few investigations (9,17,21). This involves com

puting each of the factors in Equation 2.1, and is generally attempted 

only when standards are not available, or when an auxilIary technique is 

used for calibration. 
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It is simpler to calculate the atomic ratio of the various 

constituents of a single sample, because many of the constants in 

Equation 2.1 cancel out in this type of calculation. For example, if a 

homogeneous specimen contains two elements, A and B, then the 

stoichiometry can be calculated: 

(2.10) 

This approach is utilized in Chapter 6 and compared to the results from 

a standard Ti02 specimen. In many cases, the results obtained can be as 

accurate (±10%) as those obtained using empirical sensitivity factors. 

2.2 Electron Energy Loss Spectroscopy 

Electron energy loss spectroscopy (ELS) involves measuring the 

energy distribution of electrons backscattered from a surface bombarded 

with a monoenergetic beam of electrons. Many of the incident electrons 

undergo inelastic scattering, giving rise to energy loss peaks in the 

ELS spectrum. The types of loss processes most commonly observed are 

bulk and surface plasmons, single-electron excitations from filled to 

empty valence band states, and ionization of shallow core levels. Inci

dent electron beam energies of 100 eV or less are used to maximize sur

face sensitivity. By raising the incident beam energy, bulk processes 

are made more likely, and hence bulk and surface processes can be dif

ferentiated. 

The same experimental apparatus used for AES is used for ELS 

measurements, making it a useful complimentary technique. The incident 

beam energies used range from about 50 - 2000 eVe Typical energy losses 
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are on the order of 1 - 10 eV for interband transitions, 10 - 20 eV for 

p1asmons, and 20 - 30 eV for filled shell ionizations. 

The greatest utility of ELS in fundamental surface studies 

appears to be in conjunction with ultraviolet photoemission spectroscopy 

(UPS) (39). The UPS spectrum reveals the location and population of 

filled valence band states, while the ELS spectrum is interpreted as 

transitions from the filled states to empty states in the conduction 

band. Thus, the electronic band structure of a surface can be deter

mined. 

Electrons emitted from within a solid, e.g. Auger electrons, 

also undergo inelastic losses on their way out of the solid. The ELS 

spectrum, obtained using an incident beam of kinetic energy close to 

that of the Auger electrons, is often used as a model for describing the 

inelastic processes experienced by those Auger electrons. Figure 2.4 

schematically represents the inelastic loss spectrum accompanying an 

Auger transition, and that obtained in an ELS experiment. Because the 

external beam is very narrow and symmetrical in comparison to the Auger 

features, the observed loss spe~trum from the ELS experiment is used to 

represent the instrument-specimen response function (IRF) to a 

monoenergetic electron source. When deconvolved from the Auger 

1ineshape, the resultant Auger spectrum can be interpreted in terms of 

processes involving only the Auger event. This approach makes the 

assumption that the external electron source will experience the same 

type of inelastic events as the internal Auger source. Two major dif-
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ferences are apparent. Firstly, the ELS measurement will include a 

large specularly reflected component at the energy of the incident beam 

Eo (see Figure 2.4). Secondly, each electron in the ELS spectrum has 

crossed the surface plane twice, not just once as in the case of the 

internal source. These differences are discussed in the background 

correction schemes of Chapter 5. 

2.3 Quartz Crystal Microbalance 

The Quartz Crystal Microbalance (QCM) is a method for measuring 

film thickness and mass adsorption by a deposited film. It is based on 

the piezoelectric properties of quartz, in which the imposition of a 

voltage across a quartz plate results in a mechanical displacement of 

the lattice. When a quartz plate is excited to thickness-shear oscilla-

tions (see Figure 2.5), the thickness t of the plate corresponds to a 

half-wavelength of the fundamental frequency (40,41): 

f = Nit (2.11) 

where N is the frequency constant, given by the crystallographic cut of 

the crystal. For AT-cut crystals (35°15'), the value of N is 1.670 x 

105 Hz·cm. 

If the mass of the crystal is changed, the corresponding shift 

in the natural resonance frequency is given by: 

Af _ f2Am 
- ----

NpA (2.12) 

where f is the fundamental frequency, Am the change in mass, p the den-

sity of quartz (2.65 g/cm3), and A the crystal geometric surface area. 
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Figure 2.5 Schematic Representation of a Quartz 
Plate (a) at Rest, and (b and c) Excited 
To Thickness-Shear Oscillations 
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When the mass added to the crystal is due to a deposited foreign 

material, the change in frequency is the same as would be expected for 

an equivalent amount of quartz. This condition results because an anti-

node is formed on the surface of the oscillating plate, and hence the 

elastic constants of the deposited material do not enter the rela-

tionship (42), provided 6m is sufficiently small. 

For the 10 MHz crystals employed in this work, the sensitivity 

for mass adsorption is 

6m = 4.43 x 10-9 g/Hz-cm2 
AM 

(2.13) 

From this we can calculate that one equivalent monolayer of close-packed 

Ti atoms would result in a 30 Hz shift, and one equivalent monolayer of 

oxygen atoms produces an 8 Hz shift. With a one second counting time, 

the smallest frequency shift observable is 1Hz - thus, true sub-

monolayer sensitivity is realized by this method. 

The temperature dependence of the crystal resonance frequency is 

the most important factor limiting the accuracy of the QCM. The smallest 

temperature coefficient is obtained for the AT-cut crystals in the tem-

perature range -5°C to 55°C, and can be as severe as ± 50 Hz/oC (40). 

Therefore, the quartz should be mounted on a stable temperature mount to 

insure that all noted frequency shifts are due only to an adsorbed mass. 

The QCM is used routinely in thin film deposition to monitor 

film thicknesses, where high resolution measurements are usually not 

required. It has also been applied to a number of studies in surface 

chemistry, particularly to determine the rate and extent of reaction 
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between a gas and a metallic film surface. A review by Czanderna and 

Vasofsky (43) describes numerous systems studied by microgravimetric 

techniques, including the QCM. Kasemo has previously applied the QCM to 

monitor oxygen uptake (44) and hydrogen adsorption/desorption (45) by 

evaporated titanium films. We have extended these results by simulta

neously utilizing AES and ELS to characterize the surface chemistries, 

and examining in detail the time and pressure dependence of the oxida

tion rate of both titanium and titanium deuteride films. 

2.4 Linear Sweep Voltammetry (LSV) 

Voltammetry is a conventional electrochemical method in which 

the current passed at an electrode surface is monitored as a function of 

applied potential. In LSV, the potential is varied linearly with time, 

resulting in a current-voltage (i-V) curve, or voltammogram. The poten

tial of the working electrode is measured with respect to a stable 

reference electrode, also in contact with the electrolyte solution, and 

whose equilibrium potential is known. Positive (anodic) currents 

correspond to oxidative processes, or electron transfer from some solu

tion species to the electrode surface. Such processes are more 

favorable at higher (more positive) applied potentials. Conversely, 

negative (cathodic) currents result from reduction of electroactive spe

cies in solution, which is more favorable at lower (more negative) 

applied potentials. In this work, LSV was utilized to grow oxide layers 

on titanium film surfaces. (The reaction occurring at the electrode 



surface under conditions of anodic polarization was given in 

Equation 1.1). 
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The reader is referred to Reference 46 for more details on this 

technique and the types of information derived from it. 



CHAPTER 3 

EXPERIMENTAL 

3.1 AUGER SPECTROMETER 

3.1.1 General Description 

All Auger spectra were recorded utilizing a Physical Electronics 

Industries (PHI) TFA - Auger analysis system. The main experimental 

chamber consisted of an ultra-high vacuum, stainless steel bell jar 

pumped by a 220 l/sec ion pump. The ultimate pressure after bake out was 

1 x 10-10 torr, with typical operating pressures of 5 x 10-10 to 

1 x 10-9 torr. Figure 3.1 schematically depicts the arrangement of the 

apparatus used to record Auger spectra and prepare samples for analysis. 

The spectrometer consisted of a single-pass cylindrical ,mirror analyzer 

(PHI-234G CMA) with a resolution 6E/E = 0.6%. A coaxial electron gun 

used to excite Auger spectra was operated at accelerating voltages of 

2-5 kV; controllable currents of 0.2 - 20 ~A were incident on the speci

men, as measured by an op-amp current-to-voltage converter with the spe

cimen biased at +160V. An argon ion sputter gun (PHI 20-045) was used 

to perform sample surface cleaning, and was typically operated with 

accelerating potentials of 1.0 - 2.0 kV, emission currents of 10 - 20 

mA, and at an argon pressure of 3 x 10-5 torr. Samples were mounted by 

means of copper clips or molybdenum straps on a carousel, which was 
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suspended from a precision sample manipulator. Rotation of the carousel 

allowed positioning of the desired sample in front of the spectrometer, 

where the electron beam was incident on the surface at an angle of 30°. 

The experimental conditions and sample preparation techniques employed 

for each of the surfaces examined in these studies are detailed in sub

sequent text. 

The energy-analyzed secondary electrons, upon exiting the CMA, 

were incident upon the first stage of a discrete-dynode electron 

multiplier. The final stage of the multiplier was maintained at 750 to 

1500 V, and the collector current monitored as a function of pass energy 

to yield the secondary electron spectrum. When the system was operated 

in the normal derivative mode, the pass energy was modulated with a 

17kHz sine wave of amplitude 1 to 10 eV, derived from the reference out

put of a lock-in amplifier (PHI 32-010). As the pass energy was 

scanned, the changes in the collector current were detected by the usual 

combination of a capacitive1y coupled pre-amplifier and the lock-in 

amplifier (47); synchronous detection of the collector signal at a 

phase of 270° with respect to the reference signal yielded a signal 

approximately proportional to the first derivative of the secondary 

electron spectrum, d[N(E)·E]/dE. For undifferentiated spectra, N(E), 

the analyzer pass energy was not modulated and the dc current output of 

the collector was measured by a high voltage isolation amplifier as 

described in detail in section 3.1.2. Either the dN(E)'E/dE or the N(E) 

signals could be displayed on an oscilloscope, an X-Y recorder, or input 
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to an analog-to-digital converter for storage in digital form. The 

details of the computer-controlled data acquisition system are given in 

section 3.1.3. 

3.1.2 Isolation Amplifier. 

The isolation amplifier circuitry used to measure directly the 

secondary electron spectrum was specifically designed for these studies, 

and a detailed description of its implementation is given herein. Under 

normal conditions used for excitation of Auger spectra, with incident 

beam currents on the order of 0.5 to 10 ~A, the secondary electron 

current passed by the analyzer and striking the electron multiplier 

typically ranged from 0.1 pA for Auger peaks up to 100 pA when the 

elastically reflected peak was scanned. The electron multiplier, with a 

maximum gain near 105, was capable of amplifying these signals to pro

duce a collector current of 0.01 ~A to 1 ~A. The manufacturer suggests 

that the collector current not exceed 0.1 ~A to prolong the lifetime of 

the detector, thus in some instances the multiplier gain was decreased 

(by decreasing the dynode voltages) so as not to exceed a collector 

current of 0.1 ~A. (Alternatively, the signal intensity was decreased 

by reducing the primary electron excitation flux). The current 

measuring circuitry was therefore designed to measure a signal ranging 

from 0.01 to 0.1 ~A, and to transduce this signal up to a 10V level to 

be digitized by an analog-to-digital converter (ADC). 

The isolation amplifier employed was an Analog Devices 275J. 

Figure 3.2 shows the application of the isolation amplifier and its 
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associated gain stages to measuring the voltage drop produced across a 

1 Mn resistor (Rl) by the collector current (il)' (The value of Rl was 

dictated by the spectrometer manufacturer's circuitry used to measure 

the d[N(E)'E]/dE spectrum and was therefore left unchanged to facilitate 

changing from this mode to the N(E) mode). The voltage drop across Rl, 

which was referenced to ground at the output of the isolation amplifier, 

ranged from 0.01 to 0.1 V, and was amplified by operational amplifier A2 

(gain = 100). Amplifier A3 served as a low-pass filter and included an 

offset which could be used to cancel out any undesired secondary 

electron background, and also as a secondary amplification stage with a 

variable gain of up to ten. Op-amp A4 was used to adjust the output of 

the final stage when the collector current was zero. Adjustment of the 

zero, offset, and gain controls, and the electron multiplier voltage 

were used to bring the output of A3 to within the 0 to 10 volt range 

needed for transfer to the ADC. 

3.1.3 Spectrometer Control and Data Acquisition. 

Figure 3.3 schematically depicts the data acquisition interface 

based on a LSI-11/23 microcomputer, which was used to control the ana

lyzer pass energy, convert and store the resultant signal, process the 

data after collection, and plot the spectra. Peripherals of the system 

included a dual-bay floppy disk drive with 1 megabyte storage capacity, 

line printer, and digital plotter. The computer was interfaced to the 

spectrometer by means of a DATEL ST-LSIDA board containing 4 digital-to

analog converters (DAC) and a DATEL ST-LSI board containing 16 single-
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ended (or 8 differential) analog-to-digital (ADC) channels. A real-time 

clock (KWV11-A) was employed to control the scan rate. For the Auger 

spectrometer interface, 3 DAC channels and one ADC channel were used. 

The pass energy of the analyzer was controlled with the Auger 

System Control (PHI11-500A) in the "external" mode, by inputting an 

appropriate voltage (ca. 0 to 10 V) into the "analog" input. This 

signal was subsequently amplified by the high voltage pass tube in the 

unit's internal circuitry to produce voltage VM, applied to the outer 

cylinder of the analyzer, which controls the pass energy according to 

the relation (48): 

E pass - 1.7 Vm (3.1) 

The gain of the system is such that an input signal ranging from 

o to 7.142 V sets the pass energy at 0 to 2500 eV, respectively, an 

energy which encompasses the major Auger transitions for all the common 

elements. The spectrometer scan interface (Figure 3.4) was designed to 

utilize the 0 - 10 V range available at the DAC1 output and scale this 

voltage to produce a 0 to 7.142 signal, which was in turn used to 

control the pass energy up to a maximum of 2500 eVe Each bit of the 

12-bit DAC therefore corresponded to 2500/4095 = 0.612 eV, which would 

be the smallest incremental energy step possible over the desired 2500 

eV window. Since a smaller sampling interval was often needed, two 

additional DAC's wired for a 0 to 5 V full scale output, were used in 

conjunction with DAC1 in the voltage adder circuit shown in Figure 3.4. 

Table 3.1 summarizes the scan amplifier output V, and the pass energy 
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Table 3.1 

Scan Amplifier Parameters 

OUTPUTS PASS ENERGY 

DAC1 DAC2 DAC3 Scan Amplifier (eV) Increment 

0-10V 0 0 0-7.142V 0-2500 0.611 

0 0-5 0 0-3.571V 0-1250 0.306 

0 0 0-5 0-1. 785V 0-625 0.153 



P3 

100K 

DAC 

P1=P2=100n 

Figure 3.4 Auger Spectrometer Scan Interface 

10K 

To 

ASC 

.po. 

.po. 



45 

ranges available by using any single DAC. A one bit increment at DAC2 

resulted in a pass energy increment of 0.31 eV, whereas a one bit incre

ment of DAC3 gave a 0.16 eV step. The outputs of various combinations 

of the three DACS were summed to produce the desired scan ranges and 

sampling intervals. For instance, if the scan was to start at 300 eV 

and end at 1550 eV, with a sampling interval of 0.31 eV, DACl was used 

to provide the initial pass energy offset and DAC2 was incremented 

(starting at zero) to continue the scan. The rate at which the par

ticular DAC was incremented was controlled by the real-time clock under 

software control, as described below. 

3.1.4 Data Acquisition Software. 

The data acquisition programs combined FORTRAN main programs 

with MACRO-ll (DEC) subroutines which controlled the DACs, real-time 

clock, and sampled the ADC data channel. Calibration of the scan 

amplifier (Figure 3.4) was regularly performed by the program CALIB, 

which prompted the operator to make the following adjustments. With 

zero outputs at DAC2 and DAC3, and with full scale output of DAC1, the 

gain potentiometer P3 was adjusted until the Auger System Control panel 

meter indicated that the pass energy had been set at 2500 eVe Then, 

with DAC1 and DAC3 set at zero, and DAC2 at full scale, input trim 

resistor pl was adjusted until the pass energy was 1250 eVe Next, input 

resistor p2 was adjusted with DACl and DAC2 at zero and DAC3 at full 

scale until the pass energy was 625 eVe Finally, the zero adjustment 

was used to set the pass energy at 0 eV when all DACS were zero. The 
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entire procedure was repeated iteratively until no further adjustments 

were necessary. 

The main data acquisition program (AESDAT in Appendix A) was 

used to collect all Auger spectra. Before beginning a scan, the primary 

beam energy and current, electron multiplier voltage, and amplifier gain 

were selected manually to produce a spectrum that was within the 0 - 10 

V range necessary for the ADC. The program prompted the operator for 

the initial and final kinetic energies for the scan, the scan rate, the 

sampling interval (0.6, 0.3, or 0.15 eV), and a file name for the data. 

DACl was used to set the pass energy at the starting energy, and the 

appropriate DAC was then sequentially incremented to provide the desired 

energy interval between data points. At each energy, the ADC channel 

was sampled and the data stored in a two dimensional array consisting of 

the energy value and the corresponding measured intensity. The real

time clock was used to control the rate at which the scan DAC was incre

mented, as calculated from the input parameters. Further details, 

including I/O control and data register addresses, timing calculations, 

and data storage format are available from the progra~ documentation. 

Because it was often necessary to reference the intensity of 

each data point to the actual zero signal level, "baseline" points were 

also collected with each scan. These points were the measured signal 

when the pass energy was set at 0 eV, where the throughput of the CMA 

(E'N(E» is by definition, equal to zero. The baseline reference point 

was sampled once at the beginning of the scan and once after the scan 
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was complete, to check for baseline drift. Thus, a collected data file 

consisted of the following values: The number of data points, the 

energy values and corresponding intensities, and two baseline reference 

points. 

Raw spectra were seldom used for analytical pursuits due to the 

presence of analyzer effects, and the large background arising from 

electron scattering in the sample. Data treatment methods, optimized 

for obtaining quantitative surface compositions from the spectra: are 

discussed in fuller detail in Chapters 4 and 5. 

3.2 Sample Preparation 

3.2.1 Standards 

Titanium, aluminum, silver, cadmium, indium and tin metal stan

dards were examined in the form of thin foils of at least 99.99% purity 

(Alfa Division, Ventron). All foil specimens showed carbon and oxygen 

contamination on the surface, which was removed by several minutes of 

argon ion bombardment. In the case of the titanium foil, several hours 

(2-3) of ion sputtering was necessary to remove oxygen contamination; 

during the surface cleaning process, the high purity argon used for 

sputtering was pumped out and replaced with fresh argon several times. 

Indium-tin alloys were prepared by melting together appropriate 

amounts of the two metals in a quartz tube furnace at 250°C, maintained 

under an argon atmosphere. The bulk compositions of the alloys were 

determined by atomic absorption spectroscopy. Prior to Auger analysis, 
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the surface was scraped with a blade in air; once in vacuum, it was 

sputtered for 1-2 minutes. It was determined that preferential removal 

of either alloy constituent by sputtering was not altering the surface 

composition. 

Thin films of tin oxide (Sn02) (Fluoride-doped) were available 

from Pittsburgh Plate Glass on glass substrates. Indium-tin oxides 

(In203 with ca. 5% tin) on.a PET-polymer substrate were obtained from 

Sierracin Corp. 

Titanium dioxide (Ti02) was examined in the form of a single 

crystal rutile specimen (National Lead), oriented to expose the 

100 face. The crystal had been annealed at 600°C under a H2 atmosphere 

to increase its conductivity, giving it a purplish appearance. Surface 

carbon was removed by sputtering, which also resulted in partial surface 

reduction. The surface was restored to stoichiometry by exposure to 70 

mil1itorr 02 for 2 hours. 

Iron oxide was examined in the form of gem-cut hematite 

(Fe203)(Tucson Gem & Mineral Show). The surface was ion sputtered to 

remove surface carbon, and was exposed to 02 in a manner identical as 

for the Ti02 specimen. 

3.2.2 Preparation of Evaporated Titanium Films 

Most of the oxidation and deuteriding studies reported in this 

work began with the preparation of a clean titanium surface in the form 

of a freshly evaporated film. The evaporation source was configured in 

the ultra-high vacuum chamber as shown in Figure 3.1. It consisted of a 
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titanium wire (0.75 mm dia., Alfa Division) approximately four inches in 

length, wound into a filament consisting of 6-7 turns. It was fastened 

to a two-conductor, medium current feedthrough, through which ca. 10 

amperes current could be passed to heat the filament to red heat, 

causing sublimation of titanium. A single titanium filament could pro

duce anywhere from five to fifteen films, each 1000 AO thick, before it 

had to be replaced due to fracture. 

The titanium films were deposited directly onto the exposed face 

of the quartz crystal microbalance, described in Section 3.3. The QCM 

also served as a thickness monitor for the deposited film, and allowed 

calculation of the evaporation rates, which ranged from 0.2 to 1 AO/sec. 

Prior to evaporation, the substrate surface was lightly ion sputtered 

(30 sec) to remove surface carbon and oxygen and expose the clean gold 

electrode. Preparation of an atomically clean titanium film, as deter

mined by AES, required an initial vacuum of 5x10-10 to 1x10-9 torr. The 

chamber pressure often rose to ca. 1x10-8 torr during evaporation, and 

fell steadily toward the base pressure as the deposition continued. 

In some cases, the first film deposited onto a fresh crystal 

acted as a getter for residual gases in the vacuum, resulting in a con

taminated surface. A second film was then deposited on top of the first 

to produce a clean surface. Fresh titanium films were also deposited on 

previously deposited films which had been intentionally passivated with 

oxygen. Iron films were sublimed in a similar manner, utilizing 0.1 mm 
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diameter Fe wire and approximately 1 A current. Sublimation rates of 

10 A/sec were typical. 

3.2.3 Sample Dosing 

Samples were exposed to gaseous reactants let into the system 

through a saphire seal variable leak valve. The gas inlet line leading 

to the leak valve was evacuated by a cryopump before backfilling with 

the desired reactant gas. When the reactant gas pressure in the chamber 

was kept below 2xlO-7 , the ion pumps were left on and the leak operated 

in the dynamic mode. At higher pressures, the ion pumps were turned 

off. 

Deuterium (C.P.) and oxygen (extra dry) were obtained in lecture 

bottles from Matheson. Dosing with H20 was accomplished by attaching a 

tube of water to the gas inlet line, freezing the water with liquid 

nitrogen, evacuating the line, then allowing the water to thaw, thus 

filling the line with water vapor. A quadruple residual gas analyzer 

was used to monitor gas purity. 

3.3 quartz Crystal Microbalance (QCM) 

The AT-cut (37 D15') quartz crystal blanks (P. R. Hoffman, 

Carlisle, PA) were 1/4" in diameter, with a nominal fundamental reso

nance frequency of 10 MHz (± 1/2%). Electrodes 7/32" diameter were 

vapor deposited onto both sides of the crystal through a mask, and con

sisted of approximately 3000 A gold on a chromium underlayer. 
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The holder used to make electrical connections to the crystal 

electrodes and support the crystal in the vacuum chamber is illustrated 

in Figure 3.5. The holder was attached to the specimen manipulator in 

place of the usual sample carousel, which allowed rotation of the QCM 

within the experimental chamber. Therefore, the QCM could alternately 

be rotated to face the evaporation source or the Auger optics (see 

Figure 3.1). The holder itself (Figure 3.5) consisted of a copper block 

with Macor (Corning Glass, Corning, N.Y.) insulators attached to either 

side. Contact to the rear electrode of the quartz crystal was made by 

the copper block, while the front electrode was contacted by a small 

clip fastened at one end to the side insulator. Copper wires led from 

the clip and block to electrical feedthroughs on the sample manipulator 

flange, where an oscillator was attached on the external side. 

The two types of oscillators employed to drive the crystal at 

its fundamental resonance frequency al'e shown in Figures 3.6 and 3.7. 

The gate oscillator circuit was designed for a 5 MHz QCM described by 

Ramadan, et a1. (49), but was found to operate satisfactorily at 10 MHz 

as well. The ECL oscillator was adapted from circuits given by Mathys 

(50). Both oscillator circuits were housed in small metal "Bud" boxes 

which could be directly attached to the feedthroughs contacting the 

crystal. The frequency output of the oscillator was measured with a 

HP 5327C frequency counter; a one second gate time gave a resolution of 

1 Hz, whereas a ten second gate could be chosen to give a resolution of 
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0.1 Hz. The frequency was either recorded manually, or via the digital 

interface described in section 3.3.2. 

3.3.1 QCM Measurements 

All QCM measurements first required the frequency reading to 

reach some degree of baseline stability. Short term stability was 

attained if connections to the crystal, oscillator, and frequency 

counter were left undisturbed, i.e., not jostled or moved during the 

measurement. Often the QCM had some baseline drift (ca. 2-10 Hz/hour), 

attributed to thermal instability of the crystal, or in some cases to 

gettering of residual gases. The most serious frequency perturbation 

(not due to mass change) occurred when the QCM was exposed to the hot 

evaporation source. During evaporation of a film onto the crystal sur

face, a frequency shift of up to 2 KHz could be attributed to tem

perature effects alone. In order to determine the mass of the deposited 

film (Le., the "real" frequency shift), the crystal had to be allowed 

to return to thermal equilibrium with the copper heat sink, as indicated 

by stabilization of the oscillator at the new resonance frequency. This 

took up to three or four hours for a thick film (2000 A), or approxi

mately fifteen minutes for very thin films «100A). This thermal 

problem could in part be circumvented by utilizing a water-cooled 

crystal holder, described in section 3.3.3. However, this did not per

mit rotation of the QCM and AES examination of the film surface -- only 

microgravimetric studies could be conducted in this configuration. 
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After a film had been prepared and the oscillator restabilized, 

the surface was reacted with the gas of interest and the resulting fre

quency shift recorded. Some measurements required only the deter

mination of the total gas uptake, thus only two frequency readings were 

required, one before and one after the gas exposure. Other measurements 

were aimed at determining the ~ of mass uptake and required con

tinuous recording of the QCM frequency. When the reaction was occurring 

for only several minutes, manually recording the data was satisfactory. 

When the reactions were monitored for longer times (2-4 hours), a digi

tal data acquisition system was utilized, as described below. 

3.3.2 Digital Frequency Data Acquisition 

Outputs (TTL level) on the frequency counter rear panel were 

used to digitally record the frequency data. The outputs consisted of 

binary-coded decimal (BCD) equivalents for each of the seven digits of 

displayed counts, along with a gate pulse. The gate output changed 

levels when the count was complete at the end of each gate period, and 

strobed the new count data into the output latches. Thus this line was 

used as a flag to time the data acquisition. 

A single parallel input port (DRVII-J) consisting of a l6-bit 

input word and a flag line were used to "read" the frequency data. Only 

the four least significant digits could be recorded, as each BCD digit 

requires 4 bits; this was sufficient to record the frequency shifts 

«1000 Hz) commonly encountered in the gas exposure experiments. The 

gate pulse was used to generate an interrupt (via the parallel 1/0 
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board), and when the required number of interrupts were received 

(depending on the desired sampling interval), the frequency counts data 

was recorded. The elapsed time from the start of the experiment was 

derived from the line-time clock and recorded with each reading. The 

frequency shift versus time could be plotted on the digital plotter, 

using the plotting program QCMPLT. Further details can be found in the 

documentation for the data acquisition program, QCM, found in 

Appendix A. 

3.3.3 Water-Cooled QCM Holder 

For some of the QCM experiments described, the quartz crystal 

sensor was attached to a copper cylinder which was temperature

stabilized by flowing water. This holder was fashioned from an adapted 

Physical Electronics x-ray source with a water-cooled anode. When this 

holder was used, the QCM recovered much faster from the thermal shock of 

evaporation. However, this arrangement did not allow subsequent exami

nation of the film by AES. It was, therefore, used to record mass 

uptake data after the reaction products had been previously charac

terized by other techniques in separate experiments. 

3.4 Electrochemical Measurements 

Film surfaces which had been prepared and characterized in the 

UHV environment could be subsequently examined electrochemically without 

exposure to the atmosphere, using the sample transfer system schemati

cally illustrated in Figure 3.8. The major components of this system 
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have been described in detail by Nebesny (51). The analysis chamber 

(previously described above) normally houses the sample carousel, AES 

optics, and evaporation source. It is isolated from the sample transfer 

and reaction chamber by gate valve G1. The entire section to the right 

of G1 in Figure 3.8 is normally maintained under UHV by a turbomolecular 

pump (T) and a 20 l/sec ion pump (not shown). Three magnetically

coupled rods (R1-R3) are used to move the sample between the various 

sections. The sample substrate was a titanium foil cut in the shape of 

a flag, which was then attached to the sample block. The transfer rods 

(R1-R3) reversibly attached to the sample block via a rotary screw 

mechanism, thus allowing eventual transfer of the sample to the 

electrochemical reaction chamber. During an actual experiment, the 

sample remained attached to rod R2 and was isolated from the remainder 

of the system by gate valve G3. The reaction chamber could then be 

back-filled with argon to atmospheric pressure for the electrochemical 

experiments. 

Figure 3.9 illustrates in more detail the electrochemical reac

tion chamber. It consisted of a 6-way and a 4-way stainless steel cross 

separated from each other by gate valve G4. The sample was brought into 

the center of the upper cross (still residing on rod R2), and rotated 

1800 so that the actual specimen was hanging downwards. Electrical con

tact to the specimen was made through a coiled wire attached at one end 

to rod R2 and at the other end to an electrical feed through. Two other 

feedthroughs (on the same flange) were attached to the reference and 
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auxiliary electrodes, which also resided in the center of the 6-way 

cross (see Figure 3.8). The reference electrode was a silver wire which 

had been anodized to produce a thick Agel layer. The auxiliary 

electrode consisted of a coiled Pt wire. A glass cap attached at one 

end of a 1/4" diameter glass tube formed the actual electrochemical 

cell. It could be raised to a position such that the working (i.e. 

specimen), reference, and auxiliary electrodes were all contained within 

it. Electrolyte solution was flowed into the cell through a reservoir 

connected at the bottom end of the glass tube. The level of the 

electrolyte within the cell was adjusted by raising the reservoir to the 

appropriate height on a laboratory jack, such that the three electrodes 

were immersed. 

A three-electrode potentiostat (PAR 174A) was used to control 

the potential of the working electrode with respect to the reference 

electrode, and to measure the resultant current passed. The i-V curves 

were displayed on an X-Y recorder. The electrolyte solution was 

0.1 N Hel prepared by diluting 8.0 ml ultra-pure Hel (Ultrex) to one 

liter. 

The flag-shaped sample substrate consisted of a titanium foil 

(0.4 x 0.6 cm) which had been previously anodized to ca. +9 V in 

0.1 N Hel. Such a pre-treatment rendered the entire specimen 

electrochemically inactive in the potential region of interest in the 

subsequent experiments. That is, no current was observed if an 

electrode treated as above was subsequently scanned from 0 to +4 V. 
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The front side of the sample was then treated in the main UHV 

chamber to prepare a surface for electrochemical oxidation. In some 

cases, the existing oxide was removed by inert ion sputtering to produce 

a clean, electrochemically active metal surface. Other specimens were 

prepared by evaporating titanium films onto the ion-etched substrate. 

Controlled reactions with oxygen or hydrogen were performed as pre

viously described. Following transfer into the electrochemical reaction 

chamber, the specimens were brought in contact with the electrolyte and 

examined voltammetrically. Any current observed was therefore due to 

reactions at the front side of the specimen which had been prepared by 

one of the preceding methods. 

Following the electrochemical measurement, the electrolyte was 

withdrawn and the glass tubing retracted such that valve G4 could be 

closed. The electrochemical reaction chamber was then evacuated using a 

liquid nitrogen-cooled sorption pump which was sufficient to pump away 

any clinging droplets of electrolyte and maintain a pressure of 10-3 

torr or better. The specimen was then transformed to the main analysis 

chamber where AES was performed. The complete absence of Cl in the AES 

spectra showed that the electrolyte was completely pumped off the sample 

surface. 



CHAPTER 4 

DATA ACQUISITION AND PROCESSING MODES FOR QUANTITATIVE 
AUGER ELECTRON SPECTROSCOPY 

The value of Auger Electron Spectroscopy (AES) as a qualitative 

or semi-quantitative surface analysis technique is widely recognized. 

Quantitative information can be gained only if certain factors are known 

which relate the measured Auger peak intensities to the concentrations 

of the surface species. This chapter compares different methods of data 

collection and processing schemes employed in AES, and presents some new 

approaches developed for collecting and treating data obtained using the 

cylindrical mirror analyzer (CMA). These methods are applied to the 

quantitative analysis of some metal, metal alloy, and metal oxide sur-

faces. 

Indium-tin alloys were selected as the specimens to be examined, 

because the indium-to-tin ratio could be varied systematically over a 

wide concentration range. In addition, the surfaces are somewhat 

resistant to oxidation at ambient conditions, and the surfaces can be 

cleaned by inert ion sputtering without preferential removal of either 

component. This is in contrast to the oxides of titanium, whose surface 

composition is the eventual goal of the quantitative AES methods dev-

eloped herein. Although numberous standard oxides are available in bulk 
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or powdered form, e.g. TiO, Ti203, Ti407, Ti02, etc., the surface com

position is always close to Ti02, as the lower oxides readily react with 

oxygen to form a Ti02 layer on the surface (52,53). Ion-sputtering 

any of the oxides results in surface reduction due to preferential remo-

val of oxygen (54,55). Hence, the titanium oxides are not good stan-

dards to utilize in order to test the quantitative schemes discussed 

here, and the comparison was performed using the indium-tin alloys and 

several pure elemental metals as standards. The additional problems of 

the titanium oxide surface quantification will be presented in the 

following chapters (5 through 8). 

4.1 -Measurement Modes 

4.1.1 Instrumental Considerations and the Secondary 
Electron Background 

The first step in quantitative AES is to obtain an accurate 

measure of Auger electron emission intensity for each element in the 

sample. Measurement of the Auger peak intensity is complicated for two 

reasons. The first is an instrumental problem, that of isolating the 

very small Auger current signal from the high voltage at the last stage 

of the electron multiplier which is used to amplify that current to 

usable levels. In most commercially available electron spectrometers 

the specimen is maintained at ground potential to avoid charging and to 

avoid stray electric fields between the specimen and chamber. The first 

stage of the electron multiplier (at the exit slit of the kinetic energy 

analyzer) is slightly above ground potential in order for the analyzed 

electrons to be accelerated in the correct direction. The low level 
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current output (ca. 0.01-100 nA) is therefore floating at the voltage 

imposed (1-2 kv) at the final stage of the detector. 

A second difficulty arises due to the large number of other 

secondary electrons that are emitted from the sample in addition to the 

Auger electrons. It is necessary to isolate the true Auger emission 

from this very large background in order to accurately measure its 

intensity. Figure 4.1 illustrates the magnitude and complexity of the 

secondary electron background in the energy region where most Auger 

transitions occur. There are two components contributing to the 

background of the observed spectrum (56-58). The first of these is the 

elastically scattered peak (shown at E=2000 eV), and at energies below 

this peak, a region of 'rediffused' primary electrons, whose intensity 

drops off exponentially toward lower energies. A second constituent is 

the 'cascade' of secondaries, whose intensity rises exponentially as the 

electron kinetic energy approaches zero. When the primary beam energy 

is removed well away from the region where most Auger transitions appear 

(0-2000 eV), then the secondary cascade alone is the main contributor to 

the observed background. The Auger peaks are superimposed on this com

posite background; in Figure 4.1 the intensity and form of the 

background are shown for a sample of In foil at primary beam energies of 

2 kV and 5 kV, showing how the background simplifies when using the 

higher excitation energy. 
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4.1.2 Derivative Spectra Display 

The traditional solution to both of the aforementioned dif

ficulties is the collection of the secondary electron spectrum in the 

first derivative mode. Weber and Peria (59) first demonstrated that by 

modulating the pass energy of the non-dispersive retarding field ana

lyzer (RFA), and synchronously detecting the second harmonic of the 

current signal with a lock-in amplifier, the first derivative (N'(E» of 

the secondary electron spectrum (N(E» could be displayed. The disper

sive cylindrical mirror analyzer (CMA) has a throughput function 

approximately described by E·N(E). Harris (47) demonstrated that the 

spectrum from the CMA could be likewise displayed in the first deriva

tive mode E·(N(E»' by modulation of the outer cylinder voltage with 

first harmonic detection. In this type of display, the slowly varying 

secondary electron background is nearly constant, and can be offset at 

the lock-in output. The Auger peaks appear as excursions from the 

suppressed background, and the peak-to-peak height of the derivative 

signal is often used as a measure of the peak intensity. This instru

mental approach has become the most widely accepted method of displaying 

Auger spectra; the most negative point of the peak derivative is often 

used to reference peak energy positions (35,60). Since the modulated 

signal can be AC coupled to ground level for detection, the problem of 

measuring the low Auger current superimposed on the high multiplier 

voltage is avoided. 
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Utilization of data in the differential form for quanti tat ion 

requires careful analysis. Both the strength and shape of the signal 

are related to the modulation amplitude used to obtain the spectrum, 

introducing yet another parameter which must be accounted for in quan

titation attempts. Although for a Gaussian curve, the peak-to-peak 

height of the derivative is proportional to the peak height (61), the 

derivative AES spectrum is generally not a valid indicator of the Auger 

current, since most Auger transitions (superimposed on the secondary 

background) are not symmetric, Gaussian peak shapes. A further dif

ficulty arises from the chemical state effect on Auger peak shape, espe

cially when the transition involves valence electrons. While the 

overall Auger yield may be the same, changes in the line shape are 

exaggerated in the derivative display and the peak-to-peak height will 

be different for the same concentration of a given element in various 

matrices. This is especially important when comparing Auger spectra of 

a metal and its oxide. 

4.1.3 Peak Area Measurement 

A correct measure of the Auger signal intensity is the area 

under the peak in the undifferentiated display. Several authors (62-67) 

have considered the advantages of integrated peak areas for quantitative 

measurements. Houston and coworkers (64,65) have shown that by doubly

integrating the derivative spectrum, a measure of the Auger intensity 

could be obtained, and that this measurement could be corrected for 

modulation effects. Such an approach includes the contribution of the 



69 

local background in the vicinity of the peak (arising from inelastically 

scattered Auger electrons) as part of the measured intensity. This 

contribution can be small in the case of signals from submono1ayer 

coverages - such as adsorbed species on platinum at low concentrations 

(21). When the local background cannot be neglected, the derivative 

data should be integrated and background correction performed before 

peak areas are determined by a second integration. 

It is possible to measure the secondary electron spectrum N(E) 

or N(E)·E directly (without modulation/differentiation) by use of pulse 

counting electronics. The current levels obtained in AES however are 

often sufficiently high that counting individual electrons becomes 

unfeasible (as in most of the studies here). Strausser has demonstrated 

that it is more appropriate to isolate the signal from the high voltage 

of the output stage of the detector by means of a high voltage isolation 

amplifier which amplitude modulates, transformer isolates, and demodu

lates signals to ground potential (67). Clearly this is the simplest 

method of obtaining the desired spect~um, requiring neither modulation 

of the analyzer pass energy, phase-lock detection, or photon-counting 

(except for the lowest Auger currents). We have adapted this instrumen

tal method to our own Auger spectrometer (Chapter 3 - Experimental) and 

now demonstrate its utility in quantitative AES. 

4.2 Background Subtraction Method 

Once the true secondary electron spectrum has been appropriately 

measured, the experimenter is still faced with the task of removing the 
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large background of inelastically scattered electrons upon which the 

Auger peaks are superimposed. During the past several years, various 

data treatment techniques have been developed (68-71) to isolate the 

Auger signals from the contributions of the background. These methods 

have been mainly numerical in approach, without emphasis on the physical 

basis of the calculated background functions. One of the approaches we 

have found useful in understanding and approximating the secondary 

electron background stems from the theory and method of Sickafus 

(56-58). A brief description of this method will be given here to 

illustrate the type of data manipulations that are necessary for this 

approach. 

4.2.1 Correction for Secondary Cascade 

The Auger spectrum is first recorded using an excitation source 

of sufficiently high energy such that the secondary electron background 
I 

consists solely of a cascade function (Figure 4.1, Eo=5 keV). This 

background is assumed to arise from secondary electrons produced by the 

primary excitation source. This function can be conveniently charac-

terized from high kinetic energies down to the onset of the first Auger 

peak by a two parameter function of the form AE-m (57,58). The Auger 

peak superimposed on the cascade also contributes to the secondary 

electron background in the region of the spectrum directly below the 

high energy onset of the peak. Each Auger electron acts as an addi-

tional, internal electron source, which can lose energy and contribute 

to the cascade background. The cascade function in the spectral region 
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below the peak and extending down in energy to the onset of the next 

transition (or source of additional secondary electrons) is charac

terized by two new parameters. Evaluation of these parameters is faci

litated by displaying the data in log (N(E» vs. log E form. (An 

example is given in Section 4.2.3 below). The secondary electron 

background is composed of linear segments in this display, allowing con

venient determination of the characterizing parameters by a linear fit. 

The background up to the onset of an Auger peak can be characterized, 

extrapolated to lower energies, and subtracted from the spectrum. This 

leaves the Auger peak and its associated step-like tail of inelastically 

scattered Auger electrons, which form the background for the transitions 

at lower kinetic energies. 

4.2.2 Correction for Scattered Auger Electrons 

To subs tract the contribution of the Auger-generated secon

daries, the cascade-like step below the peak is characterized as before. 

The background contribution, G(E), within the energy region bounded by 

the Auger transition (between EA, the high energy onset, and EB, the low 

energy peak bound) is approximated as the product of this cascade func

tion and the integrated signal strength from EA to any point in this 

region (56): 

(4.1) 

Note that if m = 0, the exponential scaling factor reduces to a 

constant. Such an approximation has been used to correct for the ine

lastic background in photoelectron spectroscopy (72). This approxima-
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tion implies that the intensity of the background remains constant below 

the kinetic energy of the transition to the onset of the next tran

sition. A positive value of the mrparameter in Equation 4.1 would arise 

if the Auger-generated secondaries created their own 'cascade' function, 

upon which Auger peaks of lower energy were superimposed. A solution of 

Equation 4.1 is obtained when the intensity·of EB is equal to the inten 

sity at EA. 

The peak area is then integrated between EA and EB to give a 

measure of the number of Auger electrons that have escaped the sample 

surface without experiencing a non-quantized inelastic scattering event. 

Sickafus (56) has utilized a similar approach to calculate the Auger 

yield for a few pure metals using an RFA, and modulation signal pro

cessing techniques. Until these studies no attempts had been made to 

test this background subtration method in a quantitative analysis 

experiment, using the CMA and direct N(E) or N(E)·E measurement. 

4.2.3 Application 

A series of pure metals (Ag, Cd, In, Sn) were examined, along 

with tin and indium oxides, indium-tin alloys, and indium-tin oxide 

(ITO) films. These highly doped, conductive metal oxide films are use

ful in electrochemical (73-75) and electronic applications, and have 

been studied using AES. Previous studies in our laboratory and others, 

however, have utilized only derivative mode data to quantitate surface 

compositions. We show here that it is possible that surface com

positions of indium-tin oxide films previously reported using 
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derivative-mode data procesing may be substantially in error. In this 

chapter, data collected by the conventional derivative mode and directly 

acquired E·N(E) spectra are compared. A method of correcting the 

measured E·N(E) spectrum for the energy dependence of the analyzer 

transmission function is discussed. A comparison of the data acquisi

tion and processing procedures is made in terms of instrumental 

approach, computational complexity and time, and analytical accuracy. 

While the N(E) data requires more effort to process, spectra obtained in 

this display are more suitable for further analysis, such as curve 

fitting or deconvolution. The quantitative results obtained for the 

indium-tin mixtures were found to be more accurate than those obtained 

by the conventional derivative mode data. 

4.3 Comparison of Data Acquisition Modes 

4.3.1 Derivative Spectra 

Shown in Figure 4.2 is the d[E·N(E)]/dE, ~,5N4,5N4,5 Auger 

spectrum of clean indium foil taken while using the CMA modulation tech

nique in the usual fashion. The signal strength is taken as the peak

to-peak height of the vertical excursion. The effect of increasing the 

modulation amplitude, as illustrated in this series of spectra, is to 

enhance the signal intensity with a loss in resolution of the peak fine 

structure. The derivative spectrum as obtained by the 10ck-in-amp1ifier 

varies in a complex manner with the modulation amplitude; a Taylor 

series expansion shows that higher order odd derivatives contribute 
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significantly to the signal (65,67). If signal intensities from two 

different spectra are to be compared, the modulation amplitude used in 

obtaining the spectra must be equal. 

Also shown in Figure 4.2 is the derivative spec~rum of an 

indium-tin oxide surface, showing the In and Sn, M4,5N4,SN4,5 , and 0, 

KLL transitions. Note that in the oxidized form, the indium peak is 

broadened compared to the pure metal (at comparable modulation), 

resulting in a decrease in the signal intensity. This is due to the 

redistribution of the indium valence electrons upon oxidation, and the 

possible contribution of more than one valence state to the observed 

surface composition. A similar broadening of the Auger features was 

observed for the oxidized surface of the tin and indium-tin alloys, when 

compared to the clean metallic surfaces. Quantitation of these metals 

in the oxidized forms by derivative peak height measurements is subject 

to error due to this 'chemical effect'. 

4.3.2 Spectra Obtained by Direct Current Measurement 

Experimentally it was determined that the isolation amplifier 

with its associated gain stages could detect the Auger peaks when the 

electron current incident on the sample was reduced to below 10 nA. For 

our system, with a beam diameter of 0.1 mm, this corresponded to an 

incident current density of less than 100 ~A/cm2, or 6 x 1014 

e1ectrons/cm2 • sec. Our present electronics for measuring the incident 

beam current would not allow accurate measurements of currents below 

this level, although reasonable spectra (signal to noise ratios in 
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excess of 5:1) were obtained for incident currents estimated to be on 

the order of 1 nA. The use of such low current densities has been 

termed "static AES" (76), a condition which is realized when the number 

of electrons which can cause irreversible damage delivered to the sample 

in the time required to record the spectrum is less than one equivalent 

monolayer (approximately 1015 electrons/cm2). Such low current measure-

ments are useful when analyzing samples susceptible to electron beam 

damage (e.g. polymers, lithium salts, etc.). 

Shown in Figure 4.3 is the E·N(E) spectrum obtained from a 

sample of indium foil, using the isolation amplifier as described in 

Chapter 3. 

The digitally recorded data was processed using the program 

QUANT5 to correct for the analyzer transmission function and to subtract 

the cascade background, ultimately producing the spectrum of Figure 4.6. 

A listing and documentation for this program is included in Appendix B. 

In order to correct the spectrum for the analyzer transmission 

function, whose output is approximately proportional to E, each point on 

the spectrum was scaled by lIE. Shown in Figure 4.4 is the spectrum 

obtained after correcting the spectrum of 4.3 for the energy dependence 

of the analyzer transmission function. This approximation is valid 

only over the electron kinetic energy range where the electron 

multiplier gain is constant, from about 100 eV and greater. It is 

important to note that the intensity of each point in the spectrum must 

be known relative to the true zero current level. This occurs at E=O eV 
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(where by definition, E-N(E)=O, or at any point above the energy of the 

elastically scattered primary peak. If a DC offset has been applied to 

the spectrum, this must be accounted for in the above correction. Such 

a correction can be made for E'N(E) data regenerated by integration of 

derivative data only if the zero value of the integral is established at 

a known zero current level. 

The background subtraction method discussed in Section 4.2 was 

then applied to the N(E) spectra of Figure 4.4. It was found experimen

tally that primary beam energies of 5 kV were sufficiently high to 

reduce the background in the region 50-2000 eV to a simple cascade func

tion. This function was characterized over a 100 eV wide energy region 

beginning slightly above the high energy onset of the highest energy 

Auger transition in the spectrum. Characterization of this background 

was facilitated by digitally calculating a new AES data array in log-log 

form, and performing a linear least squares fit over the specified 

energy interval. Typical cascade slopes were on the order of -0.5, and 

relative standard deviations from the background fit were less than 1% 

in all cases. Shown in Figures 4.5 and 4.6 is the result of cascade 

linearization and subtraction from the indium spectrum of Figure 4.4. 

Other identically treated metal and metal oxide spectra had the same 

general appearance: The background at energies above the Auger onset 

energy is effectively removed, leaving the Auger transition(s) superim

posed on a ramp of inelastically scattered Auger electrons. 
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Removal of this contribution was accomplished by finding a solu-

tion for Equation 4.1 for each spectrum. This was accomplished by using 

the program SICKA to further process data spectra previously processed 

by QUANT5. A listing of this program is also included in Appendix B. 

In all spectra the multiple Auger transitions of the elements 

present in the sample were all grouped in a fairly narrow energy region 

(250-525 eV). The cascade between any two adjacent Auger transitions 

was not sufficiently defined to allow determination of its functional 

form by cascade linearization. However, by treating each group of 

closely spaced transitions as a single emission source, it was possible 

to find a solution of Equation 4.1 with a value of EB at the low energy 

side of the transition with the lowest kinetic energy. This was suf

ficient to bring the regions between the transitions to the baseline. 

The next chapter shows that this was fortuitous to the MNN series and 

does not hold exactly for all Auger processes. 

Digital solution of Equation 4.1 requires a knowledge of EB. 

Our software iterates the values of both EB and B to find a fit with a 

minimum total peak width and a physically real solution (no negative 

numbers between EA and EB). The electron energy loss spectrum with a 

primary beam energy equal to EA often proved helpful in justifying the 

choice of EB, as the above approximation does not remove characteristic 

(quantized) loss peaks which may contribute emission intensities in the 

low energy region of the peak. The solution of Equation 4.1 usually 
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took less than three minutes of computational time once the values of 

EA; EB and m were sufficiently determined. 

Figure 4.7 shows the spectrum which resulted when the computer

generated secondary electron background was subtracted from the spectrum 

of 4.6. The large peak at E=40S eV is the In M4,SN4,SN4,S transition, 

while the two peaks at lower energies are believed to arise from 

M4,SN2,3N2,3 and M4,SN1N2,3 transitions (77). 

The area under each of these peaks could be determined between 

the energies where the spectrum reached the baseline after the 

background correction had been applied. This area is approximately pro

portional to the number of Auger electrons emitted from the sample 

without energy loss, that is, within the equivalent escape depth. 

We applied this background subtraction method to the spectra of 

other pure metals (Ag, Cd, In, Sn), indium and tin oxides, a series of 

In/Sn alloys and ITO films. In Figures 4.8 and 4.9 corrected spectra of 

one of these alloys and an ITO film are shown. In each case, only a 

single value of the parameters in Equation 4.1 were needed to fit the 

background over the entire spectrum. This illustrates that the approxi

mations made in deriving the form of the background are valid over 

several hundreds of electron volts. Once corrected, the areas under the 

Auger peaks could be determined, and related to concentrations as 

described below. 

In Figure 4.10, a derivative spectrum of the In/Sn alloy from 

Figure 4.8 is also shown for comparison. Note that in this display, the 
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indium and tin transitions appear (incorrectly) to be fully resolved, 

whereas in the N(E) spectra, strong spectral overlap is apparent. 

Intensities of Sn Auger emission will clearly be in error in the deriva

tive data. 

4.4 Quantitation 

4.4.1 General Formalism 

The general formalism for relating the Auger intensity to the 

number of emitting atoms in the sampled region is given by Equation 4.2 

(16-21): 

(4.2) 

The Auger current IA(~)' measured at any angle ~ relative to the 

sample normal, is related to the number of atoms contributing to the 

emission, NA (number of atoms/cm3), by a number of factors. These 

include the ionization cross section of the core level initiating the 

Auger event, a(cm2/atom); the probability of Auger decay rather than x

ray emission, (l-w), where w is the fluorescence yield; the equivalent 

escape depth, A(cm); the primary excitation current density, Ip 

(amps/cm2); enhancement of the effective excitation current by primary 

or energetic secondaries which are backscattered through the surface 

region, Rb (values of Rb usually range from 0 to approximately 1); the 

area of the electron beam excitation source, cm2 ; the detection probabi-

lity D(~), which for a CMA with solid collection angle n is (n/4rr)cos ~, 

represents the fraction of generated Auger electrons which successfully 
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escape the sample and are collected by the analyzer; and G, the e1ectro-

nic gain factor that relates the measured signal intensity to the number 

of actual electrons being detected. 

The terms A, D(~), and G are known or are kept constant for all 

samples, and Ip is measured as an experimental variable. These four 

terms need not be known when calculating the relative concentrations of 

several elements in any single sample, as long as the kinetic energy 

dependence of the detection probability and gain are constant or 

appropriately accounted for. The terms o(E), A, and Rb are dependent on 

the emitting element and also on the matrix in which it is determined. 

4.4.2 Elemental Sensitivity Factors 

Direct calculation of the terms which relate the Auger current, 

lA, to the atomic concentration parameter, NA, is usually not the manner 

in which quantitative Auger spectroscopy has been pursued. One commonly 

used approach is to measure the signal intensity obtained from a pure 

elemental standard under a certain set of instrumental conditions, and 

then to calculate an elemental sensitivity factor (34,35) (for each e1e-

ment i) SiA, where: 

(4.3) 

These sensitivity factors can then be used to relate the signal inten-

sities obtained from an unknown sample to the concentrations, Ci of the 

elements present: 

Ci = Iilsi 

iEli/Si 

(4.4) 
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This approach neglects any matrix-dependence of the factors which deter-

mine the signal intensity. Some improvement can be attained by 

correcting the elemental sensitivity factors for the matrix dependence 

of any or all of the parameters of Equation 4.2. 

In order to determine the relative elemental sensitivity factors 

for the samples examined in this study, the Auger spectra of pure Ag, 

Cd, In, and Sn were recorded by both of the data acquisition modes 

discussed. The signal intensity for the derivative mode data was taken 

as the peak-to-peak height, while for the E·N(E) spectra the area under 

the background-corrected peak was used. All of the intensities were 

corrected for the primary beam current used to obtain the spectrum, the 

escape depth as calculated by the method of Penn (32), and the density 

of atoms in each pure metal sample. It was assumed that the X-ray yield 

for the given subshe11s were negligible «1%) (30,78). Some of these 

pertinent physical parameters are summarized in Table 4.1; the calcu

lated sensitivity factors, normalized to Ag, are shown in Table 4.2. 

The gain of the measuring system was kept constant for each series of 

measurements, thus no additional correction was required. In order to 

calculate the relative atomic concentrations of any of these elements in 

samples containing other species, the relative escape depths of the 

Auger electrons in the new matrix was accounted for, in addition to the 

sensitivity factors as calculated above. 

The sensitivity factors using the background subtracted peak 

areas have been derived using the area under the M4,SN4,SN4,S peaks, and 



Element 

Ag 

Cd 

In 

Sn 

Table 4.1 Physical Parameters Used in Calculation 
of Relative Elemental Sensitivity Factors 
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Z Energy of M4,5N4,5N4,5 Density Escape Depth 

Auger Transition, eV (atoms/cm3) (AO) 

47 370 5.8 x 1022 6.4 

48 406 4.6 x 1022 7.3 

49 446 3.8 x 1022 7.4 

50 488 3.7 x 1022 9.1 
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Table 4.2 Relative Elemental Sensitivity Factors. a 

Derivative Mode Peak Area 
Element 3eV Mod. 6eV Mod. M4,5N4,5N4,5 peak Sum of M4,5peaks 

Ag l.0±.05 1.0± .05 1.0± .04 1.0±.04 

Cd O. 73± .04 O.SS± .04 1.14± .05 1.11±.05 

In O. 73± .04 0.S7± .04 1. 53±.06 1.0S± .05 

Sn 0.55± .03 0.65± .03 1.35± .05 1.21± .05 

O(KLL) 0.30 0.51 0.59 
( In203 

a. 6 spectra were measured for each element at different beam currents. 
The sensitivity factors are reported at the 95% confidence level. 
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also using the sum of all the peaks arising from M4,5 ionization. Each 

of the elemental spectra showed two smaller companion peaks in addition 

to the major M4,5N4,SN4,5 peak (see Figure 4.6), presumably arising from 

transitions involving Nl and N2 3 levels (77,79). In the absence of , 
backscattering effects, one would expect the relative sensitivities to 

reflect the relative ionization cross sections of the M4 5 levels in , 
these elements. This trend is not reflected by the relative Auger sen-

sitivities in Table 4.2; in particular, the values for Ag and Cd appear 

lower than expected. 

This can be attributed to possible uncertainties in the tabu-

1ated values of A, and in the manner by which the spectral intensities 

are extracted from the data. Namely, characteristic loss features are 

not removed by the data treatment utilized, and may contribute signifi-

cant intensity in the spectral region under the peaks (see Chapter 4). 

Further refinement of the results requires that the characteristic loss 

function be deconvolved, using an approach such as that developed in 

Chapter 5. 

Another reason that the observed M4,5 Auger yields do not 

correspond to expected ~,5 ionizations cross sections is the contribu-

tions of Ml and M2,3 vacancies to form additional M4,5 vacancies via 

Coster-Kronig transitions (78,80). Such a process can increase the 

Auger yield from the M4 5 shell by a significant amount - up to a 40% , 
increase in yield has been noted by Vrakking and Meyer (80) for tin. 
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Table 4.3 summarizes the results obtained using the sensitivity 

factors of Table 4.2 to quantitate the surface composition of a series 

of In/Sn alloys and ITO films. The relative atomic percentage of any 

element in the matrix is calculated as shown below: 

Cx = Ix/(SxAx) x 100% 
i Elil (Si Ai) 

(4.5) 

Cx is the atomic percent of element x in a sample containing i elements; 

Si is the sensitivity factor for each element, and A is the matrix 

dependent equivalent escape depth for the Auger electrons for each of 

the elements in the sample. The escape depths were calculated using the 

material-independent formula of Penn (32) for the ITO films. In the 

case of In/Sn alloys, the ratio ASn/Aln was assumed to be 1.0, as the 

transitions are close in energy. 

In order to determine the oxygen content of the metal oxide 

samples, a sensitivity factor for oxygen was derived from a sample of 

In203, assuming that the surface composition was well represented by the 

bulk stoichiometry. An attempt to utilize Sn02 as a standard gave an 

unusually low oxygen sensitivity factor, which was equal to one half the 

value derived from In203. It has been shown (81) that the surface of 

"Sn02" crystals approaches a composition close to SnO in UHV due to sur-

face reconstruction. Quantitation of the oxygen to metal peak areas, 

and comparison with the expected ratio calculated using the known (80) 

electron impact ionization cross section for these elements, confirms 

this observation. The Sn02 may have also been reduced by the ion beam 



Sample 

27% Sn 

16% Sn 

9.3% Sn 

5.0% Sn 

2.4% Sn 

Sample 

ITO #1 

ITO 112 
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Table 4.3 Calculated Atomic Percentages of Constituents 
in In/Sn Alloys and ITO Films 

Calculated Percent Tin 
Derivative Peak Height Peak Area 

3eV Mod. 6eV Mod. 3eV(corr) 

in In 36.8 35.2 35.4 25.0 

in In 27.8 25.0 25.9 17.1 

in In 16.7 15.6 14.4 10.0 

in In 10.0 9.5 7.3 4.5 

in In 7.7 6.3 5.0 3.4 

Calculated Atomic Percent 
Derivative Peak Height Peak Area 

3eV Mod. 6eV Mod. 3eV(corr) 

In 37.1 38.0 37.2 39.0 
Sn 5.0 5.0 4.8 3.1 
0 58.0 57.2 58.0 57.9 

In 37.1 37.3 37.6 38.1 
Sn 5.6 6.0 5.4 3.9 
0 57.3 56.7 57.0 58.0 

The relative error at the 95% confidence level for the derivative 
data is 3.4% and 8.9% for the peak area measurement. 



during sample preparation. Oxygen deficiency at the surface of the 

indium oxide was not apparent. 
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The quantitative results for the derivative data as the two 

modulation amplitudes which were used agree favorably with one another. 

Recognizing from Figure 4.5 that the In and Sn transitions were indeed 

overlapping, an attempt was made to substract out the In intensity in 

the region of the Sn intensity. This correction was calculated by 

knowing ,the In intensity in a region where overlap was minimal. 

Table 4.3 lists these results under the heading 'corrected derivative'. 

For the digitally acquired and processed peak area measurements, 

the relative atomic concentrations were also calculated as in 

Equation 4.5 using the appropriate sensitivity factors. The contribu

tions of the two peaks in the region of overlap was determined by digi

tally subtracting a normalized reference spectrum of tin or indium from 

the spectrum of the alloy. This approach is subject to some inaccuracy 

due to slight changes in Auger line shapes as the matrix composition is 

changed, and error in alignment of the two spectra. The relative error 

in peak areas using this approach is estimated as approximately 5%, and 

the uncertainty in the results obtained are increased by this margin. 

Relative Sn/In ratios in all of the standards as obtained using 

peak derivation data are significantly higher than the values obtained 

using peak areas. This is in part due to the serious overlap of the Sn 

and In transitions which appear resolved in the derivative mode and are 

therefore ignored. Thus the tin concentration is overestimated in deri-
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vative spectra due to the contribution of the In emission in the region 

of the Sn peak. Attempts to correct for the overlap as described lower 

the calculated Sn/In ratios but not to the point where they are com

parable to those obtained by the corrected peak area method. 

The relative indium and tin concentrations obtained using peak 

areas, are, within experimental error, essentially equal to the bulk 

concentrations of the standards as prepared. There is no evidence that 

the surface compositions of these samples differed from that of the 

bulk. No surface segregation or preferential sputtering was observed 

during the brief period these alloys were sputter cleaned. It is 

believed that the composition of the surface obtained by this method 

reflects the true surface composition, which in this case is simply a 

measure of the bulk composition of the alloy. The excellent agreement 

between the known bulk concentrations and the experimental results sup

ports this conclusion. 

4.5 Conclusions 

For the indium-tin oxide films examined in this study, the rela

tive ratio of tin to indium was significantly greater for the derivative 

data than that obtained using peak areas. Both peak overlap and chemi

cal effects are responsible for the discrepency in the results of the 

two data collection modes. Because of the accuracy demonstrated by the 

peak area method in determining the composition of the standards, the 

values obtained for the Sn/In ratios in the ITO's are believed to repre

sent the true surface composition of these samples. The reported oxygen 
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content is based on the sensitivity of oxygen in In203. The number of 

tin atoms per unit volume in the ITO films has previously been related 

to the effective carrier density by electrochemical capacitance measure

ments (74) AES results using derivative mode data gave results which 

were significantly higher than those by the capacitance measurements. 

This is taken as further evidence that the tin to indium ratio is 

overestimated when derivative peak measurements are used to determine 

the concentrations of these elements in ITO films. 

In all of the above quantitative calculations, the effect of 

backscattered electrons on the observed Auger intensities has been 

neglected. This factor depends primarily on the atomic number of the 

element(s) and the incident electron energy (23-27). For the series of 

metals (Ag, Cd, In and Sn) examined in this study, this factor would be 

expected to be nearly identical. The accuracy of the quantitation could 

be improved if the backscattering factor was accounted for. The major 

emphasis of this chapter is, however, to illustrate the enhancement of 

the analytical accuracy due to the choice of data acquisition and pro

cessing method. When more quantitative results are required, the data 

collection and processing method utilized in this study is superior to 

the conventional analysis modes. 



CHAPTER 5 

A SEQUENTIAL METHOD FOR REMOVING THE INELASTIC LOSS CONTRIBUTION 
FROM AUGER ELECTRON SPECTROSCOPIC DATA 

As demonstrated in the last chapter, quantitative surface ana1y-

sis by Auger or X-ray photoelectron spectroscopy (AES or XPS) requires 

an accurate measure of spectral line intensities, and must involve 

removing the contribution of scattered electrons produced when emitted 

Auger electrons or photoelectrons undergo energy-loss processes before 

exiting the solid. The probability that an emitted electron will suffer 

an inelastic event is related to the distance it must travel to exit the 

surface. The measured intensity represents that fraction of the 

characteristic electrons that have escaped without energy loss, and is 

related to the number and depth distribution of the emitting centers by 

an escape depth parameter, A. The inelastically scattered electrons are 

responsible for the low energy tail on electron emission peaks and 

contribute to a background upon which peaks at lower kinetic energies 

are superimposed. In electron-excited Auger spectra, the large 

background of inelastically scattered electrons contributed by the 

electron source must also be removed. 

In the previous chapter we reported background corrected Auger 

spectra for several pure metals (Ag, Cd, In, Sn), as well as alloys, 

oxides, and mixed oxides of indium and tin. A background subtraction 

99 
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scheme was utilized which was based upon a treatment of Sickafus (56), 

modified for application to data collected with a cylindrical mirror 

analyzer (CMA) (without retardation of electrons), and tested for the 

first time for quantitative analysis of multielement samples. The 

spectral intensities obtained by measuring the peak areas in the 

corrected spectra led to more reliable quantitative results than the 

peak heights computed from the conventional derivative display spectra, 

an advantage realized previously by other authors (65,67,82). 

In the Sickafus scheme (56), the externally-generated secondary 

electrons contributed by the electron beam excitation source were 

characterized by an exponential "cascade" function of the form AE-m and 

subtracted from the spectrum. This left the Auger peak and its asso-

ciated inelastic tail which is characterized by a new "cascade" func-

tion, and which forms the background for the next peak at lower kinetic 

energy. For any particular AES peak, in order to bring the low energy 

peak bound to the baseline, the background (G(E» in the region of the 

peak is approximated as an identical "cascade" function scaled by the 

signal strength integrated to the Auger threshold energy, EA: 

G(E) (5.1) 

The parameter B is evaluated in an iterative fashion until the low 

energy tail is brought to the baseline, and the parameter, m, is found 

by cascade linearization (see Chapter 4). A similar approach has also 
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been used for some time to correct XPS peaks (72,83) where the exponen

tial scaling factor is replaced by a constant C. This assumes that the 

inelastic background below the emission peak remains constant towards 

decreasing kinetic energies, while the modification of Sickafus (56) 

suggests that the inelastic processes produce an exponentially 

increasing inelastic tail, similar to the cascade of secondaries pro

duced by the excitation source. These methods have been successfully 

utilized by us and others for the quantification of certain elements in 

various matrices. Both approaches produce a featureless background 

which is used to approximate the inelastic loss contribution in the 

region of the peak. In general, the actual loss contribution contains 

characteristic structure and is ~ well represented for many spectra by 

a simple monotonic background; this may lead to a significant error in 

the quantification of peak areas (84). Our exploration of Ti surface 

chemistries using AES emphasized these deficiencies and required further 

development of data manipulation procedures. 

When Equation (5.1) in any form is used to subtract the ine-

1asti~ background, the low energy tail of the peak is brought to the 

baseline by selecting one scaling parameter and an arbitrary lower peak 

bound. The computed background does not accurately describe the ine

lastic tail over a wide kinetic energy range, due to the oversimplified 

functional form of the background. This error becomes significant when 

considering a measured spectrum which consists of a group of transitions 

closely spaced on the kinetic energy scale (e.g. the LMM Auger tran-
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sitions of the first row transition metals, such as shown for Ti in 

Figure 5.1). The total inelastic contribution in the vicinity of each 

Ti(LMM) peak consists of a composite sum of the individual inelastic 

contributions from the emission source of interest plus contributions 

from all peaks at higher kinetic energies. In this case, the inelastic 

contribution from each emission source must be accurately determined 

over a wide enough kinetic energy range so that it can be removed from 

those peaks at lower kinetic energies. 

It has been recently demonstrated that it is possible to concep

tually divide the secondary electron spectrum, resulting from an 

emission source in a solid, into three kinetic energy regions (58) 

(Figure 4.1). The first region is centered at Eo, the energy of the 

source, and consists of emitted source electrons that have escaped the 

solid without energy loss. The second region begins immediately below 

the high energy onset of the emission line centered at Eo and extends 

down in kinetic energies to approximately Eo/2; these scattered 

electrons arise from source electrons·that have experienced inelastic 

scattering events before escaping the surface. This region is often 

observed as a 'step' at the low energy peak bound, accompanied by a 

monotonically decreasing intensity towards lower kinetic energies (85), 

with the characteristic loss peaks (e.g. plasmons) superimposed on this 

background. The third region of the spectrum is the "cascade" of true 

secondaries, which begins at ca. Eo/2 (or lower) and extends towards 

lower kinetic energy with an exponentially increasing intensity. None 



103 

of the background subtraction schemes commonly used in XPS or AES fully 

account for the complete spectrum of scattered and secondary electrons 

produced during electron emission from solids. 

The inelastic contribution associated with a particular emission 

source can more accurately be removed by deconvolution techniques 

(86-88). This approach involves numerically deconvo1ving from the 

measured data the instrument-specimen response to a monoenergetic 

electron emission source. An approximation of the instrument-specimen 

response function (IRF) is obtained experimentally by energy-loss 

spectroscopy (ELS), by directing onto the sample an electron beam of 

kinetic energy, Eo, comparable to the kinetic energy of the spectral 

feature of interest, and measuring the resultant backscatter spectrum. 

Deconvolution of the entire IRF from Auger features removes the contri

butions of characteristic energy-loss processes and instrumental 

broadening from the observed line shape. The most widely used method 

for accomplishing this deconvolution is the Van Cittert algorithm. 

Corrected line shapes obtained using this approach have been related to 

the electronic or molecular nature of the emitting surface species 

(86,87). These approaches have not, however, been utilized for routine 

quantification of peak areas mainly because of the time-consuming 

algorithms employed. Generally, simplified methods of background 

subtraction have been used for this purpose. 

The sequential inelastic loss deconvolution method presented in 

this paper also utilizes the electron backscatter spectra as a model for 
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inelastic losses suffered during Auger emission. The difference between 

this sequential scheme and previously utilized deconvolution schemes 

(86-88) is the manner in which the inelastic contribution is removed 

from the data. Although some simplifying approximations must be made, a 

significant reduction in computational time results. 

Data is presented which illustrates the general utility of the 

sequential inelastic loss deconvolution scheme for extracting Auger peak 

area information and lineshapes from measured spectra of a variety of 

surfaces. Spectral intensities obtained after application of the 

sequential method are compared to those obtained by subtracting a 

featureless background calculated by Equation 5.1. It was expected 

that the former scheme would yield a more accurate representation of the 

inelastic contribution, and in some instances, a substantial difference 

is noted for both absolute intensities and peak area ratios computed by 

the two different data treatments. The effects of these differences on 

the accuracy of quantitative results from AES are considered. 

5.1 Sample Effects on the Shape of the Inelastic Background 

Figure 5.1 shows the LMM Auger transitions of clean titanium and 

the MNN transitions of clean indium. In both cases, secondaries due to 

the electron beam excitation source have been removed. The observed 

form of the composite inelastic tail in the kinetic energy region below 

the transitions depends on the shape, intensity, and kinetic energy 

position of the individual transitions. The low energy tail below the 

Indium MNN transitions appears to be well characterized as an exponen-
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tia1 cascade function. The region below the LMM titanium peaks is quite 

different from that observed for indium. A regIon of decreasing inten

sity is observed below the peaks which extends for ca. 100 eV before the 

onset of the cascade. These two examples best illustrate the need for a 

more general approach to spectral correction in AES. The observed 

intensity in the low energy regions of the spectra of Figure 5.1 can be 

explained qualitatively by assuming that the observed inelastic tail is 

a sum of the inelastic contributions from each peak, and is dominated by 

the inelastic contribution from the most intense peak in the spectrum. 

The titanium LMM spectrum shows its most intense peak at 380 eV; below 

the low energy step a region of decreasing intensity is observed down to 

about 190 eV, where the onset of the cascade is observed. For the 

indium spectrum, the most intense peak occurs at 400 eV; the measured 

intensity below about 200 eV is dominated by the cascade produced by the 

major peak at 400 eVe The fact that the observed intensity below the 

indium transitions can be characterized by a cascade function is for

tuitous and does not justify its interpolation to higher energies in the 

region encompassed by the In(MNN) peaks. Although Equation 5.1 (with 

an exponential scalar) can be utilized to compute a background which 

will fit the composite low energy tail, the loss contribution in the 

region of the peaks will be in error -- slightly so, in the case of MNN 

transitions such as those of In; substantially so in the case of tran

sitions such as those for Ti. 
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5.2 Sequential Method for Removing the Inelastic Loss Contribution 

Any measured Auger or x-ray photoelectron spectrum I(E) is a con

volution of the desired spectral features N(E) and an instrument-sample 

response function B(E): 

I(E) = N(E) * B(E) (5.2) 

B(E) itself can be regarded as the convolution of the instrumental T(E) 

and specimen SeE) contributions to broadening, i.e. B(E) = T(E) * SeE). 

In the sequential method, an approximation to B(E) is first obtained 

experimentally by measuring an electron backscatter spectrum (IRF) using 

an electron beam of energy Eo, close to EA, the high energy Auger peak 

bound. It need only be assumed that B(E) is of the same functional form 

over limited kinetic energy regions (ca. 50 eV). As shown in Figure 

5.2a, the contribution of elastically scattered electrons (the primary 

peak) is next subtracted from the IRF by assuming this contribution is 

symmetric about the peak at Eo. The remaining inelastic portion of the 

IRF (Figure 5.2b) is subsequently used as an approximation to the loss 

function, B'(E), which represents the inelastic scattering of electrons 

in the sample originati~g from a monoenerget~c source of electrons, e.g. 

a delta function source located at Eo. Replacing the elastic peak with 

a delta function assumes that the inelastic portion of the loss function 

is not affected by the instrumental broadening (exemplified by the 

elastic feature). This additional approximaticn is not made in the 

other accepted deconvolution schemes, but its implementation allows a 
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Figure 5.2 Stripping the Elastic Peak from the IRF 
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straightforward sequential deconvolution algorithm to be applied as 

described below. 
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The Auger spectrum is treated as an array of equally spaced data 

points (delta function, electron sources), with a sampling interval the 

same as in the IRF data array. Each AES data point contributes an ine

lastic intensity upon which the Auger data points of lower kinetic 

energy are superimposed. A loss function B'i(E) for each data point, i, 

exists such that, 

B'i(E) = 0i(E) * B'(E) 

The delta function, 0i(E) is defined such that, 

0i(E) = Ci at E = Ei and 

o(E) = 0 at E * Ei 

(5.3) 

(5.4) 

(5.5) 

B'(E) is being scaled by the intensity, Ci, of each Auger data point to 

create the individual loss functions, B'i(E). Lastly, this new loss 

function array, B'i(E) is subtracted from all of the Auger data points 

of kinetic energy lower than point i. This process is repeated sequen

tially throughout the region of the AES spectrum thought to be well 

described by the convolution of B(E) and N(E). 

The application of this method is illustrated schematically in 

Figure 5.3 for a hypothetical electron emission source. The inelastic 

loss function, B'(E) is aligned with the first non-zero point below EA. 

The inelastic loss intensity contributed by this point to all other 

points of lower kinetic energy is calculated by scaling the loss func-



N(E) 

Figure 5.3 Application of the Sequential 
Background Method to a Hypothetical 
Emission Peak 
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tion by the product of the AES intensity at El and a factor F which is 

identical for all Ei' 

The loss function is then aligned with the second point below EA' 

A new inelastic function associated with this point is calculated as 

before, and subtracted from all points in the spectrum at lower kinetic 

energies. This process of alignment, scaling, and subtraction is 

repeated until the low energy peak bound EB is reached. The value of EB 

is decided upon before the subtraction is started, and is generally cho

sen as the energy at which the backscatter spectrum becomes featureless, 

or where a new Auger source begins. 

The factor F accounts for the ratio of the Auger spectral 

intensity and the intensity of the delta function which gave rise to the 

original loss function. The value of F is initially unknown and is 

found by an iterative process. If the intensity at EB is not zero after 

the first iteration, the factor F is increased; if a negative intensity 

is calculated anywhere in the spectral interval as a result of the 

deconvolution, the factor F is decreased. In this manner, a value of F 

is converged upon such that the low energy peak bound is brought as 

close to the baseline as possible. If the assumptions made in 

subtracting the inelastic loss contribution are correct, not only the 

lower peak boundary but all points between widely spaced peaks in the 

spectrum, will reach the baseline. We have found that because of this 

convergence, the exact choice of EB is not critical. 
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A copy of the FORTRAN algorithm (REMOVE) and a practical guide 

to its implementation for AES spectral correction is included in 

Appendix B. 

5.3 Application to AES Data 

Figures 5.4 through 5.8 illustrates the application of the 

sequential method to the Auger spectrum of clean titanium, collected by 

measuring the direct current signal passed by the CMA. Shown in 

Figure 5.4 is the E-N(E) spectrum obtained in the experiment. The N(E) 

spectrum which results after correction for the analyzer transmission 

function is shown in 5.5. The background extending from high kinetic 

energies down to the onset of the transitions was evaluated, extrapo

lated to the region under the peaks, and subtracted, thus removing 

contributions from the excitation source; the resultant spectrum is 

shown in Figure 5.6. 

The form of the scattering function obtained from the measured 

IRF usually has a slight dependence on the primary electron beam energy 

used to obtain the loss spectrum. If the Auger spectral features of 

interest encompass a wide kinetic energy region, then more than one IRF 

can be used to account for the energy dependence of the scattering func

tion. Figure 5.7 shows the loss functions obtained from the titanium 

sample, using incident beams of several different kinetic energies. A 

small, but significant energy dependence is noted between these three 

scattering functions which were used as described below to approximate 

the inelastic contributions in their respective energy ranges. The best 
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possible approximation to the inelastic loss contribution could be 

obtained by measuring an IRF at the energy of each point in the AES data 

spectrum which is impractical and unnecessary. In the worst case, we 

have found it necessary to use only as many different loss functions as 

there are major peaks in the data spectrum to approximate the loss 

contribution, assuming that the low energy tail of each peak should be 

brought to the baseline. Because it is not always apparent from the 

original data spectrum which points can be assumed to be true baseline 

points (i.e., "criterion pOints," EB i), the entire deconvolution can be , 
performed using only a single loss function as described for the 

hypothetical case above. When this is done, it generally becomes 

apparent where the baseline criterion points should be located, and the 

loss correction can be later improved by using multiple loss functions 

in the scheme, if desired. 

To apply this method to the titanium LMM lines of Figure 5.6, 

three B(E) functions were measured using primary beam energies of 470, 

440, and 400 eVe The resultant B'(E) loss functions are shown in Figure 

5.7. It was first determined, as discussed above, that the data points 

in the Ti Auger spectrum at kinetic energies of 440, 400, and 335 could 

reasonably reach the baseline after removal of the loss contribution. 

The loss function obtained at Eo = 470 eV was used to approximate the 

loss function contributed by each data point from 470 to 440 eVe This 

loss function was scaled by a factor F such that the spectral intensity 

at 440 eV (the first criterion point, EB 1) was brought to the baseline , 
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when the total loss contribution from all points above 440 eV had been 

subtracted from the entire data array. Next, the loss function for by 

each of the data points between 440 and 400 eV was computed and 

subtracted from the entire array below 440 eV, using the B'(E) loss 

function obtained at Eo = 440, scaled so that the second criterion point 

(EB,2 = 400 eV) was also brought to the baseline. Finally, the loss 

function for each data point below 400 eV was calculated using the loss 

function from Eo = 400 eV, scaled appropriately to bring the third cri

terion pOint (EB,3 = 335 eV) to baseline when the composite loss contri

bution was subtracted. The spectrum which resulted when the sequential 

scheme was completed is shown in Figure 5.8a. Shown for comparison is 

the same spectrum treated by the method of Sickafus, Equation 5.1, Figure 

5.8b 

Figure 5.9 compares the computer generated loss contributions 

calculated by the sequential method and by Equation 1, resulting in the 

spectra shown in Figure 5.8. Two major differences can be noted. The 

inelastic loss contribution calculated by the sequential method shows 

a considerable amount of structure, which in this case is due to the 

first bulk plasmon loss contributed by each peak. A second difference 

is in the kinetic energy regions below each major Auger peak where the 

empirical loss function more accurately describes the observed inten

sity. The corrected spectra of Figure 5.8 show noticeable differences 

in peak shape, especially in the low kinetic energy region of the 

spectrum, where the failure of Equation 5.1 to fit the loss tail is 



Figure 5.8 Background-Corrected Titanium AES Data 

(a) Corrected by the Sequential Method 
(b) Corrected Using a Featureless Background 

Calculated from Equation 5.1 

The labeled transitions are identified as 
the L2 3M1M2 3, L2 3M2 3M2 3' L2 3M2 3V, and , , '" " L2 3VV peaks, corresponding to I-IV, , 
respectively. 
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apparent. Also noted are differences in relative peak areas between any 

two transitions, and between the absolute peak intensities calculated by 

the two methods. The detail of the peak at lowest kinetic energy (Ti, 

L2,3MlM2,3, ca. 350-370 eV) is sensitive to choice of final value for 

EB in either method. There are no other published spectra for titanium 

in which this particular transition has been studied; the peak shapes of 

the L2 3M2 3M4 5 and the L2 3M4 5M4 5 transitions agree qualitatively , , , , , , 
with those obtained by Houston and Knotek (89) using the Van Cittert 

deconvolution method. The areas under the labelled transitions in 

Figure 5.8 can be utilized to compute the transition probabilities for 

each mode of core-hole relaxation. For instance, the peak area ratio 

between the titanium L2,3M2,3M2,3 and L2,3M2,3M4,5 peaks is 2.2:1. If 

the transition probability were based solely on the electron population 

of the subshell containing the Auger electron, the expected ratio would 

be 2.5:1 which is in reasonable agreement with the observed ratio. Data 

treated by Equation (5.1) gives a ratio substantially in excess of 

2.2:1, because of the uncertainty in removing the contribution of the 

L2,3M1M2,3 transition. 

5.3.1 Effect of Sampling Interval 

Data reduction schemes of this type assume that the data files 

can be represented as a series of discrete delta function emission sour

ces, separated on the energy scale by the sampling interval. We 

investigated the effect of the sampling interval on the loss-corrected 

spectra obtained for the same titanium sample. Auger and backscatter 
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spectra were collected at sampling intervals of 0.6, 0.3, and 0.15 eV 

and subjected to the sequential inelastic loss removal scheme. The 

spectra obtained and the loss contributions calculated were identical 

within experimental error for all three sampling intervals. Of course, 

the loss functions used for each data point were necessarily scaled by 

smaller factors (F) as the sampling interval decreased. It appears that 

as long as the sampling interval is at least a factor of ten smaller 

than the average width of the features in the spectra, the sequential 

loss deconvolution method can give a good approximation to the loss 

contribution. 

5.3.2 Baseline Fit Over Extended Energy Intervals 

It was mentioned above that if the assumptions made in calcu

lating the inelastic contribution were accurate, then baseline intensity 

would be attained in all spectral regions where no peaks existed (and 

between peaks). Figure 5.10 shows the result of applying the sequential 

method to the titanium spectrum over a wider energy interval than in 

Figures 5.4 through 5.8. Note that baseline is attained over the wide 

energy range from 225-325 eV, even though only one baseline criterion 

point was used in the algorithm (at 325 eV). (The small excursion at 

ca. 275 eV is the carbon KLL transition). 

5.3.3 Application to Other Specimens 

Figure 5.11 illustrates the application of this scheme to the 

Auger spectrum of an oxidized aluminum sample. In this case, the tran-
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sitions of interest (AI LMM and 0 KLL) are widely separated on the kine-

tic energy scale. The background up to the onset of the oxygen KLL 

lines was characterized, extrapolated, and subtracted, and the 

internally-generated background was determined using a loss function 

B(E) obtained at Eo = 535 eVe In order to correct the Al LMM line, it 

is ~ necessary to apply the correction scheme to the entire region 

between the 0 KLL (appr?ximately 510 eV) and the Al LMM (60 eV) peaks. 

Rather, the featureless background spectrum above the onset of the Al 

peak is characterized and subtracted in a manner analogous to that used 

for the primary cascade above the oxygen peak. This procedure removes 

the inelastic background due to both the excitation source and those 

electrons generated by inelastically scattered 0 KLL Auger 

electrons -- in a single step. Such a procedure is applicable only when 

one transition is separated from another by 50-100 eV or more, thus 

allowing straightforward characterization of the featureless background 

present at large energy loss from the contributing source(s). The 

Al peak was corrected by using a loss function obtained at Ep = 70 eVe 

The peak areas of the oxygen KLL lines and the Al LMM line can be 

related to the absolute atomic densities of those elements in the sur

face region of the sample (see below). 

The spectrum obtained from an indium-tin alloy (see Chapter 4) 

was corrected by application of Equation (5.1), producing the spectrum 

shown in Figure 5.12a. The sequential method was also applied to the 

same data, resulting in the spectrum of 5.l2b. Several differences can 
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be noted between the two spectra. Because the application of Equation 

(5.1) does not remove characteristic energy loss peaks, whereas our 

method does, the spectrum of 5.12b shows Auger peaks that are narrowed 

compared to those of 5.12a. In addition, the low energy peaks centered 

at 340 and 290 eV are present as single peaks in the spectrum of 5.12a 

using Equation (5.1). When the loss functions are more accurately 

removed, the overlapping individual In and Sn contributions to each of 

the peaks are more evident. The peak area ratio (In/Sn) differed only 

slightly for the two data treatment methods. This and other quan

titation results are discussed below. 

5.3.4 Quantitation of Peak Areas 

Table 5.1 compares the results of peak area ratios obtained when 

AES data from a variety of samples were subjected to data reduction by 

the sequential method and also by Equation (5.1). The surface 

stoichiometry can be directly obtained from the peak area ratio if the 

ratios of the ionization and transition probabilities and sampling 

depths are known. In this type of ratio calculation, terms 

corresponding to the excitation flux, the fraction of electrons 

detected, and the gain of the system are constant (or accounted for in 

the data reduction scheme), and thus cancel out in the expression 

relating measured current to surface concentration. It can be further 

assumed in many cases that the fluorescence yield is negligible. For a 

sample containing two elements, the ratio of the measured peak areas 
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Table 5.1 Quantification of Peak Area Ratios 

Sample 

In/Sn Alloy 

(known composition:27% Sn) 

Fe203 

A1203 

Ti02 

Fe/o 

Al/o 

Ti/o 

Eq. (5.1) 

25% Sn 

1.6 

1.6 

2.4 

Peak Area Ratio 
SIBS Theoretical (Eq. 5.7) 

23% Sn 27% Sn 

1.9 1.9 

1.8 5.9 

1.7 1.8 



11/12 can be related to the elemental ratio N1/N2 by the following 

expression 5.12. 

II = N1 0l(Ep){l + RB,1}A1 

12 N2 02(Ep){1 + RB,2}A2 

(5.6) 
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where 0i (Ep) is the ionization cross section at Ep ' the primary beam 

energy and RB i is the contribution of backscattered electrons to ioni, 
zation of the core level initiating the Auger event; and Ai is the 

escape depth of the emitted electrons. Using ionization cross-sections 

at Ep = 5 kV calculated by the formula of Gryzinski (90), and escape 

depth ratios calculated after Penn (32), the surface stoichiometry was 

calculated from the loss-corrected peak area ratios. It was assumed for 

a first approximation that backscattering coefficients were equal for 

both elements in each sample. 

In the case of the In/Sn alloy sample, the peak area of Sn was 

separated from that of the overlapping In transitions by subtracting a 

reference Sn spectrum from that of the alloy. The In/Sn atomic ratio 

calculated by Equation (5.6) is quite close to that obtained previously 

(Chapter 4), where elemental sensitivity factors and data corrected by 

Equation (5.1) were used. From Table 5.1, it can be seen that the 

actual measured peak area ratios were nearly the same for data obtained 

by both data reduction schemes. This suggests that the background 

calculated by Equation (5.1) is sufficient in describing the observed, 

cascade-like inelastic tail. Furthermore, when the sample and standards 

data were treated in an identical fashion, reliable quantitative results 

were obtained. 
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In contrast, the peak area ratios obtained for the other samples 

varied more dramatically between the two data correction methods. For 

the Ti02 and Fe203 samples, the peak area ratios determined by the 

sequential loss method yielded a calculated surface composition quite 

close to that expected for the bulk values, as predicted from Equation 

(5.6). (It should be noted that the total ionization cross sections uti

lized in Equation (5.6) for Ti L2,3 and Fe L2,3 levels were computed as 

the sum of L2,3 and L1 ionization cross sections; L1 holes quickly con

vert to L2,3 holes via Coster-Kronig transitions (91), increasing the 

effective yield of L2,3 holes which in turn give rise to additional 

Auger electrons.) While the use of Equation (5.1) gave a similar value 

to the loss deconvolved data for the Fe/O ratio in Fe203, the Ti/o ratio 

in Ti02 was quite different (see Table 5.1). This can be attributed to 

the failure of Equation (5.1) to accurately describe the inelastic 

contribution in the Ti Auger spectrum, whereas the low-energy tail 

(below the lowest-energy Auger peak) in the spectrum of Fe203 was almost 

level - Equation 5.1 apparently describes the background adequately. 

The results for the Al/O ratio obtained from the oxidized Al 

sample were compared to those expected for Al203 in Table 5.1. An addi

tional intensity correction was necessary in order to account for the 

decreased gain of the electron multiplier detector for the Al L~ Auger 

electrons (at 60 eV) relative to the gain factor for the ° KLL Auger 

electrons at 510 eVe A relative correction factor was estimated from 

the gain curve of a typical electron multiplier (35); the measured Al/O 
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peak area ratio was multiplied by 2/1.2 = 1.67 (gain for 510 eV 

electrons/gain for 60 eV electrons). This is only an approximate 

correction, and the deviation between the measured A1/0 ratio and that 

expected for Al203 can partially be attributed to this approximation. 

Such a correction was not necessary for any of the other samples, 

because the gain is essentially constant for all electrons of kinetic 

energy greater than 200 eVe 

Quantitative AES is often pursued by comparing spectral inten

sities obtained from the sample to that obtained from a standard; data 

treated by the sequential inelastic loss subtraction method is, of 

course, also applicable in this type of approach. The sequential method 

of data treatment will also be useful where standards are not available, 

such as in the computation of atomic ratios of oxygen and titanium for 

low surface coverages of oxygen on the atomically clean metal surface 

(Chapters 6 through 9). 

5.4 AES Lineshape Analysis 

When the sequential algorithm presented here is applied to AES 

data, molecular surface information from chemical shifts and line shape 

differences becomes more interpretable. Figure 5.13 illustrates this point 

through comparison of the AES spectra of a clean titanium surface and a 

lightly argon-ion sputtered Ti02 surface. Both spectra were recorded at 

similar beam currents with all other instrumental parameters constant. 

Chemical shifts of 4-5 eV are noted in the LMM and LMV peaks between the 

two samples, the LVV peak increases radically in intensity between Ti02 
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and Ti. New transitions which appear in one molecular form of Ti and 

not the other, become readily apparent with the corrected data. Similar 

information could have been obtained from AES data from which the entire 

inelastic and elastic IRF had been deconvoluted using, for instance, 

the Van Cittert algorithm (87). The sequential method however, is com

putationally easier and gives essentially the same line-shape infor

mation. Results in the following Chapters (6 through 9) utilize the 

sequential method presented here to process and quantify the AES data 

obtained from oxidized and hydrided titanium surfaces. 



CHAPTER 6 

INITIAL OXIDATION OF TITANIUM SURFACES 

The reaction of titanium with oxygen to form thin passivating 

layers of oxides has been studied by numerous authors (92-97). The 

aim of the studies described in Chapter 6 and 7 was to determine the 

stoichiometry and thickness of the oxide formed on clean titanium at 

various stages of reaction, starting with the atomically clean metal in 

an ultra-high vacuum (UHV) environment and observing oxide growth from 

essentially zero thickness. The procedures for quantifying Auger data 

developed in the preceding chapters were applied to characterize the 

oxide composition. The formation of an oxide compound containing tita

nium in oxidation states less than in the maximal valency compound Ti02 

was observed during the early stages of reaction. This supports the 

model for the oxidized surface presented in Chapter 1, where a sub-oxide 

was hypothesized to exist at the metal-oxide interface. At longer expo

sure times and higher oxygen pressures, the surface consists primarily 

of Ti02, indicating that the surface oxide is more accurately described 

as a layer of Ti02, either on top of lower oxides, or throughout its 

depth. 

Auger spectroscopy yields quantitative information concerning 

only the topmost surface region of the specimen (ca. the outer 20A). 

134 
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Because the oxide layer on titanium can extend to 40-50 A at room tem

perature and atmosphere pressure, other techniques are required to moni

tor the total oxygen uptake. The quartz crystal microbalance (QCM) was 

utilized in these studies to measure the absolute amount of oxygen 

adsorbed during all stages of reaction. The oxidation could be halted 

at any point by returning the sample chamber to UHV, and the surface 

examined by AES. Shown in Figure 6.1 is a typical QCM mass uptake curve 

observed when a freshly evaporated, atomically clean titanium film 

(1000 A thick) was exposed to oxygen at a pressure of 2 x 10-7 torr. 

The rate of oxygen uptake is linear during the adsorption of the first 

10 equivalent mono1ayers of oxygen. (One equivalent monolayer is 

defined here as the number of Ti atoms in a single atomic layer of 

close-packed titanium, or 1.3 x 1015 atoms). The rate of oxygen adsorp

tion then decreases to a lower value which continues to decrease with 

time, such that oxide growth is logarithmic with time. The description 

of the 02-oxidation of titanium film surfaces within this manuscript is 

divided into two Chapters - 6 and 7 - in which the oxide formed in these 

two kinetic regimes are separately discussed. 

In Chapter 6, the oxide formed during the linear adsorption 

region (hereafter called initial oxidation) was characterized by AES, 

electron-energy loss spectroscopy (ELS), and microgravimetry using the 

QCM. The application of these methods to determining oxide 

stoichiometry, oxidation states of titanium, and the thickness of oxide 

layers is discussed. 
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In Chapter 7, the same techniques were applied to characterize 

the surface oxide during the logarithmic growth region. The oxide 

growth rate and limiting oxide thickness was found to vary markedly with 

the oxygen pressure. A mechanism for oxide growth, which explains the 

linear and logarithmic regions of oxide growth, is presented in 

Chapter 1. 

6.1 The Auger Spectra of Titanium and Titanium Oxides 

Figure 6.2 shows the Auger spectrum obtained from clean titanium 

in the conventional derivative display and also in the E·N(E) form. The 

transitions at kinetic energies between 320 and 465 eV arise from Auger 

decay processes in which the initial hole was in the titanium 2p (L2,3) 

level. These peaks are identified (92,93) as the L2,3MlM1, L2,3MlM2,3, 

L2,3M2,3M2,3, L2,3M2,3V, and L2,3VV Auger transitions, where V denotes 

an electron from the 4s-3d valence band. There are no observed tran

sitions which arise from ionization of the Ii 2s (L1) level; Coster

Kronig transitions of the type LlL2,3V quickly convert L1 holes into 

L2,3 vacancies, which subsequently decay by Auger emission (91,98), 

increasing the yield of L2,3XX Auger processes. 

The 1ineshapes of transitions which involve valence electrons 

are highly sensitive to the local bonding configuration of the atom and 

have been used to "fingerprint" chemical states of titanium oxides 

(99-101). For titanium, the L2,3M2,3V (LMV) peak shape represents the 

valence band distribution reflected onto (or convolved with) the widths 

of the core levels involved in the Auger process. Since the core level 
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widths are generally a few eV in width, the width and shape of the LMV 

peak is nearly a direct reflection of the valence band. Likewise, the 

L2,3VV peak shape represents the self-fold convolution of the valence 

band density-of-states, although interaction between the two final state 

holes within the same band becomes important (102,103). In this work, 

the changes in the LMV peak shape upon oxidation (or hydriding, Ch. 8) 

of the titanium surface proved to be most useful for identifying valence 

band changes, as well as being simpler to interpret. 

The transition at lower kinetic energy at 26eV is the Ti M2,3VV 

transition, and since it involves valence electrons, its peak shape is 

also highly sensitive to chemical environment. The companion peak at 

45eV arises from an initial excit~tion step in which a Ti 3p electron is 

promoted to a resonant state 14eV above the 3p ionization threshold 

(104): 3p63d24s2+3p53d34s2 followed by a direct recombination process 

3p53d34s2+3p63d14s2, where the ejected 3d electron has a higher kinetic 

energy than in normal Auger decay. 

In order to characterize oxides that might be present on an oxi

dized titanium surface, several standard titanium oxides in the form of 

powders (TiO, Ti203) were examined using AES, but were indistinguishable 

from single crystal Ti02 in terms of lineshape or apparent surface 

stoichiometry (OfTi ratio). This results from the condition that the 

lower oxides will react further with 02 to form Ti02 surface layers. 

The surface layer can be removed by inert ion-sputtering, but this 

results in surface reduction (preferential removal of ° atoms) (52-54) 
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and precludes an accurate assessment of the oxide composition gradient. 

Thus the only reliable standard used in these studies was Ti02' 

6.2 Auger Spectra of Oxidized Titanium Surfaces 

The oxide layer formed on a clean titanium foil during the ini

tial stages of oxidation was examined using AES to determine the oxygen

to-titanium ratio (OfTi) as a function of oxygen exposure. When an oxy

gen pressure of 2 x 10-7 torr was used to react the titanium surface, 

initial oxidation occurred within the first 25 minutes of exposure. The 

reaction was halted at several intermediate times and the AES data 

recorded (each time on a new spot on the sample, to minimize electron

beam damage artifacts). 

The Auger spectra of the clean and oxidized titanium surfaces 

shown in Figure 6.3 have been background-corrected using our previously 

developed sequential method outlined as follows: 

The background contributed by the cascade of secondaries from 

the excitation source was characterized by a simple exponential function 

over the kinetic energy range 535 to 600 eV and then extrapolated to 

lower energies and subtracted from the total spectrum. This left the 

highest energy Auger peak (oxygen KLL) bounded by baseline at the high 

kinetic energy side and superimposed towards lower energies on a local 

background due to inelastically scattered Auger electrons. Each of the 

equally spaced points in the data spectrum was then regarded as a delta 

function emission source convolved with an inelastic scattering func

tion, as described in Chapter 5. 
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When the spectral features are closely spaced or extend over a 

wide kinetic energy range, such as the Ti(LMM) and O(KLL) transitions, 

more than one backscatter spectrum was measured to account for the 

energy dependence of the inelastic scattering function. The spectra 

shown in Figure 6.3 were obtained from data corrected for the background 

from the primary source, and then the loss contribution was removed by 

using three scattering functions obtained using electron beam energies 

(Eo) of 530, 470, and 400 eV. Each data point from 530 eV down to 470 

eV was associated with an inelastic scattering function obtained from 

the backscatter spectrum Eo = 530 eV, and scaled such that when the loss 

contribution from all points in this energy range was subtracted, the 

corrected intensity at 470 eV was brought to the baseline. Likewise, 

the scattering functions obtained at Eo = 470 eV and Eo = 400 eV were 

associated with points in the data spectrum from 470 eV to 400 eV, and 

from 400 eV to 320 eV respectively, and scaled such that baseline was 

attained at 400 eV and 320 eV. 

6.3 Quantitation of O/Ti Ratio 

The O(KLL)/Ti(LMM) peak area ratios at various stages of surface 

oxidation were determined using the loss-corrected spectra of Figure 6.3. 

The Ti(LMM) peak intensity was taken as the area from 320 eV to 470 eV, 

and that for O(KLL) from 470 eV to 525 eV. From the measured peak area 

ratio IO/ITi' the surface stoichiometric ratio NO/NTi can be calculated, 

if it is assumed that the surface composition is homogeneous to at least 

the sampling depth (9,10,16-20): 



!n ~ OO.K(5keV) (l+RB.O) ~ _ ~ ~ 
ITi= NTi' 0Ti,L(5keV)' (l+RB,Ti)' ATi- NTi' STi 

(6.1) 

where 0i(Ep) is the ionization cross section for element i when the 

excitation source has kinetic energy Ep (5keV); (1 + RB,i) is the 
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contribution of backscattered electrons to ionization of the core level 

initiating the Auger emission; and Ai is the escape depth. These 

terms can be combined into a single sensitivity factor Si for the ele-

ment of interest. For the Ti/O system, the ratio SO/STi = 0.295 was 

determined by measuring the peak area ratio Io/ITi from a Ti02 single 

crystal standard, assuming the surface composition NO/NTi = 0.50. An 

identical value for SO/STi was also obtained from calculations which 

used the method of GryzinRki (90) for ° and the method of Penn for the 

values of A (32), which were inserted into Equation 6.1 (and assuming 

(l+RB O)/(l+RB Ti) = 1.0). Example calculations are shown in , , 
Appendix C. Gryzinski's method for calculation of electron impact ioni

zation cross section gave a value of oO,K = 7.4 x 10-20 cm-2 and °Ti,L = 

3.4 x 10-19cm-2, which was a composite cross section for excitation of 

L1 and L2,3 levels in Ti. It was assumed that L1 excitations quickly 

yield L2,3 holes which result in Auger emission (91,98). The method of 

Penn for calculation of escape depth, A, presumes some prior estimation 

of the surface concentration, since scattering functions from core level 

and valence level electrons is presumed, and a count of the valence 

electrons is necessary for the calculation. The values of AO and ATi 

were determined by presuming that the surface oxide would be Ti203 and 

values of AO = 8.2 A and ATi = 7.0 A were obtained, or AO/ATi = 1.17. 
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Even if a stoichiometry of Ti02 were assumed, the calculations yielded 

the same ratio: AO/ATi 8.8/7.5 = 1.17. The material-independent for

mula (29) for AO/ATi gave an escape depth ratio equal to 1.18, further 

indicating that the ratio AO/ATi does not depend on the particular 

oxide. Backscattering coefficient calculations, based on the theory and 

equations of Ichimura, et a1. (28), resulted in (1 + RB,Ti) = 1.44 and 

(1 + RB,O) = 1.43, thus justifying the disregard of the backscattering 

ratio in Equation 6.1 (above). Since the ratio NO/NTi was computed, it 

can be assumed that many potential inadequacies of these treatments will 

cancel. The agreement with the NO/NTi values computed using the Ti02 

standard is gratifying and indicates the general possibility for quan

titative analysis of such surfaces when the background is correctly 

removed from the AES spectrum. 

The NO/NTi ratios were calculated for each of the spectra shown 

in Figure 6.3, and these results are plotted versus oxygen exposure in 

Figure 6.4. (Note: 1L = 1 x 10-6 torr·sec). The calculated surface 

stoichiometry shows an apparent increase in oxygen content with oxygen 

exposures up to SOL, above which additional exposure (below 300L) causes 

no further change in stoichiometry. The NO/NTi value at this stage of 

contamination (computed or compared with the Ti02 standard) is equal to 

that expected for Ti203, and the simplest explanation is that a layer of 

Ti203 has been formed on the surface, whose depth is at least as large 

as the sampling depth of the detected Auger electrons. Other surface 

conditions could, of course, give rise to the same experimentally 
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measured 1011Ti value -- namely, inhomogeneous formation of oxide mix-

tures (e.g., TiO and Ti02), or 8 thin continuous overlayer of Ti02 of 

thickness less than ATi on the metal surface. The latter of these 

possibilities was partially discounted on the basis of the energy loss 

spectra and microgravimetric results presented below. 

At much larger exposures (105-108L) the surface stoichiometry 

approaches that expected for Ti02. This depended on the oxygen pressure 

and the total exposure time, and will be discussed in more detail in 

Chapter 7. 

6.4 LMV Lineshape Analysis 

The data of Solomon and Baun (99) on titanium oxide standards 

suggested that it may be possible to characterize the surface oxide 

formed on the metal surface (e.g. TiO, Ti203, or Ti02) on the basis of 

the Ti LMV(L2,3M2,3M4,5) line shape. The actual surface compositions of 

their standards, however, were questionable because they were ion-

sputtered before analysis -- a condition known to result in surface 

reduction (52-54). In addition, the lower oxides form a layer of Ti02 

on the surface when exposed to oxygen (52,55). Nevertheless, a com-

parison of their data (or our own ion-sputtered Ti02 AES data) with Ti 

L2,3M2,3M4,5 line shapes obtained from oxidized titanium metal suggest 

that Ti02 is ~ the only surface oxide formed. 

spectra of clean titanium, Ti02, and oxidized titanium, after correction 

for the inelastic loss contribution, are shown in Figure 6.5. The com-

ponent present in the oxide spectra on the low kinetic energy side of 
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the band can be explained in terms of a transition involving molecular 

orbitals of oxygen 2p character (99) or in terms of a cross transition 

[(TiL2,3)(TiM2,3)(OL2,3)] in a simple ionic model (93). This component 

was observed to grow in relation to the high energy component (Ti3d) as 

the O(KLL)/Tl(LMM) peak area ratio increased during the initial oxida

tion of the surface (OL to 50L of 02 delivered). The growth of this 

cross transition may be indicative of an even lower oxide phase present 

on the surface prior to attaining the final stoichiometry at the satura

tion exposure. The LMV band shape did not change with exposure after 

the O(KLL)/Ti(LMM) peak area ratio had reached the saturation value. 

Some caution must be maintained when using the LMV lineshape to charac

terize the very thin oxides - the observed line probably contains 

contributions from several oxidation states and the underlying metal. 

6.5 Electron Energy Loss Spectroscopy (ELS) 

Stoichiometric and ion beam-bombarded Ti02 crystal surfaces have 

been characterized using electron energy loss spectroscopy by Henrich 

and coworkers (53-55) and Chung, Lo and Samorjai (105). A new feature 

at energy loss of 1.5-2eV below the primary beam energy was observed to 

appear in the ELS spectrum of Ti02 when the surface was partially 

reduced by the preferential sputtering of surface oxygen atoms. This 

energy loss peak, which is also observed in the ELS spectra of Ti203 and 

TiO, has been attributed to a d+d transition between the crystal field

split d levels in Ti+3 or Ti+2 sites on the surface (54). This is 

illustrated schematically in Figure 6.6. Such a d+d transition is not 



ELS of Titani um Oxides: 

Crystal Field Effect 

-----3d 

Isolated 
Atom 

* -- eg 1 
b:ao 

_L_ t2g 

Ion in 
Crystal 

b:ao z 2eV ~ 
(16000cm- ) 

Ti+4 dO 
Ti +3 d1 

Figure 6.6 Crystal Field Splitting in Titanium Oxides 
..... 
.j:-

\0 



150 

observed in the loss spectrum obtained from a stoichiometric Ti02 sur-

face, as Ti+4 has a dO electron configuration. 

We have also observed the appearance of the 2 eV loss peak in 

the ELS spectrum of Ti02 following argon ion bombardment, as shown in 

Figure 6.7. The ELS data were left in the E·N(E) mode as they are 

transmitted by the CMA. The calculated NO/NTi ratio decreased from 2.0 

to 1.5 as a result of ion sputtering, confirming the induced surface 

reduction. Note that this reduced NO/NTi ratio is nearly identical to 

that expected for a Ti203 surface composition. This result may be 

interpreted to indicate that a surface layer of Ti203 has been formed by 

ion beam reduction of the surface, and the depth of this layer is at 

least equal to the escape depth of the Ti or ° Auger electrons, e.g., ~ 

lOA. An alternative explanation would be that only the topmost surface 

layer has been altered to some more reduced stoichiometry (NO/NTi). 

The ELS spectra of a clean titanium surface after exposure to 

increasing amounts of oxygen were measured to determine whether the sur

face oxide formed was stoichiometric Ti02 or consisted of lower valence 

oxides. These spectra are shown in Figure 6.8. At oxygen exposures 

from 0 to 300 L, the 2eV transition is seen in the loss spectra of the 

titanium surface, indicative of the presence of some lower valence form 

of surface oxide (e.g. TiO, Ti203) during the initial oxidation process. 

This transition grows in intensity to a saturation value at approxima

tely 50 L exposure, and is present even at exposures in excess of 105 L. 

At much higher exposures (108-109 L), the peak at 2 eV gradually disap-



N(E) 
Ti02 

ELECTRON ENERGY
LOSS SPECTRA ./ 

Ar+ 
sputtered 

OITi 

0.59+0.45 

I I I I I I 
20 10 0 20 10 0 

ENERGY LOSS J eV 

Figure 6.7 ELS of TiOZ 

.... 
VI .... 



ELS 
Ti +02 

I I I I 
20 10 0 

ENERGY LOSS ,eV 

Figure 6.8 ELS of Oxidized Ti Surface 

152 



153 

pears from the loss spectrum as the surface stoichiometry approaches 

Ti02. The other loss peaks observed at ca. 7, 10, and 13 eV are 

believed to arise from cross transitions between oxygen anion levels and 

the titanium 3d band (53-55), and are also sensitive to the surface com-

position. 

6.6 Microgravimetry 

6.6.1 Sensitivity 

The quartz crystal microbalance (QCM) was utilized to determine 

the thickness of evaporated titanium films and their subsequent mass 

gain when exposed to oxygen. Kasemo (44) has previously applied the QCM 

technique to study oxygen adsorption on titanium films, but did not 

monitor the surface composition by any other technique, and hence was 

only able to infer the average stoichiometric ratio in the film. By 

combining the QCM with quantitative AES and the ELS measurements pre-

sented above, we were able to more accurately describe the composition 

and thickness of the oxide layer formed on titanium films exposed to 

oxygen. 

The mass deposited on the quartz crystal , ~m, was calculated 

from the theoretical dependence of frequency shift, ~f, on crystal 

thickness (41) (Equation 2.3): 

where f is the natural resonance frequency of the crystal (1 x 107 Hz), 
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p is the density of quartz (2.65 g/cm3), N is the frequency constant for 

AT-cut crystals (1.67 x 105 Hz·cm), and A is the area of the exposed 

crystal face (in cm2). This gives a resultant sensitivity of: (See 

Equation 2.4): 

Although the sensitivity of the QCM depends on the radial position of 

the deposited mass (106), the above expression assumes that the eva-

porated film is distributed homogeneously over the exposed crystal face, 

and the given sensitivity is the' integral of the radial sensitivity over 

the entire crystal area. The approximate thickness, d, of a titanium 

film evaporated onto the QCM can be calculated if it is assumed that the 

film is laterally uniform and has the same packing density as bulk 

Ti(4.51 g/cm3), which yields: 

d(A) = ~(Hz) x 0.1 A/Hz (6.2) 

6.6.2 Initial Oxidation 

Figure 6.9 illustrates the QCM responses obtained when a clean 

titanium film (1600 A thick) was exposed to oxygen gas at a pressure of 

1 x 10-5 torr. The rate of oxygen adsorption changed from a linear rate 

after the adsorption of the first 10 to 15 equivalent monolayers of oxy-

gen, to a logarithmic rate, as described above (and described in further 

detail in Chapter 7). The reaction up to the point where this obvious 

change in adsorption rate occurs corresponds to the surface condition 
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previously defined as initial oxidation. The end of the initial oxida-

tion stage was more pronounced when the surface was oxidized at 1 x 10-5 

torr, rather than at a lower pressure (i.e. as in Figure 6.1) and there-

fore this higher pressure was used to more accurately reproduce the ini-

tial oxidation between various films. Figure 6.10 shows the QCM 

response during oxidation of a series of titanium films ranging in 

thickness from 40 to 1600A, at an oxygen pressure of 1 x 10-5 torr. The 

total amount of oxygen adsorbed at the termination of the initial oxida-

tion stage is independent of the film thickness. Quantitation of the 

AES O/Ti ratios for each of these surfaces indicated that the average 

surface composition was near Ti203, and the ELS showed the transition 

characteristic of Ti+3• 

6.6.3 Very Thin Films - Complete Oxidation 

For very thin titanium films, the total amount of oxygen 

adsorbed was limited by the amount of titanium present, as shown in 

Figure 6.11. This is due to complete oxidation of these very thin 

films. In Figure 6.12, the total amount of oxygen adsorbed versus film 

thickness is plotted, showing that the relationship is linear for the 

thinnest films. The average film stoichiometry NO/NTi was calculated 

from the ratio of the frequency shifts (at saturation) and the atomic 

weights of ° and Ti: 

= 6fO/16 
6fTi/47 

These calculations show that these very thin films are oxidized to an 
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overall stoichiometry of Ti203, and coupled with the surface composition 

determined by AES, it can be concluded that each film has been converted 

to Ti203 throughout its depth. 

The very thinnest films undoubtedly consist of a discontinuous 

group of metal islands, each with an overall edge dimension larger than 

the average film thickness given in Figure 6.11. The thickness at which 

these islands coalesce to form a continuous film must be somewhere below 

about 50 A; otherwise, the total amount of oxygen adsorbed would have 

been dependent on initial film thickness for films above an average 

thickness of 50 A. Since the total oxygen uptake was directly propor

tional to the total mass of Ti for these very thin films, it was 

concluded that nearly complete oxidation of these islands was occurring. 

The oxidation mechanism of the very thin, discontinuous films 

must be different than that for the thicker, continuous Ti films 

(> 50 A). As mentioned previously, the continuous Ti films continued to 

adsorb oxygen past the initial oxidation stage, eventually forming a 

Ti02 surface layer (see Chapter 7). On the other hand, the very thin 

discontinuous films did not oxidize any further than an average 

stoichiometry of Ti203. It is probable that, although the initial oxide 

formed on the continuous films is similar in nature to that formed by 

the discontinuous Ti islands, additional oxygen adsorption is possible 

only in the case of the continuous Ti films. Further discussion of this 

effect is given in Chapter 7, where the mechanism of oxide growth is 

fully considered. 
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6.6.4 Oxidation Depth and Surface Roughness 

The total oxygen uptake on this initial oxidation region by the 

thicker continuous films was independent of the initial Ti film 

thickness, thus showing that oxidation stops before the metal is comple

tely consumed. It might be concluded, based solely on the AES and QCM 

results presented thus far, that a layer of Ti203 forms on the surface, 

whose maximum thickness can be calculated as 40 A, if it is assumed that 

this layer has the same density as bulk Ti203, and that dissolution at 

the metal-oxide interface is negligible. This thickness must be 

corrected, however, for the surface roughness factor to give the true 

oxidation depth. The surface roughness factor, R, is the ratio of the 

true film surface area to the geometric area, and will always be in 

excess of unity. The true oxidation depth, 0, of the films described 

above, will therefore be 0 = 40 AIR. Values of R typically range from 2 

to 8 for evaporated films depending upon the metal and the film prepara

tion procedure (107-108). The surface roughness was estimated by 

measuring the total oxygen uptake for films exposed to atmospheric 

pressure 02, which form a passive oxide (predominantly Ti02) whose 

thickness (40 A-50 A) has been previously determined by XPS measure

ments (96). The value of the surface roughness factor R was determined 

by: 

R = apparent oxide thickness (QCM data)/actual thickness (40 A) 

The total amount of adsorbed oxygen in the case where these same Ti 

films were exposed to atmospheric 02 (see Chapter 7), determined from 
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the QCM frequency shift of 500 Hz, corresponded to an apparent Ti02 

thickness of 125 A. The value of R = 125 A/40 A = 3.1 was determined 

and is used in subsequent calculation of actual oxide thicknesses for 

all ranges of 02 exposure. All oxide thicknesses determined by the QCM 

for continuous films must be corrected by this roughness factor. 

6.7 Additional Considerations of the Stoichiometry of the Initial Oxide 
Layer on Continuous Ti Films 

In the above results, the oxidation reaction was halted at (or 

before) the termination of the initial oxidation stage. This 

corresponds to the point where (1) the AES O/Ti ratio was no longer 

increasing rapidly with oxygen exposure, and (2) the rate of oxygen 

adsorption changed abruptly from an approximately constant value to a 

lower value which continued to decrease with time. This boundary 

results when the surface has adsorbed ca. 550 ng/cm2 oxygen (at 1x10-5 

torr), forming the thin oxide layer (corrected 0 ' 13 A) whose 

stoichiometry was determined to be close to Ti203. Since this thickness 

of the oxide is thinner than the AES sampling depth, the NO/NTi ratios 

calculated above must be reconsidered because the underlying metal 

contributes to the overall Ti Auger signal. This means that part of the 

oxide must be of higher stoichiometry than Ti203, (e.g. Ti02), in order 

to account for the observed AES IO/ITi ratio. This is consistent with 

the work of Madey and coworkers (104,109-111), who observed that the 

oxide formed on the single crystal Ti (0001) surface is at least par-

tia11y Ti02 from the very beginning of oxidation. The presence of the 
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Ti+3 transition in the ELS spectrum of the surface oxide, however, indi

cates that a significant fraction of lower Ti oxidation states are pre

sent as well. The intensity of this ELS transition can be used to 

approximate the relative amounts of maximum-valent (Ti02) and lower 

valent oxides (e.g. Ti203). Note that the relative intensity of the 

2 eV transition for the sputter-damaged Ti02 in Figure 6.7 (with respect 

to the other transitions at 7-15 eV) is about three times as intense as 

the same transition in the oxidized Ti surfaces (Figure 6.8). If we 

assume that the sputter-damaged Ti02 is essentially Ti203 at the surface 

(53,54), then the oxidized Ti surface must be considered to be about 2/3 

Ti02 at the top surface layer. Because of the extreme surface sen

sitivity of the ELS technique, a structure consisting of a thin, con

tinuous Ti02 layer on top of lower oxides was discounted. 

The formation of an oxide mixture on the surface of the titanium 

film during intial oxidation could arise from structural variability 

across the polycrystalline surface. Different crystal faces exposed at 

the surface undoubtedly have different degrees of reactivity towards the 

oxidation reaction, which results in faster oxide growth (or a more 

stoichiometric Ti02) in certain areas of the film surface. Studies on 

certain single crystal surfaces (109-111) have shown that Ti02 is the 

predominant oxide formed even during early oxidation, although the reac

tivities of various crystal faces have not been compared. An alter

native explanation is that the oxide product layer consists of a single, 

non-stoichiometric compound containing a substantial number of Ti+3 
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interstitial defects. These defects give rise to the ELS d+d peak, and 

are present in sufficient quantity to produce a measurable oxygen defi

ciency compared to Ti02. If we assume that approximately 1/3 of the 

titanium cations are Ti+3 and the remainder Ti+4 , then an overall 

stoichiometry of Ti407 results, i.e. a mixed valent compound (previously 

characterized (1». The fact that the very thin, discontinuous films 

were oxidized to Ti203, however, may indicate that a Ti203/Ti02 

description of the initial oxide on these thicker, continuous films is 

more appropriate. 

As mentioned above, the actual surface area of an evaporated 

titanium film prepared in this study was 3 times greater than the 

geometric area (R=3). Post-mortem examination of a thicker film on a 

QCM surface by scanning electron microscopy revealed an average lateral 

Ti grain dimension of about 1 ~; each grain was approximately circular. 

The average vertical displacement between surfaces features, as deter

mined by a profilometer technique (112), was 0.9~. From this infor

mation, along with the surface compositional data from above; a 

schematic representation of the titanium film surface following initial 

oxidation can be deduced, as shown in Figure 6.13a. For simplicity, the 

surface profile is represented by cylindrical islands on a flat 

background. Incidentally, such an arrangement gives a surface area to 

geometric area ratio of 3, so that it may be a fair representation of an 

actual film surface. There is undoubtedly some further roughness on the 

atomic scale which was not further characterized in these studies. 
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The total amount of oxygen adsorbed during the initial oxidation 

stage of continuous films corresponds to the adsorption of 3-5 mono

layers (when the QCM data is corrected for the surface roughness). The 

actual oxide thickness (~ 10 - 15 A) in Figure 6.13a is therefore quite 

small in comparison to the surface features. The two possible chemical 

compositional descriptions of the surface oxide discussed above (i.e. 

single phase oxide, or mixed Ti203/Ti02) are shown on the expanded por

tion of Figure 6.l3a. As oxidation proceeds beyond this stage (for con

tinuous films, or foils) the reaction rate becomes logarithmic with 

time, and the calculated surface stoichiometry approaches Ti02. In the 

following chapter, results detailing the kinetics of the continued reac

tion over a longer time (2-4 hours) are presented, along with the 

pressure-dependence of oxide growth. 

A schematic representation of the very thin, discontinuous films 

following oxidation is also shown in Figure 6.13b. The very thin films 

were completely oxidized to Ti203, but, unlike the thicker, continuous 

films, did not oxidize any further (e.g. to Ti02) upon continued expo-

- sure. This difference in reactivity arises solely from the difference 

in the dimensions of the reacting metal film. The suboxide initially 

formed on the continuous' film or fol1 surface continues to dissocia

tive1y adsorb and react with 02 until Ti02 is eventually formed. The 

adsorption of oxygen on the existing oxide surface is facilitated by 

electron transfer from the underlying metal to the adsorbed oxygen spe

cies, as described further in Chapter 7. In the case of the very thin 



167 

films, which oxidize throughout their depth to a suboxide during initial 

oxidation, further oxygen adsorption can ~ occur by this mechanism, 

and hence oxidation ceases when these discontinuous metal clusters 

(~ 40 A or less in diameter) have been converted to Ti203" 



CHAPTER 7 

KINETICS AND MECHANISM OF TITANIUM SURFACE OXIDATION 

In this Chapter, the growth of the Ti02 surface oxide layer on 

evaporated continuous Ti thin films to coverages beyond those reported 

for the initial oxidation was monitored. The rate of oxide growth and 

the "limiting" oxide thickness were determined using the quartz crystal 

microbalance (QCM), and the oxide characterized in situ using AES and 
...... flY,...'" 

ELS. The oxide at thicknesses of 20 A or greater consisted primarily of 

Ti02. The thickness of the oxide layer showed a marked dependence on 

the oxygen pressure. The growth rate law and oxide thickness attained 

at room temperature were measured as a function of oxygen pressure over 

the range from 10-8 torr to one atmosphere. The results are consistent 

in many respects with previously proposed models for oxidation of active 

metals (113). 

7.1 Theory: Low Temperature Oxidation 

Figure 7.1 represents schematically the processes occurring as a 

metal (e.g. titanium) is being oxidized in an oxygen atmosphere. One 

mechanism by which oxide layers on metals are believed to propagate is 

by movement of the reacting species in the form of ions across the 

existing product layer to the appropriate interface. Oxygen anions, 

formed on the oxide surface as a result of oxygen chemisorption, can 

migrate through the oxide layer to react with the underlying metal and 

168 
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hence oxide growth could occur at the metal/oxide interface. Alter-

natively, metal cations formed at the metal/oxide interface can traverse 

the oxide layer and react with chemisorbed oxygen to increase the oxide 

thickness at the oxide/gas interface. Depending on the metal system and 

the oxidizing conditions, one of these processes is usually predominant, 

although both anion and cation migration can occur simultaneously. The 

rate-limiting step for oxide growth is the process of ionic transport, 

assuming that surface chemisorption is a much faster process. 

At elevated temperatures, oxide growth is diffusion-limited and 

follows the well known parabolic rate law (113), such that oxide 

thickness is proportional to the square root of time. At low tem

peratures (at or below room temperature), oxide growth is often linear 

with time for very thin oxides (initial oxidation) followed by a region 

where the growth rate decreases with time and a logarithmic rate law is 

obeyed. Fromm has proposed a mechanism (114,115) for initial linear 

oxidation in which the steep gradient of chemical potential of gas atoms 

near the surface can give rise to a non-activated penetration of gas 

atoms through the surface. The metal surface can react with several 

mono1ayers of oxygen with a constant sticking probability near unity, 

after which the adsorption rate drops off exponentially. 

Feh1ner and Mott (113) suggest that the initial oxidation of 

active metals occurs via a place-exchange mechanism in which metal atoms 

in the metal react with oxygen atoms by a series of interchanges of ato

mic position. Although this is normally an activated type of process, 
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the activation energy is reduced by the image force acting on the chemi

sorbed oxygen ion, resulting in the observed near-zero activation energy 

for intial oxidation. The linear region of the oxide thickness versus 

time ceases when the activation barrier for ionic movement exceeds the 

energy gained by the image force. In the case of titanium oxidation at 

room temperature observed in this study, this "linear oxide growth 

region" ended when about 10 equivalent monolayers of oxygen had been 

adsorbed (see below). 

Oxide thickness growth (dx/dt) which is logarithmic in P02 can 

be controlled by an activation energy Wo which increases as the oxide 

thickness x increases (116,117) such that the rate law is of a form: 

dx/dt = C • exp • [-(Wo + ~x)/kT] (7.1) 

where C is a rate constant and ~ is a constant dependent on film struc

ture. This equation is integrated to give a logarithmic growth law: 

x ". A ln (Bt) (7.2) 

An activation energy that increases with oxide thickness might be 

expected, for instance, if oxide growth were occurring via a place 

exchange mechanism (116). Cabrera and Mott (118) proposed that oxide 

growth occurs by cationic migration influenced by the electrostatic 

field set up across the oxide by congregation of negatively charged oxy

gen species on the surface (C-H mechanism). The activation for ionic 

movement is lowered by the force acting on the ion, such that 
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dx/dt = C' exp [-(W-1k qa V/x)/kT] (7.3) 

where C' is a rate constant, W is the activation energy for ionic move

ment, q is the charge on the ion, a is the mean jump distance, and V is 

the surface potential. If V remains constant during oxide growth, the 

decrease in the rate is due to the decreasing field strength (as x 

increases). The activated step was hypothesized to be movement of the 

cation from the metal into the oxide, after which it moves quickly 

through the film. Equation (7.3) integrates to give an inverse 

logarithmic law: 

l/x A' - B' ln (t) (7.4) 

Most metal oxidation reactions (as for those presented here) 

follow the direct logarithmic law (Equation (7.2». Fehlner and Mott 

(113) have since modified the C-M mechanism (118) to explain a direct 

logarithmic rate law. For the present, we will consider the case where 

the oxide tends to grow under conditions of constant field F, where F = 

V/x, rather than constant voltage. This condition results if the oxygen 

anions are the mobile species and can move away from the surface before 

the full voltage V develops. In order to explain logarithmic kinetics, 

an activation term such as that in Equation (7.1) must be assumed. The 

movement of the anions into the oxide controls the growth rate, such 

that 

dx/dt = C" exp [-(W" + lJX - lfl qaF)/kT] (7.5) 
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Equation (7.5) yields a logarithmic relation between oxide thickness and 

time (Equation (7.2». The room temperature oxidation of these titanium 

thin films and the observed pressure dependence of oxide thickness are 

rationalized in terms of such a growth law. 

At low temperatures, oxides are often amorphous and consist of a 

glassy structure. Channels exist in the glassy network through which 

oxygen anions can migrate; cations are tightly found within the network 

and have lo~ mobility. 

Consistent with this hypothesis, we present evidence that the 

thicker oxides formed on evaporated titanium thin films, at room tem

perature, grow by anionic migration (as the rate controlling process), 

and are describable in terms of a constant field growth mechanism. 

7.2 Determination of Oxide Composition 

. Figure 7.2 shows the QCM response obtained when an atomically 

clean titanium film was exposed to oxygen at a pressure of 2 x 10-7 

torr. Linear oxidation as described in Chapter 6 proceeds until about 

10 equivalent monolayers of oxygen has been adsorbed, corresponding to a 

frequency shift of 80 Hz. The oxidation reaction then slows down as the 

logarithmic region of oxide growth begins. 

Experimentally, it was found that the reaction could be halted 

at any time by returning the system to ultra-high vacuum for periods of 

12-24 hours, and then re-started with ~ apparent change in the observed 

rate behavior. Thus, it was possible to stop the reaction and examine 
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the surface using AES and ELS at various intermediate stages of the 

reaction. 

Figure 7.3(a-d) shows representative AES data (following data 

reduction) for titanium surfaces following various degrees of oxidation, 

and the corresponding ELS spectra from these surfaces. Figure 7.3a 

and b shows the AES and ELS spectra observed for a film which had 

adsorbed 670 ng/cm2 02 (19 equivalent mono1ayers) before oxidation was 

halted, and is representative of spectra observed for films during the 

initial stages of oxidation, where the oxide is not purely Ti02' The 

ELS spectra shows the characteristic d + d transition (at a 2 eV loss) 

indicative of Ti+3 surface species. Figure 7.3c illustrates AES spectra 

obtained from a film which had adsorbed 2600 ng/cm2 02 at a pressure of 

ca. 1 torr (330 equivalent monolayers); the oxide at the surface in this 

case is stoichiometric Ti02' The AES Ti/o ratio was identical to that 

measured from a Ti02 standard and the d + d transition is absent from 

the ELS spectrum (Figure 7.3d). These spectroscopic methods were used 

to characterize the oxide layers formed under other intermediate experi

mental conditions. The 0 (KLL)/Ti (LMM) Auger peak area ratios were 

determined for the low coverage oxide of Figure 7.2 at the points indi

cated on the mass uptake curve. At the oxidation times shown, the 

measured O/Ti ratio approached, but never attained that observed for a 

Ti02 standard (0(KLL)/T1(LMM)=0.S9). This results if the oxide layer 

contains some lower valent oxide, or if the Ti02 layer formed on the 

film is thinner than the sampling depth of the AES data. In the latter 
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case, the measured Ti(LMM) intensity contains contributions from both 

the oxide and the underlying metal. It has been shown in Chapter 6 that 

the initial oxide layer consists of lower oxides in addition to Ti02' 

These studies were extended to longer oxidation times (thicker oxide 

layers) to see whether the suboxide continued to propagate or if the 

stoichiometric Ti02 grew at the expense of the suboxides. 

7.3 Film Thickness and Surface Roughness 

The thickness of such an oxide layer can be estimated from the 

O(KLL)/Ti(LMM) Auger peak area ratio as follows. For a first approxima

tion (which must later be modified), we will simplify the representation 

of the oxidized surface by neglecting the possible formation of any 

lower oxides, and assume that it consists of a layer of Ti02 of 

depth d (A) on top of the metal surface. The measured Ti(LMM) inten

sity, ITi, is a sum of the contributions from the metal and the oxide 

(the AES lines for Ti in the two states are overlapping): 

(7.6) 

If we assume that the primary electron flux Ip is not attenuated by the 

thin oxide layer, and that the oxide and metal contributing to the 

measured intensity experience the same proportion of additional ioniza

tions due to backscattered electrons RB, then we can write 

Ip • RB,Ti • NITi • S'Ti • ATi exp(-d/A'Ti) (7.7) 
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where the primed variables indicates the metal and the unprimed 

variables the oxide. S represents the product of the ionization cross 

section, Auger decay probability, and the detection probability. This 

factor is essentially the same for titanium in either metallic or oxide 

state, i.e. STi = SI Ti • N is the number of atoms per cm3 of material. A 

is the inelastic mean free path in A. 

The oxygen (KLL) intensity arises solely from the oxide, such 

that 

(7.8) 

If we further assume that the relative enhancement of Auger intensity 

due to backscattered electrons is nearly the same for the Ti(LMM) and 

O(KLL) lines (RB,Ti = RB,O), then the expression relating the measured 

Ti(LMM)/O(KLL) intensity ratio to the oxide depth d reduces to: 

ITi = STi • NTiATi[l-exp(-d/ATi)] + NITiAITiexp(-d/AITi) (7.9) 
10 So NOAO [l-exp(-d/AO)] 

The values of NO,NTi~ and NITi were derived from the densities of the 

bulk materials,.and the values of AO,ATi, and AITi were calculated by 

the method of Penn (32)~ These parameters are summarized in Table I. 

By measuring the ITi/IO intensity ratio from pure Ti02, the sensitivity 

ratio STi/SO was calculated as 4.0. From this model, the theoretical 

Ti(LMM)/O(KLL) intensity ratio was calculated as a function of oxide 

depth a on a pure metal surface and is plotted in Figure 7.4. The 
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Table 7.1 

Parameters used to Calculate Oxide Depth 

No #0 atoms/cm3 Ti02 6.0 x 1022 

NT! #Ti atoms/cm3 Ti02 3.0 x 1022 

NTi IITi atoms/cm3 Ti 5.8 x 1022 

Ao IMFP O(KLL) in Ti02 8.2 A 

ATi IMFP T!(LMM) in Ti02 7.0 A 

ATi IMFP Ti(LMM) in Ti 8.1 A 
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dashed horizontal line indicates the intensity ratio expected for a Ti02 

standard (d = =). 

The equivalent oxide thickness that would be derived from the 

QCM data (e.g. in Figure 7.2) would be 0.25 A Ti02 for each 1 Hz shift 

noted in the frequency response during oxygen adsorption, based on the 

density of pure Ti02 (rutile). As before, a correction for the surface 

roughness factor (R ' 3.0) is necessary to give the actual oxide depth. 

This correction yields a value of 0.08 A Ti02 per 1 Hz shift in the QCM 

frequency data. At point 2 on the mass uptake curve of Figure 7.2, the 

AES intensity ratio ITi/TO = 2.0, giving an oxide thickness of 23 A 

(from Figure 7.4). The QCM data shows that at this point the film had 

adsorbed enough oxygen (~fo = 300 Hz) to form a Ti02 layer 24 A thick, 

in excellent agreement with the AES results. Thus, for thicker oxides -

those thicker than the initial oxide (,10-15 A) - the surface com

position is described as a Ti02 layer overlying the metal surface. 

While there still exists some degree of substoichiometry, as indicated 

by a reduced Ti+3 d+d peak in the ELS, spectrum, there is no evidence to 

invoke any lower oxide forms. The suboxide formed during the initial 

oxidation has been converted to Ti02 by the time the overall oxide 

thickness is 20 A or greater. Continued oxidation results in the pro

duction of more Ti02 (without the suboxide intermediate). If a suboxide 

still exists at the metal/Ti02 interface, it must be relatively thin 

compared with the overall oxide thickness « 5 A) in order to explain 

the above AES data. 
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The thinner oxide layer formed at point 1 on the mass uptake 

curve of Figure 7.2 was also examined by AES, giving ITillo = 2.3. From 

Figure 7.4, this corresponds to a hypothetical Ti02 oxide depth of 17 A. 

The QCM frequency shift of 152 A and indicates that an equivalent Ti02 

layer of 12 A could be present. The apparent discrepancy between AES 

and QCM data occurs because, as discussed previously, the very thin oxi

des (d < 15 A) cannot be described as pure Ti02 and a lower oxide form 

must be present. Thus, the model used to derive the curve of Figure 7.4 

is not applicable to the very thin oxides (initial oxidation). 

The surface oxide must be considered to be initially 

substoichiometric Ti02-x, which both increases in depth and becomes more 

stoichiometric at the surface as oxidation proceeds. During the very 

early stages of oxidation (for instance, at times less than 1800 seconds 

in Figure 7.2), the oxide is highly substoichiometric and approaches a 

Ti02 composition as coverage increases. The oxide layer can be 

described as essentially pure Ti02 at thicknesses > 20 A. 

Other authors (4,5,95,96) have also observed that thin oxide 

layers on polycrystalline Ti surfaces do not consist solely of Ti02; XPS 

measurements show the presence of lower oxide forms on surfaces with 

thin oxide layers, although Ti02 is the major constituent. These 

results reinforce the AES results presented above. 

7.4 Kinetics of Titanium OXidation at Low 02 Partial Pressure 

The pressure dependence of the surface oxidation rate was 

investigated by two methods. In the first type of experiment, separate 
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clean films were exposed to oxygen at various constant pressures. In 

the second type of experiment, oxidation was begun at some pressure and 

oxide growth allowed to occur for a given time, after which the oxygen 

pressure was increased to a new, higher pressure. 

The QCM responses to oxygen uptake for a series of films exposed 

to oxygen at pressures ranging from 5 x 10-8 torr to 1 x 10-6 torr are 

shown in Figure 7.5. When the clean metal surface is initially exposed 

to oxygen, a linear mass increase with time is noted which corresponds 

to the adsorption of approximately 10 equivalent mono1ayers of oxygen, 

forming the initial chemisorption layer (regardless of oxygen pressure). 

During the initial linear oxidation, the oxide growth rate is directly 

proportional to pressure. Thus, the time at which this linear growth 

region ceases (denoted as to for one of the curves), is inversely pro

portional to the oxygen pressure. 

Following the initial oxidation of the titanium surface, oxygen 

adsorption follows a logarithmic rate versus time relationship. In 

order to compare the growth rate as a function of 02 pressure in this 

region, the QCM frequency shift versus log (t - to) is plotted in 

Figure 7.6. The slope of these plots did not increase from 5 x 10-8 to 

5 x 10-7 torr, although at any given time the total oxide thickness is 

greater for larger oxygen pressures. This same effect was also observed 

by Smith (94) for titanium oxidation at 325°C, and by Kirk and Huber 

(119) for oxidation of aluminum. These results can be rationalized in 

terms of oxide growth under conditions of constant field as described by 



Figure 7.5 QCM Responses for Ti Films Exposed to 02 
At Low 02 Pressure 

(a) 1 x 10-7 torr 
(b) 2 x 10-7 torr 
(c) 5 x 10-7 torr 
(d) 1.5 x 10-6 torr 
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Equation (7.1). If the oxide layers are growing under the influence of 

identical field strengths, the similarity of the logarithmic growth 

rates is justifiable. The thickness of the oxide, at any given time 

after the linear portion of each oxygen uptake curve, was found to be 

proportional to P0
2
1k, in agreement with previous results (94). 

Figure 7.7 is a plot of the total QCM frequency shift at t = to + 2000 

sec versus (P02)lk for each of the curves shown in Figure 7.5, 

illustrating the (P02)lk dependence. 

7.5 Kinetics of Titanium Oxidation at High 02 Partial Pressure 

When oxygen pressure greater than about 10-5 torr were used to 

oxidize a clean titanium surface, the kinetics of oxygen adsorption dif-

fered significantly from the kinetics observed at lower pressures. In 

addition, the oxide film thickness was directly proportional to oxygen 

pressure in the range 10-5 to 10-4 torr, 

dependence noted at lower pressures. Figure 7.8b shows the QCM response 

obtained when a fresh titanium film was exposed to 2 x 10-5 torr 02. 

At points 1 and 2, the pressure was increased to 5 x 10-5 torr and 7 x 

10-5 torr, respectively. Following a rapid increase in oxide thickness 

for each pressure step, the oxygen uptake rate slowed to a value much 

smaller than that observed for films oxidized at lower pressures, even 

when the total oxide thicknesses were equivalent. The QCM mass uptake 

curve for the film of Figure 7.2, which was oxidized at 2 x 10-7 torr, 

is shown again in Figure 7.8a, for comparison. Even though the oxygen 
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Figure 7.8 
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pressure is less in the latter case, the oxide thickness continues to 

increase (at longer times) to depths greater than those formed at the 

higher pressure in Figure 7.8b. The increase in oxide thickness was 

found to be linearly related to the oxygen pressure in the pressure 

range from 10-5 torr to 10-4 torr; at higher pressures, the oxide 

thickness continued to increase but with increasingly smaller steps as 

pressure was increased. Figure 7.9 illustrates the continued oxidation 

of the film originally oxidized with 7 x 10-5 torr (from Figure 7.8), 

with oxygen pressures up to one atmosphere. The oxygen pressures at the 

pOints labeled 1 through 5 in Figure 7.9 were 100 millitorr, 200 

millitorr, 600 millitorr, 2 torr, and atmospheric (760 torr) 

respectively. Note that the 'limiting' oxide thickness at 7 x 10-5 torr 

is already over 50% of the atmospheric thickness. The pressure 

dependence of the oxide growth rate and thickness will be considered in 

greater detail below. 

When the oxide was allowed to grow initially (up to ~ 20 A) at 

an oxygen pressure less than 10-6 torr, and the oxygen pressure was then 

increased to 10-5 torr or greater, the oxygen uptake response in 

Figure 10(a and b) was obtained. In Figure 7.10a, the oxygen pressure 

used initially was 2 x 10-7 torr, which was stepped to 1 x 10-5 torr. 

Figure 7.10b shows the QCM response for a film exposed first to 

1.5 x 10-6 torr 02, then to 2 x 10-5 torr 02- Following a rapid 

increase in oxide thickness, the oxide growth rate did not level off as 

it did when the oxidation was started at the higher pressure. Instead, 



Figure 7.9 Continued Oxidation Curve Up to Atmospheric Pressure 
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(2) 200 Millitorr 
(3) 600 Millitorr 
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the oxidation rate (after the initial 'step') remained similar to the 

rate observed before the pressure increase. This suggests that the 'le

veling off' of the oxidation rate for films initially oxidized above 

10-5 torr is not due to a saturation effect involving the oxygen adsorp

tion processes. If such were the case, increasing the oxygen pressure 

for a film initially oxidized at lower pressure (Figure 7.10) would 

result in a similar 'leveling off' of the oxidation rate. The magnitude 

of the oxide thickness increase accompanying a pressure step was found 

to vary linearly with P02 in the range 10-5 to 10-4 torr for a series of 

films which were initially oxidized at less than 10-6 torr, such as 

those illustrated in Figure 7.10. 

Oxides initially formed at different pressures (i.e. at dif

ferent rates), but of equal thickness, showed nearly the same surface 

stoichiometries as determined by the AES Ti/O intensities. Therefore, 

the difference in the subsequent continued oxidation rates is not due to 

the formation of different oxide products which were dependent on the 

pressure. The observed difference in the shape of the oxygen uptake 

curve observed below 10-6 torr and above 10-5 torr is most likely due to 

a structural difference in the oxide initially formed on the surface. 

7.6 Fe Adatom Deposition 

Before discussing the pressure-dependent titanium oxidation rate 

data presented above it is appropriate to consider whether the anionic 

migration is indeed occurring. A 'marker' experiment (as in 

Reference 94) was performed to determine whether metal cation or oxygen 
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anion migration was predominantly responsible for oxide growth at room 

temperature. A small amount of iron « 1 monolayer) was evaporated onto 

freshly evaporated titanium films prior to any oxygen adsorption. If 

oxide growth were occurring by cation migration (see Figure 7.1), then 

the iron adlayer would become covered up by the oxide as it propogated 

at the oxide/gas interface. Alternatively, if oxygen anions were the 

migrating species during oxide growth, then the foreign adatoms would 

remain on the surface as the titanium oxide grew. Using AES to examine 

the surface before and after oxidation, these possibilities could be 

distinguished. Figure 7.11 shows the AES spectra (derivative mode) of a 

titanium film with an iron adlayer before and after oxidation. The 

coverage of the Fe was 0.7 equivalent monolayers, as determined by the 

QCM frequency shift during evaporation. When films prepar'ed as above 

(with Fe adlayers in the range of 2 to 5 equivalent monolayers) were 

oxidized at 2 x 10-7 torr or 5 x 10-5 torr, respectively, the Fe adlayer 

remained on the surface (undiminished in intensity) in both cases when 

the oxide layer had grown to 25 - 30 A. The fact that the Fe layer is 

itself oxidized to Fe203 during the 02 exposur.e does not affect the 

validity of the marker experiments. Because these layers are so thin 

(submonolayer, when corrected for surface roughness), any possible 

migration of Fe due to oxidation would take place over only a few A, and 

the Fe position with respect to the underlying Ti substrate would not be 

affected due only to Fe oxidation. Thus we conclude that oxide growth 
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was occurring by anionic migration which did not incorporate the marker 

atom into the oxide layer. 

'7.7 Mechanism of Oxide Growth 

Figure 7.12 illustrates the processes occurring during titanium 

surface oxidation. As in the Fehlner-Mott mechanism, we propose that 

the surface voltage V (see Figure 7.12) begins to develop on the oxide 

surface after the formation of the initial chemisorption layer, formed 

during the linear oxidation regime. The electric field (V/x) builds up 

to a point until the barrier to ionic migration can be overcome. As the 

oxide thickness increases, the surface voltage must likewise increase to 

overcome the larger activation barrier. The oxide tends to grow so as 

to maintain a constant field across the layer. Evidence for this can be 

seen for titanium oxidation in Figure 7.9. When the oxygen pressure was 

increased, thus increasing the number of adsorbed (charged) oxygen spe

cies on the surface and hence the surface voltage, the film grew rapidly 

to maintain a constant field (V/x). Once a stable film was established, 

logarithmic growth continued. The actual magnitude of the surface 

voltage, although it was not measured in these experiments, is expected 

to increase as a function of increasing oxygen pressure. 

In this study, the oxide thickness was observed to be propor

tional to (P02)lk at pressures below 10-6 torr, and was directly propor

tional to P02 in the range 10-5 to 10-4 torr. The origin of the 

surface voltage is considered and the adsorption processes and 
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equilibrium constants are illustrated in Figure 7.12. It is assumed 

that oxygen chemisorption occurs via a physisorbed molecular precursor, 

with both steps involving electron transfer from the metal (94). The 

concentration of physisorbed oxygen is given by the Langmuir expression 

of low coverages, 

(7.10) 

Chemisorbed oxygen is formed in a second step, and its equilibrium con-

centration would be given by: 

(7.11) 

During oxide growth, chemisorbed oxygen is moving away from the surface 

and the actual concentration must involve a correction term to account 

for this: 

(7.12) 

The surface potential V is proportional to a term containing the con-

centrations of both oxygen species: 

(7.13) 

The constants C1 and C2 contain the equilibrium constants from above, 

and proportionality constants relating the actual number of ions to a 

surface voltage. Quantitative determination of values of these 

constants for the qualitative model would require that the actual magni-

tude of the surface voltage be measured. 
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The growth behavior noted in this study can be explained as 

follows. The surface potential is dominated by only one of the terms in 

Equation (7.10), depending on the oxygen pressure. At pressures less 

than 10-6 torr, the predominant species on the surface is chemisorbed 

oxygen. This would result if the transfer from the physisorbed state to 

the chemisorbed form is favorable in the forward direction - the reac

tion equilibrium constant K2 (see Figure 7.12) is large. The surface 

concentration is proportional to (P02)1k, and hence the surface potential 

is likewise proportional to this term. If the oxide is growing under 

the influence of a constant field, then the film thickness X would be 

proportional to (P02)1k , since V/x is constant. The results of 

Figures 7.5 and 7.7 illustrate and confirm this dependence. 

When the surface becomes saturated with chemisorbed oxygen, the 

concentration of physisorbed oxygen begins to build up and the total 

number of physisorbed 02 molecules surpasses the number of chemisorbed 

atoms. At this point, the surface potential is dominated by the physi

sorbed oxygen and is directly proportional to P02 • Thus, the oxide 

thickness is likewise directly proportional to the oxygen pressure; this 

occurs in the pressure range 10-5 to 10-4 torr. Above 10-4 torr, the 

surface becomes saturated with physisorbed oxygen and larger pressure 

steps only slightly increase the oxide thickness. Although it is chemi

sorbed oxygen that is reacting with the metal to form the metal oxide, 

the presence of increasing amounts of physisorbed species, manifested as 
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an increase in the surface potential, aids in overcoming the barrier to 

further oxidation. 

Previous surface potential measurements have been made by Smith 

for this type of process (94). The 'steady state' surface potential 

was observed to increase as a function of (P02)lk for pressures less than 

2 x 10-5 torr, but was directly proportional to P0
2 

at pressures from 2 

x 10-5 to 10-4 torr. The change in the pressure dependence of the sur-

face potential, as well as the respective pressure range where the 

dependence changed from (P02)lk to P02, is very similar to the dependence 

of oxide thickness on the same parameter noted in this study. This is 

taken as further evidence for the oxidation model presented. 

7.8 Limitations of the Model 

Logarithmic oxide growth on titanium surface has been explained 

above as occurring under the influence of a constant electrostatic field 

across the oxide, which arises from charged oxygen species on the sur-

face. The pressure dependence of the oxide thickness can be rationa-

lized by assuming that a physisorbed species and a chemisorbed species 

both contribute to the surface potential, and by considering the 

pressure-dependence of their relative concentrations. While this model 

is adequate to explain the experimental observations, it must be 

realized that some simplifying assumptions have been made. The 

equilibrium expressions for [02-] and [0-] imply that the values of the 

equilibrium constants remain the same as oxidation proceeds. Since we 

have observed that the surface stoichiometry is becoming more Ti02 -
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like as the reaction proceeds, the values of K1 and K2 (Figure 7.12) 

must also be changing as the oxide grows. Furthermore, the model presu

mes a set number of physisorption or chemisorption sites, which are 

independent of each other, and which can become saturated as the 

pressure is increased. It is likely, especially for the polycrystal1ine 

films examined, that all sites of a given type (chemisorption or physi

sorption) are not energetically equivalent, such that the probability of 

occupation by 0- or 02 is more complex than presented. We have not 

attempted to speculate what the molecular identity of these sites are, 

or how they differ from one another. 

7.9 Pressure Dependence of Oxide Structure 

It was noted above in Figures 7.8 and 7.10 that the general 

shape of the oxygen uptake curve depended on how fast the initial sur

face oxide was formed. If the oxidation of a clean titanium film was 

begun at pressures in excess of 2 x 10-5 torr, a rapid mass increase 

(proportional to P02) was noted, followed by a region where oxide growth 

was negligible. If an equivalent amount of oxide was first grown at a 

pressure less than 10-6 torr, and then the pressure increased to above 

10-5 torr, the oxide thickness increased rapidly and then continued to 

grow at a rate similar to that before the pressure increase 

(Figure 7.10). Since the composition of the oxides at equivalent 

thicknesses was nearly identical, the difference in the oxidation beha

vior is likely due to a structural effect which results from how fast 

the initial oxide layer is formed. This structural difference would 
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affect the activation energy Wo in Equation (7.2), and the term ~, which 

was related to oxide structure. Oxide growth occurring by anion migra

tion (presumably through channels of atomic dimension, within the glassy 

network of an amorphous oxide), depends on the number, dimensions, and 

structural characteristics of these channels (113). The oxide that is 

initially formed on the clean metal surface controls any further oxida

tion, because continued reaction requi~es movement of oxygen anions 

through the existing oxide layer. The initial oxide formed at pressures 

less than 10-6 torr forms an oxide network that is more permeable to 

further oxidation than the oxide formed at pressures in excess of 10-5 

torr. This may be due to a more crystalline type of oxide formed at the 

higher pressure, one that contains fewer channels for anion migration, 

such that continued oxide growth at room temperature is less favorable. 

Partial crystallization of the oxide could occur due to a higher field 

developed across the oxide at the higher pressure, or due to the higher 

temperature developed at the surface due to the high heat of reaction. 

The QCM mass uptake curve of Figure 7.8 gives some evidence of a rise 

in surface temperature during the formation of the initial oxide at 2 x 

10-5 torr. The frequency response of the QCM is quite sensitive to tem

perature changes, with typical temperature coefficients ranging from ±10 

to ±50 Hz/oC (40) at ambient conditions. In our experiments, the tem

perature of the quartz sensor was stabilized by mounting it on a copper 

heat sink; any heat generated on the crystal surface as a result of 

adsorption must be dissipated through the crystal and into the holder. 
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If mass uptake and a temperature rise occur simultaneously, then the 

measured QCM frequency shift is the ~ of the individual effects. In 

Figure 7.8 it can be seen that after the initial decrease in the QCM 

frequency due to oxygen adsorption at 2 x 10-5 torr, the frequency 

actually increased during the next several minutes as the crystal 

equilibrated with the heat sink. Eventually the temperature stabilized 

and the observed rate of oxygen uptake was negligible. The actual rise 

in the surface temperature is not known, but the formation of 5 x 10-9 

moles of Ti02 (corresponding to a 130 Hz shift in Figure 7.8), with a 

heat of formation of approximately -225 kca11mole (120) would give a 

temperature rise of 4 x 104oC (!) if no heat were dissipated from the 

oxide layer (assuming a heat capacity of 0.1 callg CO). Certainly this 

is not the case, but serves to illustrate that a temperature rise may 

occur during rapid reaction, which may aid crystallization at higher 

pressures. When the oxide is formed at pressures of much smaller magni

tude, the heat generated would have more time to dissipate and not 

influence the reaction as much. 

The glassy oxide hypothesized to form on titanium film surfaces 

conforms to the classification of passive oxides given by Barr (121), 

who characterized the passive oxides on 17 elemental metals using XPS. 

The metals were categorized into two groups according to the terminal 

oxide composition at room temperature and atmospheric pressure. Group A 

formed an oxide consisting of a few A of the highest common oxidation 

state overlying a thicker bulk oxide of a lower oxidation state. 
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Group A metal oxides were all categorized as network modifiers (122), 

those in which the anions are bound ionica11y in the network (relatively 

weak metal-oxygen interactions). Group B metals formed a topmost sur

face oxide identical to the bulk composition of the passive oxide layer. 

Most of the group B metals were glass (network) formers, exhibiting high 

covalent bond strengths and forming three-dimensional, random networks 

of 5- and 6-membered rings. 

The oxide formed on the titanium film surfaces during 02 exposure 

was observed to grow by anionic migration, at a rate that was sensitive 

to the oxygen pressure. These observations led to the hypothesis that a 

glassy oxide was formed that allowed migration of oxygen anions to the 

metal/oxide interface. In the above classification by Barr (121), the 

Ti02 surface oxide would be considered to be a member of the group B 

oxides. The observation that the surface oxide was predominantly the 

maximum-valent compound Ti02 is also consistent with this classifica

tion. (The small amount of suboxide formed during early oxidation is 

not of significant quantity compared to the overall oxide thickness of 

oxide depths> 20 A). The oxide formed on titanium has not been pre

viously characterized according to the above scheme, therefore we 

believe it may be correctly classified as a 'group B' metal. 

The schematic model of the oxidized titanium surface shown in 

Figure 6.13 can be further modified on the atomic scale to demonstrate 

the hypothesized network structure. Figure 7.13 illustrates one 

possible structure for the Ti02 surface oxide formed at room 



Figure 7.13 Model of a Glassy Oxide Structure 
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temperature •. In a glass structure of the formula M02, (such as Si02), 

the metal ions are bound to four oxygens in tetrahedral arrangement. 

The tetrahedra are randomly joined forming a 3-dimensional network. 

During oxide growth, oxygen anions can migrate through the channels of 

this network. 

7.10 Summary 

In this chapter, it was shown that the oxide layer formed on 

continuous titanium film surfaces is essentially Ti02 when the overall 

oxide thickness has attained 20 A or more. Oxide growth occurs by 

anionic migration through an oxide network which likely has a glassy 

structure. The driving force for oxide growth is the electrostatic 

field gradient across the oxide, due to 0- and 02 on the surface. The 

limiting oxide thickness is therefore pressure dependent, because the 

relative concentrations of adsorbed species - and hence the magnitude of 

the driving force for oxide growth - are themselves dependent on the 

oxygen pressure. 



CHAPTER 8 

PREPARATION, CHARACTERIZATION, AND OXIDATION OF TiDx 

8.1 Introduction 

During the past decade, metal hydrides have received con

siderable attention in various technological applications. Metals which 

react rapidly with hydrogen to form stable solid hydrides have been used 

as getter pumps for hydrogen isotopes in prototype fusion reactors. 

Metal hydrides have also been used as neutron energy moderators (2,3). 

Recently there has been increased attention directed towards metal 

hydrides as media for hydrogen storage and transportation for ultimate 

use as a fuel (123), or for other energy conversion schemes (124). The 

most promising materials for storage applications are the intermetallic 

alloys FeTi, Ms2Ni, LaNiS, ZrMn2, TiMn1.S, and related systems 

(2,3,123). 

The hydrogen adsorption/desorption kinetics in metal hydride 

systems are sensitive to the composition of the surface, particularly 

the presence of contaminants or oxide layers. However, most studies 

have concentrated on thermodynamic properties, and only a few studies 

have appeared in which the surface composition of hydrides have been 

characterized under well controlled conditions. One reason is the high 

equilibrium hydrogen pressures often necessary for hydride formation, 

206 
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which precludes the use of conventional vacuum surface spectroscopies 

such as AES and XPS. 

The hydride of titanium, TiH2 is readily formed and 

thermodynamically stable in ultra-high vacuum environments. Because of 

the high affinity for hydrogen as well as other gases, titanium films 

have been used as getter pumps in numerous applications. Malinowski 

(125-126) has investigated the effect of contaminants on the deuterium 

pumping speed of titanium films, and demonstrated that Auger electron 

spectroscopy is useful for identifying the hydride composition as well 

as surface contaminants. Others have shown that the hydrides of 

titanium (TiHx; x ( 2) are characterized by surface electronic 

properties distinct from the pure metal using Auger, photoelectron, and 

electron energy-loss spectroscopies (129-130). 

The hydrogenation kinetics of FeTi are also dependent on the ini

tial cleanliness of the surface (134-136). Namely, the presence of a 

readily formed oxide layer prohibits hydrogen absorption and must be 

removed by an activation procedure. This involves heating the FeTi 

material to temperatures in excess of 400 DC in vacuum or under a hydro

gen atmosphere, which apparently dissolves the surface oxide. Formation 

of FeTi-H requires an equilibrium hydrogen pressure of several 

atmospheres and surface studies of this material in vacuum environments 

is not possible. Recently, however, it was demonstrated (137) that 

heating FeTi in a vacuum environment results in the segregation of pure 

titanium (, 100 mono1ayers) to the alloy surface at aooDc. Thus, the 
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hydrogen adsorption reactions occurring at titanium film surfaces may be 

representative of similar reactions occurring at activated FeTi alloy 

and other alloy surfaces under actual hydriding conditions. 

Oxide layers which readily form on TiH2 and other reactive metal 

hydride surfaces exposed to air, 02, or H20 control the rate and extent 

of subsequent adsorption or release of hydrogen. Kasemo (21) has shown 

that the oxide formed on titanium film surfaces drastically slows the 

hydrogen adsorption reaction, but evaporation of small amounts of fresh 

Ti onto the oxide surface restored the hydrogen absorption capability of 

the entire material. The oxide -prevented hydrogen dissociation on the 

surface, but apparently did not act as a diffusional barrier. The oxide 

formed on TiDx surfaces also inhibits the release of deuterium by ther

mal decomposition; films with oxidized surfaces must be heated to higher 

temperatures before the material decomposes (129). The electrochemical 

behavior of TiHx films, in particular the anodic potential at which 

hydrogen is released, was found to depend on the extent of the oxide 

layer on the surface (132). These results indicate that an 

understanding of the reactivities of titanium hydride surfaces requires 

a knowledge of the composition and thickness of the oxide layers that in 

many instances isolates the material from its surroundings. 

In the studies described in this chapter, titanium deuteride 

films (TiDx ; x = 0.5 to 2) were prepared and their surfaces charac

terized by AES and ELS. The quartz crystal microbalance (QCM) was used 

to monitor the total deuterium uptake, and hence the absolute deuterium 
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content of the films was known accurately and could be varied systemati-

cally. These films were subsequently reacted with oxygen, and the rate 

and extent of surface oxidation were determined from the mass uptake 

data, and the oxide characterized using AES. The effect of deuterium 

loading (from zero concentration up to TiD2) on the surface oxidation 

reaction is discussed. The effect of surface oxidation and Fe adlayers 

(as a model for the FeTi system) on the deuterium uptake rate was also 

investigated. 

8.2 preparation of TiDx Films 

Figure 8.1 shows the QCM response of a 1000 A thick, freshly eva-

porated titanium film when exposed to deuterium at a pressure of 

1 x 10-5 torr. Within 30 minutes, the film became saturated and the 

rate of D2 uptake leveled off. The D/Ti ratio was calculated from the 

frequency shifts due to titanium deposition and subsequent deuterium 

uptake at saturation, and the atomic weights of Ti and D: 

= 

For the film shown in Figure 8.1, the frequency shifts were 

6fTi = 10000 Hz and 6fD = 870 Hz, which yields ND/NTi = 2.0. The 

adsorption rate was approximately constant as the film was converted 

from Ti to overall D/Ti contents of 0.3 to 1.8, in agreement with pre-

vious observations (125,127,138). The apparent sticking coefficient 

during the linear adsorption region was 0.03 (neglecting surface 

roughness), in reasonable agreement with the pressure-dependent sticking 
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probability determined by others (138) at similar pressures. The 

general shape of the adsorption versus time data agrees qualitatively 

with measurements by Kasemo (138,139) who also investigated the kinetics 

of hydrogen absorption by evaporated titanium thin films using a quartz 

crystal microbalance (QCM). 

The adsorption rate observed by Kasemo and confirmed by our own 

measurements decreased monotonically from the clean surface value as the 

film was converted to an overall HITi ratio (0.3. The rate was then 

approximately constant with an apparent sticking coefficient of ~ 0.04 

(at hydrogen pressures of 10-5 torr) until the HITi ratio approached 

1.8, after which the rate decreased until the limiting composition TiH2 

was attained. If the s~stem was evacuated during the adsorption regime 

where the rate was constant, a mass loss was observed corresponding to 

desorption of a small fraction ( < 5%) of the hydrogen content of the 

film. The desorption rate was insensitive to the total hydrogen content 

in the film for overall HITi ratios from 0.5 to 1.8, and fit a simple 

associative desorption rate law. The adsorption/desorption rates and 

the total amount of desorbed H2 did, however, increase with the hydrogen 

pressure used in the preceding adsorption cycle. From a detailed kine

tic analysis, Kasemo hy~othesized that the hydrlding reaction was 

controlled by diffusion of dissociated hydrogen through a surface 

hydride layer which forms during the initial stages of reaction, as 

illustrated schematically in Figure 8.2a. The desorption of H2 when the 

exposure was halted is due to super-saturation of the surface hydride 
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layer. A mechanism in which the hydrogen concentration changed uni

formly throughout the sample (and in the surface region), as shown in 

Figure 8.2b, during the hydriding process was discounted by Kasemo for 

several reasons. First, no desorption was observed if the hydriding 

reaction was interrupted prior to the constant-rate adsorption region. 

Presumably the initial H2 adsorbed (50-100 monolayers) results in the 

formation and coalescence of the surface hydride. Secondly, the 

adsorption/desorption kinetics did not change as the total H/Ti ratio in 

the film increased from 0.5 to 1.8, indicating that the surface is not 

changing significantly during this stage of reaction. (If the com

position was changing uniformly throughout the film, the rate of H2 

uptake would change with exposure.) 

The overall rate behavior for deuterium adsorption/desorption as 

described above was verified by our own measurements. The Ti/H phase 

diagram shown in Figure 8.3, when extrapolated to room temperature, 

exhibits a solution a phase for H/Ti ratios up to ca. 0.001, and a y 

phase for H/Ti ratios of 1.5 - 2 (2,3). Films with intermediate hydro

gen concentrations therefore contain a mixture of a and y phases. In 

the surface hydride model of metal hydride formation (Figure 8.2a), the 

a - y phase transition occurs more rapidly on the surface than in the 

bulk, and a y hydride layer forms on the surface, and subsequent 

hydriding occurs through this layer. One would expect to observe only y 

hydride of the surface for films hydrided to any intermediate con

centration TiHx (x = 0.1 to 2). To test this hypothesis, atomically 
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clean titanium films were prepared and reacted to various deuterium 

loadings. Surface characterization by AES and ELS were performed in 

situ. 

8.3 AES Results 

Figure 8.4 shows the d(E·N(E»/dE Auger spectra for pure tita

nium, TiDO.7, TiDl.3 and TiD2. Changes in the peak fine structure 

distinguish the metal from the TiD2, as observed by others 

(129,130,132,133), and can be interpreted in terms of valence band 

redistribution as deuterium is added to the lattice (133). These 

changes in peak shape can be summarized as follows: (1) A shoulder 

appears on the low energy side of the M2,3VV peak, which eventually 

becomes a doublet as the bulk composition approaches TiD2. (2) The 

L2,3M2,3M2,3 peak becomes broader, and the doublet structure disappears. 

(3) The L2,3M2,3V peak decreases in magnitude (with respect to the LMM 

peak), and a prominent shoulder appears on the low energy side. (4) A 

shoulder also appears on the low energy side of the L2,3VV peak. Note 

that the new spectral features in Figure 8.4 appear gradually as the 

overall composition approaches TiD2. This observation suggests that the 

surface composition within the sampling depth of the AES experiment is 

related to the bulk film composition and does not approach 

stoichiometric TiD2 until the entire film has been converted. 

Lamartine, Haas, and Solomon (133) have previously examined tita

nium hydride and deuteride surfaces of various compositions using AES, 

XPS, and ELS. Their specimens differed from those examined in this 
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study because they were not prepared in situ and were ion-sputtered 

prior to analysis to remove the surface oxide. The AES results were 

essentially identical to those observed here. The Ti 2p binding energy 

in the XPS results shifted towards higher energies as the hydrogen or 

deuterium content increased, indicating slight charge transfer from Ti 

to H or D (132). The bulk plasmon energy in the ELS shifted to larger 

energies, again related to the overall bulk composition of the specimen. 

The titanium LMV lineshape reflects the valence band profile and 

has been used to 'fingerprint' titanium in various oxides (99-101). The 

changes in the valence band which accompany the deuteriding of titanium 

films is responsible for the changes in the Auger ~~ lines observed 

qualitatively by us and others for TiDx (126,132,133) using d(E'N(E»/dE 

data. We have extended these results by collecting the AES data in the 

E'N(E) mode and applying a sequential background subtraction correction 

for the secondary electron background and the inelastic loss contribu

tion, yielding the spectra shown in Figure 8.5. The LMV peak in TiD2 

was also treated by deconvoluting an IRF measured at Eo = 400 eV, using 

a Fourier transform technique developed by Nebesny (51). The resultant 

spectrum is shown in Figure 8.6. This procedure removes the sample and 

instrumental contributions to the peak broadening and helps resolve the 

shoulder on the low kinetic energy side. The high kinetic energy 

component in the LMV spectrum represents an electron originating from 

the Ti 3d valence level, while the lower energy component arises from a 

valence electron ejected from a level of H 1s character. The observed 
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energy difference of 5 eV corresponds to the measured difference of the 

two valence band maxima observed in UPS measurements of TiD2 

(133,140,141). 

8.4 ELS Results 

Changes in the electron energy-loss spectra (ELS) also occurred 

between pure and fully deuterided titanium films, as shown in 

Figure 8.7. The data shown were obtained using primary beam energies of 

100, 300, 500, and 1000 eV (curves a through d, respectively). The use 

of low energy incident beams emphasizes features due to surface pro

cesses, while higher energy beams excite bulk processes. The feature 

noted in the clean titanium ELS at about 7 eV is most likely an inter

band transition; its intensity was rapidly quenched by even small doses 

of D2' The features at 11-12, 16-17, and 32 eV arise from surface and 

bulk plasmon excitation, and M2,3 ionization, respectively. 

In the ELS from TiD2, several changes are noted. A new peak 

appears at 4-5 eV, which we attribute to excitation of an electron from 

the valence band maxima at -5 eV (H 1s - like band) to the conduction 

band. This peak is at least partially of bulk origin, because it is 

still present (although not totally resolved) even when incident beams 

of 500 eV were used. The surface and bulk plasmons were shifted to 

higher energy loss values of 12-13 and 19 eV, respectively. The M2,3 

(3p) ionization edge shifted from 31.3 to 32.4 eV, as determined from 

ELS data of higher resolution than shown here. This is consistent with 

partial charge transfer from Ti to D observed in XPS Ti 2p shifts 
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(132,133). The changes in the ELS measurement (from Ti to TiD2 - like 

spectra), like the changes in the AES spectra, occurred gradually and 

monotonically as the deuterium content of the film was increased. 

8.5 Hydriding Mechanisms 

Two possible explanations may be offered to explain why a surface 

hydride layer of constant composition is not apparent on the surface of 

titanium films deuterided in situ to intermediate compositions, TiDx 

(x < 2), even though the kinetics observed by us and others supports the 

surface hydride model: 

(1) The electron beam used to generate the AES and ELS data may 

induce decomposition of the deuteride due to localized heating or 

electron stimulated desorption (142). The deuterium content in the 

region of the beam may be depleted by these processes, but due to the 

high diffusivity of deuterium atoms, is partially replenished by 

deuterium from the bulk (126). The measured Auger spectra may reflect 

the steady-state deuteride composition under electron beam irradiation, 

which would be expected to vary with the bulk composition. Although 

beam currents of 0.5 ~ or less were used to avoid altering the surface, 

(at 0.5 ~A, 5 kV beam, .1 rom spot size - power density = 25 W/cm2), the 

damage threshold for these materials may be much lower than expected for 

other materials (such as oxides (142». 

The presence of a surface y-hydride on Ti surfaces exposed to 

hydrogen has been proposed to explain valence band structure in UPS 

measurements (140,141). Fukuda, Honda, and Rabalais (140) observed the 
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temperature dependence of the Ti (3d) valence band profile and suggested 

a a - y phase transition occurring at the surface as the specimen tem

perature was raised to 240°C. Another peak in the UPS data at ca. 5 eV 

below the Ferm level attributed to H (ls) levels was present even at low 

exposures, and did not increase further at larger exposures. These 

results were explained by the presence of a surface hydride layer which 

forms during the early stages of reaction, and is not perturbed by the 

UPS measurement. 

(2) The alternate explanation as to why the AES data depends 

only on the bulk composition is 'that the surface hydride model may be 

inaccurate, and the surface composition is simply the same as the 

overall bulk composition. This situation is less likely in view of the 

adsorption kinetic analysis and the UPS observations discussed above, 

but can not be discounted considering only the results of this study. 

XPS measurements are capable of distinguishing the pure metal 

and TiD2 by a shift in the Ti 2p binding energy (132,133). Such 

measurements performed on titanium deuterides of various 

substoichiometric compositions prepared in situ may help distinguish 

between possible deuteriding mechanisms, without the possibility of 

irreversible electron beam damage or ion-sputtering artifacts. 

8.6 Oxidation of TiDx Films 

The QCM was used to monitor the rate of oxygen adsorption by 

several TiDx films prepared as described above, and the oxide formed was 

examined by AES. Figure 8.8 compares the QCM response observed when 
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clean Ti, TiDO.7, and TiD2 films were exposed to oxygen at a pressure of 

2 x 10-7 torr. A frequency shift of 8 Hz corresponds to the adsorption 

of one equivalent monolayer of oxygen, and the data of Figure 8.8 repre

sents multi-layer oxide formation. The adsorption rates for other 

deuterided films of various compositions were, within the experimental 

error, between the rates of the TiD2 and TiDO.7 curves shown. All of 

the deuterided films exhibited only a slightly lower oxygen adsorption 

rate (at 2 x 10-7 torr) than the clean metal (by about 10 - 30%), indi

cating that the high reactivity of the metal surface is affected only 

slightly by the presence of deuterium in the metal lattice. The spread 

in the adsorption kinetic data is due primarily to the irreproducibility 

of films with identical surface roughness, i.e. the surface area varied 

slightly between specimens. Some decrease in the oxygen adsorption rate 

between TiD2 and Ti is expected based solely on the volume expansion 

which occurs upon deuteriding - the density decreases from 4.5 g/cm3 to 

3.8 g/cm3• Thus, there are less Ti atoms per unit area on the surface 

of TiD2 (for oxygen adsorption) than on the pure metal surface. Based 

on these data, it is not possible to distinguish whether the small 

change in the oxygen adsorption rate for the deuterides is caused by 

subtle electronic changes, changes in surface roughness, or a decrease 

in the number of active adsorption sites. 

Examination of the oxidized TiDx surfaces at various stages of 

reaction by AES revealed the formation of an oxide which approached Ti02 

in composition, as revealed by the AES O(KLL) and Ti(LMM) peak inten-
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sities. The oxide was substoichiomeric at relatively low exposures 

(e.g. 2 x 10-7 torr 02 for 15 minutes), and showed the characteristic 

Ti+3 d + d transition in the ELS. The spectra obtained (AES and ELS) 

were virtually identical in peak shape and position to those obtained 

from oxidized titanium surfaces. However, the oxide formed on TiD2 

surfaces was slightly more substoichiometric than the oxide formed on 

titanium surfaces when equivalent masses of oxygen had been adsorbed. 

Figure 8.9 shows the background corrected AES spectra of two TiD2 film 

surfaces following adsorption of 380 ng/cm2 and 1300 ng/cm2 oxygen, 

respectively. (8 ng/cm2 ~ 1 monolayer) The measured peak area ratios 

(IO/ITi) were 0.34 and 0.43, much less than the corresponding ratio 

measured from a pure Ti02 specimen (IO/ITi = 0.59) (see Chapter 7). 

Similar adsorption of 1300 ng/cm2 of oxygen on a clean titanium film 

resulted in 10/ITi = 0.50, still less than expected for a thick (> 30 A) 

Ti02 layer, but more oxygen-rich than the oxide formed on the deuteride 

which had adsorbed an identical amount of oxygen. At higher oxygen 

pressures (> 10-4 torr), both clean and deuterided Ti films formed a Ti02 

layer at least as thick as the sampling depth of the AES data 

(> 25 - 30 A). 

In the previous chapter, the thickness of the oxide formed on 

clean titanium film surfaces was found to vary markedly with the oxygen 

pressure. This dependence was interpreted in terms of an oxide growth 

mechanism in which oxygen anions migrated through the existing surface 

oxide under the driving force of an electrostatic field gradient set up 
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across the oxide by electron transfer from the metal to form charged 

oxygen species on the surface. The oxide thickness increased with oxy

gen pressure and tended to grow under conditions of constant field 

across the layer. 

The oxidation of the deuterided films likewise showed a depen

dence on the oxygen pressure. Figure 8.10 shows the QCM mass uptake 

curve for a TiD2 film exposed to oxygen at pressures ranging from 

10-5 torr to 760 torr. The limiting oxide thickness increased linearly 

with oxygen pressure between 10-5 and 10-4 torr, as previously observed 

for pure titanium films. The magnitude of the oxide thickness 

(indicated by the QCM frequency shifts) was also similar to that 

observed for Ti films exposed to the same pressure steps, as illustrated 

by the dashed lines in Figure 8.10. However, at pressures above 10-4 

torr, the thickness of the oxide formed on the TiD2 surface was much 

greater than that observed on the pure Ti films. The limiting oxide 

thickness at atmospheric pressure was over twice as large for TiD2 films 

than it was for the Ti films, about 100 A compared to 40 A. Apparently 

the oxide formed at low pressures on the TiD2 surface is not as effec

tive in preventing further oxidation of the surface at higher pressures. 

In the previous chapter, the oxide formed on the titanium films 

was hypothesized to consist of a glass-type structure with channels of 

atomic dimensions through which oxygen anions could migrate to propagate 

the oxide thickness. A similar type of oxide network probably forms on 

the TiD2 surface. However, the network structure and dimensions would 
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be expected to differ significantly than the oxide formed on the clean 

titanium. In titanium metal, the room temperature a phase is hcp, and 

each Ti has six nearest neighbors at 2.889 A and six next-nearest at 

2.952 A. The y phase TiD2 has a fluorite structure, each Ti has 12 

surrounding Ti atoms at 3.140 A (and 8 D atoms at 1.932 A). (Ref. 3, 

pg. 72) Therefore, based solely on the Ti-Ti distances in the two 

materials, the oxide network which forms on the TiD2 surface might con

tain channels of larger atomic dimensions through which oxygen anions 

could migrate more easily. This would explain the lower resistance of 

TiD2 to further oxidation at higher oxygen pressures, as compared to 

pure titanium. 

It is not known whether the deuterium remains in the surface 

oxide or if it diffuses inward or out of the material during oxidation. 

If deuterium is removed from the surface region during the oxidation 

reaction, this would not be expected to be a rate-limiting step in the 

overall reaction due to the high diffusivity of deuterium. It is con

ceivable that if a glassy oxide network is indeed formed, deuterium 

could remain bound either to 0 or Ti in the oxide. The higher degree of 

substoichiometry observed for oxides on TiD2 surfaces could be attri

buted to this effect. It is known that hydrogen is somewhat soluble in 

Ti02, thus some deuterium is likely present in the oxide even if not 

directly bound. Further studies are required to elucidate the effect of 

deuterium loading on the structure of oxides formed on metal surfaces. 
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8.7 Effect of Surface Oxidation on Deuterium Absorption by TiDx 

The rate of deuterium absorption by a titanium film subject to 

several sequential surface modifications was measured. These modifica

tions included oxidation of the partially deuterided film surface and 

deposition of monolayer and multilayer iron films onto the titanium film 

surface. A schematic representation of some of the film surfaces that 

were examined with respect to their deuterium absorption properties is 

shown in Figure 8.11. The measured QCM mass uptake curves obtained for 

these surfaces (labeled a through e in Figure 8.11) are shown in 

Figure 8.12, and are discussed in detail in the following text. 

It has been previously reported (138) that if the surface of the 

titanium film was intentionally oxidized before being completely con

verted to TiD2, the subsequent absorption of additional deuterium could 

be significantly reduced (see section 8.1). Similar results were 

obtained in this study. A titanium film 2500 A thick, freshly eva

porated onto the QCM was exposed to D2 at a pressure of 1 x 10-5 torr 

until a total frequency shift of 975 Hz had been observed, corresponding 

to an overall film composition of TiDO.9. The linear absorption rate 

was 1.7 ng/cm2 sec (Figures 8.11a and 8.12a). At this point, the system 

was returned to vacuum and oxygen was admitted until an additional fre

quency shift (due to oxidation) of 25 Hz was observed, before again 

returning the chamber to vacuum. Subsequently, the deuterium uptake 

rate at 1 x 10-5 torr DZ was again observed and found to be slightly 

less (1.3 ng/cm2 sec) than the clean surface value. Thus, small amounts 
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of surface oxidation (about 1 monolayer when surface roughness is 

accounted for) had little effect on the ability of the film to adsorb 

deuterium. It is known that the first two monolayers of oxygen adsorbed 

on Ti surfaces is incorporated below the surface plane (95,144). 

Apparently, this leaves the Ti atoms remaining on the surface and the 

hydrogen dissociation reaction can still occur. 

The oxide was then allowed to grow to a greater depth by expo

sure to 02 at 3 x 10-5 torr until 100 Hz additional shift was noted in 

the QCM frequency, indicating an oxide depth of ~ 10 A. The rate of 

deuterium uptake at a D2 pressure of 1 x 10-5 torr was again measured 

and found to be reduced to 0.4 ng/cm2 sec, less than one-third of the 

clean surface value. The mass uptake curve is shown in Figure 8.12b, 

which can be compared to the clean surface curve (8.12a). 

Another film (not shown) which had been intentionally oxidized 

to a greater extent at 8 x 10-5 torr 02 (about 15 A oxide was formed, 

when corrected for surface roughness) prior to any D2 exposure was 

found to be completely passivated towards the deuterium adsorption reac

tion. A small amount of fresh Ti was next evaporated onto the oxide 

surface, producing an additional frequency shift of 250 Hz, or indi

cating about 8 A of titanium. At these small thicknesses, the metal 

film consists of islands and presumably did not completely cover the 

oxide surface. When deuterium was admitted at 1 x 10-5 torr, the film 

was apparently reactivated and adsorbed D2 at a linear rate of 0.03 

ng/cm2 sec. The film continued to adsorb D2 well past the amount which 
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would have been required to convert the Ti overlayer to TiD2, confirming 

that the oxide layer does not act as a complete diffusional barrier to 

deuterium (138), and the underlying film continues to react if active 

sites for D2 dissociation are present on the surface. In the following 

section, experiments are described in which the role of iron adlayers on 

Ti films as catalytic deuterium dissociation sites was investigated. 

8.8 Effect of Iron Adlayers 

As previously mentioned in section 8.1, one of the most poten

tially useful materials for hydrogen storage is the intermetallic com

pound FeTi. It has been proposed that the hydrogen uptake by this 

material is controlled by a titanium layer which segregates at the sur

face during the thermal activation procedure (137). Because separation 

of the individual components of the intermeta1lic may indeed occur at 

the surface, it was of interest to study the effect of iron adlayers on 

the deuterium uptake reaction by titanium films. 

A small amount of iron was evaporated onto the surface of the 

QCM, onto which had been previously deposited a 2000 A thick titanium 

film. The frequency shift due to the iron was 358 Hz, or about 20 A 

(from the bulk density of Fe). Again, such low coverages undoubtedly 

results in the formation of Fe islands rather than a continuous layer. 

The persistence of the low energy Ti MVV peak (at 27 eV) in the Auger 

spectrum of Figure 8.13 confirms that some Ti is still at or very near 

the surface. This film was next exposed to D2 at a pressure of 1 x 10-5 

torr, and adsorbed D2 at a rate of 14 ng/cm2 sec - over eight times the 
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rate observed for clean titanium films. The rate was approximately 

linear until the entire Ti layer had been converted to TiD2. This 

result shows that iron is an excellent catalyst for hydrogen absorption 

by the underlying titanium film, presumably by providing D2 dissociation 

sites of higher activity than Ti. The surface area (Fe + Ti) may have 

also been increased due to the iron deposition, providing more sites for 

active dissociation. The Auger spectrum of the surface was recorded 

again after the deuterium exposure and is shown in Figure 8.13. No 

changes were observed in the Fe MVV line at 40 eV or the LMM lines 

(575-725 eV), indicating that an iron hydride was not formed. This is 

not unexpected, because no solid iron hydrides have ever been reported, 

and the solubility of H2 in Fe is quite low (estimated to be about 

10-9 cm3 H2/g Fe from Ref. 2, pg. 84). As pointed out in (2), however, 

the apparent solubility of hydrogen in Fe depends highly on the con

dition of the surface and is probably higher than this value. 

The Ti MVV peak (partially overlapping the Fe MVV peak) shows 

the characteristic doublet observed in the TiDx spectra previously 

observed in Figure 8.4. The Ti LMM lines are not entirely charac

teristic of TiD2, but are significantly different from those observed on 

the FelTi film before deuterium adsorption and are characteristic of a 

substoichiometric deuteride. This may be indicative of some degree of 

alloy formation at the FelTi interface in addition to titanium hydride 

formation, which prevents the titanium layers very near the surface from 
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forming stoichiometric TiD2, even though the overall film stoichiometry 

is TiD2. 

The deposition of Fe onto pure or partially deuterided titanium 

films which had been intentionally oxidized was found to reactivate the 

surface for further deuterium absorption. All of the experiments 

described in the remainder of this section were performed on a single 

substrate onto which additional layers were subsequently evaporated (see 

Figures 8.llc-e). The deuterium uptake of this film was monitored as 

the surface composition was varied, producing the QCM mass uptake curves 

shown in Figure 8.12c-e, and described in the following text. A 2500 A 

film which had been converted to TiDO.9 was intentionally oxidized (~ 20 

A oxide), reducing the rate of D2 absorption at 1 x 10-5 torr from 1.7 

to 0.4 ng/cm2 sec (see Figure 8.l2a, b). A small amount of Fe was then 

evaporated onto the surface (6fFe = 342 Hz, ~ 19 A Fe) and the deuterium 

uptake rate was again measured; the mass increase remained linear in 

time, and doubled to 0.84 ng/cm2 sec (Figures 8.llc and 8.12c). 

A second layer of Fe was then evaporated onto the surface, this 

time covering completely the TiOx layer beneath (6fFe = 1460 Hz, 

~ 82 A Fe). The deuterium adsorption rate at 1 x 10-5 torr remained 

linear and was 1.9 ng/cm2 sec, slightly above the clean titanium surface 

value (see Figures 8.lld and 8.l2d). The total frequency shifts noted 

during the deuteriding of the film with the Fe adlayers, indicated that 

the Ti film beneath had been converted from TiDO.9 to TiDl.5 (and would 

have continued to react if the D2 exposure had not been interrupted). 
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Evidently the Fe surface is at least as reactive as Ti towards deuterium 

adsorption even though a stable iron hydride phase is not formed. 

The mechanism by which these titanium films with Fe adlayers 

absorb deuterium cannot, as mentioned above, involve a surface hydride 

because Fe hydrides are not known to exist nor are they indicated by the 

present AES data. Deuterium atoms, formed on the Fe surface by disso

ciative chemisorption, are apparently able to traverse the Fe layer 

despite their low sOlubility. This process may involve rapid diffusion 

along grain boundaries, if some degree of crystallinity exists in the 

film, to the Fe/Ti interface where exothermic dissolution in the Ti 

occurs. Because of the small thicknesses of these Fe layers, some of 

the underlying Ti film may still be uncovered, such that D atoms formed 

on the surface can enter the bulk film through these 'openings'. The 

determination of the deuterium solubility in evaporated Fe films, and 

the effect of the Fe layer thickness on deuterium uptake by underlying 

Ti films, are obvious studies to further understand this reaction. 

Oxidation of the Fe layer at 3 x 10-5 torr 02 produced an oxide 

layer of about 15 A, as deduced by the QCM frequency shift of 201 Hz 

(assuming R = 3.0). When the film was exposed to deuterium at 1 x 10-5 

torr, the mass gain again remained linear in time, but was reduced to 

0.25 ng/cm2 sec (see Figures 8.11e and 8.12e). Thus surface oxidation 

has the effect of reducing the D2 absorption rate by Ti films with Fe 

adlayers in a similar fashion to oxidation of pure Ti films. 
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When a small amount of Ti (ca. 10 A) was evaporated onto the oxi-

dized Fe layer (Figure 8.11f), no change in the deuterium uptake rate 

was observed. Thus, it appears that the rate of deuterium absorption is 

limited by the transport of D atoms through the oxidized Fe layer, and 

not by the availability of dissociation sites. This is in contrast to 

the oxide on Ti surfaces, which was not a diffusional barrier, but pre-

vented dissociative chemisorption. 

8.9 Conclusions 

The major conclusions concerning the characterization and reac-

tions of titanium film surfaces exposed to deuterium are summarized as 

follows. 

1. Clean titanium films react readily with D2 at low partial 

pressures (10-7-10-5 torr) to form TiD2 throughout the film at satura-

tion. The kinetics of D2 absorption suggest that a surface hydride 

layer forms during the early stages of reaction. However, AES and ELS 

spectra of the film surfaces at intermediate compositions (TiDx , x < 2) 

are sensitive to the overall bulk film composition. This condition 
• 

likely results from disruption of the hydride surface layer under irra-

diation by the AES probe beam. A steady-state deuterium composition 

within the sampled region is established which is proportional to the 

bulk D content. 

2. Titanium deuteride film surfaces are more reactive to oxida-

tion in high partial pressures of 02 than pure Ti surfaces. The total 

amount of oxygen adsorbed at atmospheric pressure was ~ 5700 ng/cm2 for 
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the TiD2 films, compared to 2200 for clean titanium films. Part of the 

increased oxygen adsorption capacity is probably due to an increased 

surface roughness which results from deuterium absorption and the 

corresponding volume expansion. 

3. Oxidation of the titanium film surface slows the deuterium 

absorption rate appreciably, requiring about 15 A of oxide to completely 

passivate the surface. Small amounts of Ti (or Fe) evaporated onto the 

oxide surface provided sites for further D2 dissociation, and the 

underlying oxide film did not act as a complete diffusional barrier for 

D atoms, such that the bulk film could continue to absorb D2. 

4. Iron adlayers of both submonolayers and multilayer 

thicknesses were found to increase the D2 absorption rate by the 

underlying titanium film. Because Fe does not form a hydride compound, 

its role is purely catalytic in the deuterium absorption reaction. 

These results also have some implications in describing the hydriding 

reactions at FeTi surfaces. Namely, the formation of a titanium hydride 

surface layer is not a necessary prerequisite for bulk H2 absorption, 

because Fe can also act as a dissociation center. Segregation of the 

elemental constituents at the FeTi surface during actual hydriding 

cycles requires further investigation to describe the roles of the Fe 

and Ti atoms at the surface. 



CHAPTER 9 

ELECTROCHEMICAL OXIDATION OF TITANIUM AND TITANIUM DEUTERIDE SURFACES 

As shown in the previous chapters, oxide layers are readily 

formed on titanium and titanium deuteride thin film surfaces when 

exposed to 02 or air, and attain limiting thickness at atmospheric 

pressure of about 40 A and 100 A, respectively. Oxides of greater 

thicknesses can be formed on titanium surfaces under conditions of 

electrochemical anodization. Previous studies (4,5) have shown that the 

potential at which anodic oxide growth commences depends on the extent 

of surface oxidation experienced by the thin film electrode prior to 

immersion into the electrochemical environment. We have extended these 

results by preparing atomically clean titanium surfaces in an ultra-high 

vacuum environment, and then transferring them without atmospheric expo

sure to another isolable chamber in which the electrochemistry of the 

surface could be investigated under an inert atmosphere. This system 

has been described in Chapter 3. Control experiments showed that the 

titanium or titanium deuteride film surface was covered by a thin, 

passivating oxide «10 A) due to reaction of the surface with residual 

02 in the argon, and from the reaction with water vapor just prior to 

immersion into the electrochemical cell. The anodic oxidation of these 

surfaces was compared to those which had been initially air-exposed to 

242 
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greater extents prior to polarization. In both cases, the amount of 

air-formed oxide was quantified using the quartz crystal microbalance 

(QCM) and thus the effect of the thickness of the air-formed oxide on 

the subsequent anodic behavior could be determined. Titanium surfaces 

which had been dosed with deuterium (to form a deuteride) were also 

investigated, and were observed to exhibit anodic polarization curves 

distinct from the pure metal. The results are interpreted in view of 

the original model presented for the air-formed oxide and its subsequent 

electrochemical oxidation presented in Chapter 1, Figure 1.1. 

9.1 Electrochemistry of Titanium 

Kelly (145) has recently reviewed the electrochemical behavior 

of titanium under a variety of conditions and has summarized the reac

tions as follows. In the acti~ state, the metal surface is covered 

only by a monolayer of adsorbed intermediates and is dissolving to form 

Ti(III) ions in solution. The stable steady-state corrosion potential 

in acidic solution is -0.665 volts vs. SCE (~ 1N HC!, 30°C); hydrogen 

evolution occurs simultaneously. If the potential is made more posi

tive, the dissolution current rises to a maximum at -0.530 V vs. SCE, 

and then drops rapidly as the surface is transformed to the passive 

state at about -0.300 V. In the passive state, the metal surface is 

covered with a thin oxide layer « 10 A) which prevents further dissolu

tion from occurring at appreciable rates. Increasing the electrode 

potential to more positive values results in growth of the oxide layer 

(Ti02)· 
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The electrodes examined in this study already had a passive 

oxide of variable thickness on the surface prior to electrochemical 

polarization. Thus, all the anodic current in the voltammograms shown 

represents further oxide growth. 

9.2 Control Experiments 

The experiments described in this section were designed to 

determine quantitatively the extent of surface oxidation which occurred 

during the process of transporting the titanium or titanium deuteride 

specimens from the prepation/analysis chamber to the electrochemical 

reaction chamber. Clean films were prepared by evaporation onto the QCM 

described previously, and were reacted under identical conditions to 

those experienced by a specimen during transfer to the electrochemical 

reaction chamber. The amount of surface oxide formed was determined by 

the QCM frequency shifts observed, summarized in Table 9.1, and 

explained below. 

A clean titanium film (2000 A thick) was exposed to the argon 

used to backfill the chamber in the electrochemical chamber. A total 

frequency shift of 110 Hz was observed, corresponding to the adsorption 

of 484 ng/cm2 of foreign material by the surface. Subsequent AES exami

nation of the surface showed only the titanium and oxygen peaks, indi

cating that the surface had reacted with residual 02 in the argon to 

form a thin oxide layer. The thickness of this oxide was similar to 

those formed previously (Chapters 6 and 7) on clean Ti surfaces exposed 

to about 1 x 10-5 torr 02. It is not unreasonable that the 02 partial 
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Table 9.1 

QCM Frequency Shifts Observed During 
Reactions of Ti and TiD2 Surfaces 

Surface Reactant !:If,Hz 

Clean Ti Argon (atm) 110 

Argon (atm) 240 

Clean Ti H2O (vap) (2 x 10-7 torr, 30 min.) 30 

TiD2 H2O (vap) (2 x 10-7 torr, 30 min.) 105 

TWx H2O (vap) 8 
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pressure during the atmospheric argon exposure would be about the same 

(i.e., 0.1 ppm 02). Another film which had been converted to TiD2 

reacted when exposed to the back-fill argon to produce a 240 Hz fre

quency shift, consistent with our earlier findings that the deuteride 

surface was somewhat less resistant to oxidation than Ti at higher 

pressures (> 10-5 -10-4 torr). 

It should be noted that in some cases, at pressures of 1 torr or 

greater, there was a frequency shift observed in these QCM measurements 

due only to the increased pressure (damping of the oscillation). The 

total frequency shifts due to adsorbed gas were determined by the dif

fer~ in the QCM frequency before the exposure and after the exposure 

when the system had been returned to vacuum of 10-4 torr or better. 

This was generally a small correction, as shown in Figure 9.1 for TiD2 

exposed to argon at atmospheric pressure. 

It was also of interest to examine what reactions occurred when 

clean Ti or TiD2 were exposed to H20 vapor, since this would also occur 

just prior to immersion of the electrode into the electrolyte 

(0.1 N HCl). E~posure of a clean Ti film to H20 vapor at 2 x 10-7 torr 

for 30 minutes resulted in a 30 Hz frequency shift, indicating that some 

H20 was adsorbed, and perhaps resulted in oxide formation. Further 

exposure at 1 x 10-5 torr for 15 minutes resulted in an additional 30 Hz 

shift. (Larger H20 pressures were detrimental to our UHV system and 

were intentionally avoided.) The AES spectra for the titanium films 

exposed to atmospheric pressure argon and to H20 vapor are shown in 



3201 ----
1 --
Pump 
on 

N 
I 

.. 
<t-
<l + 

I-

in 

1211 \ 

°2 

o 150 300 450 
EXPOSURE TIME, sec 

Figure 9.1 QC}1 Response for TiDZ Film Exposed to Atmospheric 
Pressure Argon 

I 

600 

N 
.p.. 
...... 



~ 

w 
v 

Z 

300 

b 

a 

375 450 525 
ELECTRON KINETIC ENERGY, eV 
Figure 9.2 AES Spectra of Ti Films Exposed to (a)ll20 vapor 

And (b)Atmospheric Pressure Argon 

600 

N 
.j:'
(Xl 



249 

Figure 9.2. The spectrum of the argon-exposed surface (9.2b) shows that 

an oxide layer has been formed; previous results (Chapters 6 and 7) show 

that thin oxides such as those in the present case consist of a layer of 

Ti02 as well as lower oxides. The spectrum of the H20-exposed Ti film 

shows a much smaller oxygen (KLL) peak, which is likely due to an oxide 

layer thinner than the Auger escape depth. Changes in the Ti (LMV) peak 

structures (370 - 470 eV) suggest oxide formation. Exposure of this 

same surface to 02 at 3 x 10-5 torr resulted in a 150 Hz shift in the 

QCM frequency, indicating that the H20-oxidized surface was no more 

resistant to oxidation by 02 than one with an 02-formed oxide of similar 

thickness. 

A TiD2 film surface exposed to H20 vapor at 2 x 10-7 torr reacted 

approximately three times faster than the clean Ti surface; during a 30 

minute exposure, the QCM frequency shift observed was 105 Hz. The AES 

spectrum indicated oxide formation had occurred. The higher degree of 

reactivity of the deuteride (compared to Ti) towards H20 vapor is com

parable to the increased reactivity towards oxidation in 02, and is con

sidered further in Chapter 10. 

During an actual transfer of a specimen from the vacuum chamber 

to the electrochemical reaction chamber, the surface was exposed first 

to the 'inert' atmosphere and then to the solution (or the H20 vapor 

surrounding it). This situation was approximated by reacting a Ti film 

first with the 'inert' atmosphere, and subsequently exposing the oxide 

that formed to H20 vapor. Exposure of the clean Ti surface to the back-
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fill argon, as described above, resulted in a 110 Hz QCM frequency 

shift. When the oxidized surface was subsequently exposed to H20 vapor 

at 5 x 10-5 torr, a limiting frequency shift of 8 Hz was noted. This is 

attributed to adsorption of less than one monolayer of H20 on the oxide 

surface, probably forming hydroxyl groups (146), but essentially no 

increase in oxide thickness. A notable decrease in the Ti+3 d+d peak in 

the ELS was observed. AES ion-beam depth profiles from electrodes that 

were actually submerged into the electrolyte showed no additional oxide 

growth, but did show that the surface was oxidized to stoichiometric 

Ti02. As determined previously, very thin oxides such as those formed 

when clean titanium films are exposed to the backfill argon, consist of 

Ti02 along with some lower oxidation states. Subsequent exposure to H20 

results in complete oxidation of these lower oxides to Ti02. We there

fore conclude that the surface of a Ti film in our system, prior to 

insertion into the electrolyte solution, is covered by a thin layer 

(10-15 A) of Ti02. 

9.3 Anodic Polarization of Ti 

A titanium film which was exposed only to the 'inert' atmosphere 

within the isolated electrochemical chamber was subject to anodic 

polarization in 0.1 N HCl. The equilibrium potential (at open circuit) 

of the electrode after immersion into the electrolyte was -0.30 V vs. 

Ag/AgCl, and the potential was linearly scanned positive from this value 

(5 mV/sec), producing the voltammogram shown in Figure 9.3. Three 

features (a, b, and c) are denoted along the curve. The onset poten-
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tial, at point a, defines the potential at which the onset of anodic 

current is first seen. This parameter is sensitive to the amount of 

oxide present on the surface prior to polarization. For example, the 

anodic current-voltage curve previously observed by Armstrong and Quinn 

(4) for Ti film electrodes (in lN HCl04) was nearly identical to that 

observed in this study, with the exception that the onset potential was 

seen at +0.40 V vs. SCE (denoted as a' in Figure 9.3, and referenced to 

the Ag/AgCl couple). Apparently their films had more air-formed oxide 

on the surface prior to anodization, such that a higher applied poten

tial was required to initiate further oxidation. This effect is further 

discussed in section 9.4. Laser et al. (147) employed an in situ abra

sion technique to obtain clean Ti surfaces in an electrochemical cell, 

and observed the onset of a net anodic current at -0.8 V (an in 

Figure 9.3). At this potential, a clean Ti surface would be actively 

dissolving to form Ti(l1l) ions in solution, and part of the anodic 

current could be due to this reaction. Scanning from this potential to 

+1.2 V resulted in an i-V curve quite 'similar to that observed here in 

the same potential region. Simultaneous ellipsometry was used by Laser 

et ale to show that the oxide thickness increased linearly with applied 

potential in this passive potential region, and that oxide formation was 

occurring with 100% current efficiency. 

The anodic peak corresponding to feature b in Figure 9.3 has been 

previously observed by others (4,5,148) during anodic oxidation of Ti 

thin films, but is generally not observed during anodic polarization of 
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'clean' surfaces prepared by mechanical abrasion in solution (147). The 

potential at which this peak is observed (1.69 V vs. Ag/AgCl) is inde-

pendent of prior surface treatment. Its observation in the i-V curves 

obtained here will be further discussed in section 9.5. 

At potentials in excess of about +3.0 V, the anodic current rises 

to values in excess of 1mA/cm2 (feature c, Figure 9.3). A change in the 

oxide formation reaction, accompanied by film breakdown or restucturing 

(4,148) occurs at potentials positive of thi~ value. The present study 

has been intentionally restricted to oxide growth below this potential, 

where the oxide layers are still relatively thin « 100 A), and com-

parable to those obtainable by air or 02 oxidation. 

9.4 Onset Potential and Oxide Thickness 

Laser et a1. (147) have demonstrated that the linear increase of 

oxide film thickness with applied potential indicates that oxide growth 

occurs under conditions of constant field. The current due to oxide 

growth, in the Mott-Cabrera mechanism of ionic migration under high 

field conditions (118), is given by 

i = A exp (eE) (9.1) 

where A and e are constants characteristics of the film, and E the field 

in the oxide. Since the current observed is constant during anodic 

polarization, at a linear scan rate dv/dt (see Figure 9.3), then E is 

also constant and is given by (146): 

E = ~V/~x (dV/dt)~t 
KiJdt 

= (dV/dt) 
Ki 

(9.2) 
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where x is the oxide thickness and K relates the anodic charge density 

to the actual film thickness formed. 

If the titanium surface is covered by a layer of air-formed oxide 

prior to electrochemical anodization, then the potential at which 

further oxide growth begins is more positive than the 'clean surface' 

value. This higher potential is necessary to produce the field required 

for oxide growth. The effect of a known amount of air-formed oxide on 

the shift in the onset potential was determined as follows. 

The voltammogram of Figure 9.3 was obtained from a surface which 

already had a small amount of surface oxide due to residual oxygen con

tamination. The QCM measurements on a similar specimen showed that the 

total amount of adsorbed oxygen was 484 ng/cm2• The onset potential for 

anodic oxidation was -0.30 V (vs. Ag/AgCI). Another film surface was 

intentionally exposed to atmospheric 02 for one hour, and from previous 

QCM measurements (Chapter 7) this was known to result in the adsorption 

of a total of 2220 ng/cm2 of oxygen. When immersed in the electrochemi

cal cell, the observed onset potential for continued oxide growth for 

this film was +0.40 V. Thus, the additional 1740 ng/cm2 adsorbed oxygen 

between the two films above shifted the onset potential by a total of 

0.70 V. For comparison we can calculate the amount of oxide that would 

be formed electrochemically between -0.30 V and 0.40 V in a voltametric 

oxidation such as in Figure 9.3. The total charge density passed due to 

oxide formation is 

Q Jidt i~t (i is constant, 180 ~A/cm2) 



and at the scan rate of 5 x 10-3 V/sec 

Q = iAV/(AV/At) 

(180 ~/cm2) (0.70 V) / (5 x 10-3 V/sec) 

= 2.5 x 104 ~C/cm2 
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The corresponding weight increase due to incorporated oxygen (for com

parison to the QCM measurements), assuming an overall reaction, 

Ti + 2H20 + Ti02 + 4s+ + 4e (9.3) 

is expected to be 2100 ng/cm2• This compares favorably with the addi

tional amount of oxygen adsorbed during the atmospheric 02 exposure 

(prior to anodization) of 1740 ng/cm2• The slight difference (~ 15%) is 

attributed to differences in the structure, density, or composition of 

the oxide formed in air versus that formed by electrochemical oxidation. 

There is also some differences in the surface roughness between the 

films deposited on the QCM and those deposited on the oxidized Ti foils 

used as substrates for the electrochemically examined films, although 

the results above indicate this is a minor correction. We conclude that 

increasing the oxide thickness by increasing oxygen exposure has the 

same result as increasing the amount of oxide by electrochemical means -

the applied potential ~ be appropriately increased to maintain the 

field necessary for further oxide growth. 

The anodising ratio - or the ratio of the thickness of the ano

dic oxide to the applied potential - can be calculated from the results 

presented above. It is assumed that the surface roughness (ratio of 

actual surface area to geometric area) is the same as evaporated films 
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previously prepared (Chapters 6-8), where R = 3-3.5. Thus, the oxide 

growth rate determined bere was 39-45 A/v. This value lies within the 

range of previously reported values for titanium which vary from 

25-65 A/v (147, 148). Effects of such variables as sweep rate and 

electrolyte composition were not investigated in this study. The good 

agreement between the QCM method performed in an ultra-high vacuum 

environment - and the electrochemical examination of the same surface, 

indicates that experimental designs such as those discussed herein are 

capable of 'bridging the gap' between these two divergent surface 

characterization techniques. This study is one of the first examples 

where the effects of well-characterized gas/solid reactions at metal 

surfaces on their subsequent electrochemical behavior has been eluci

dated. 

In Chapter 1, Figure 1.1, a hypothetical model for the air-formed 

oxide on titanium film surfaces before and after electrochemical oxida

tion was presented, as first proposed by Armstrong and Quinn (4,5). In 

their model, the as-prepared (air-oxidized) titanium film surface was 

composed of a thin (5-10 A) layer of Ti02 overlying a thicker (40-50 A) 

region of suboxides (Ti203,TiO). When the film electrode was immersed 

in an electrochemical cell and polarized to positive potentials, a 

current-voltage curve similar in appearance to those shown in Figure 9.3 

was obtained. No current was observed until positive potentials in 

excess of +O.40V were reached (a' in Figure 9.3). As the potential was 

linearly swept from +0.4 to +3.0 V (at 5 mV/sec), an approximately 
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constant anodic current of 50 ~A/cm2 was seen until about +3.0 V (see 

Figure 1.2), when the anodic current density rose to values in excess of 

1 mA/cm2. These results were interpreted to represent a reaction 

sequence illustrated schematically in Figure 9.4a. At potentials below 

+3.0 V, the anodic current was hypothesized to arise from an oxidation 

reaction involving conversion of the suboxide to stoichiometric Ti02' 

At potentials in excess of +3.0 V, the authors suggested that a true 

Ti/Ti02 interface existed and the oxidation mechanism changed as the 

Ti02 layer propagated into the metal. 

The results of the present study indicate that this model 

requires substantial modification. Firstly, the air-formed oxide com

position is essentially Ti02 prior to electrochemical polarization. 

Even if the oxide thickness prior to immersion is very thin, such as the 

film surfaces prepared and characterized in situ, the oxide is essen

tially pure Ti02 when brought in contact with the electrolyte 

(Figure 9.4c). This results because the small amount of suboxide formed 

during early oxidation reacts with H20 to form Ti02' 

The effect of the amount of 02-formed oxide (Ti02) on the sub

sequent anodic behavior was manifest in a shift of the onset potential 

for continued oxidation in the present study and those reported pre

viously (4,5). This is explained herein in terms of maintaining the 

field necessary across the Ti02 layer to propogate oxide growth. This 

type of growth mechanism is in complete accord with the gas phase oxida

tion mechanism for thin oxides presented in Chapter 7. The fact that 
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the anodic current remains approximately constant as the voltage is 

swept through this region (up to +3.0 V) indicates that the oxide is 

growing under conditions of constant field. In the case of the 

electrochemically grown oxide, the field strength is controlled by the 

external bias and oxide depths much greater than those obtained by oxi

dation in gaseous 02 are attainable. 

The shift in the anodic oxidation onset potential to more posi

tive values, as observed by Armstrong and Quinn when Ti film electrodes 

were more extensively oxidized (prior to anodization) by heating in air, 

was interpreted (4,5) to indicate that the Ti02 layer had grown at the 

expense of the underlying suboxide region. Therefore, the barrier to 

further propogation of the Ti02 layer was increased, while the total 

charge observed during the constant-current region was diminished. In 

the present study, a titanium film electrode with a surface oxide known 

to consist of only 10 A of Ti02 was subject to anodic polarization, and 

compared to an electrode that had approximately 40 A Ti02 prior to 

polarization. The electrode with less air-formed oxide had an onset 

potential 0.70 V negative of the electrode with the thicker oxide. 

Therefore, the total amount of charge passed in the constant current 

("pre-passive") region « 3.0 V) was greater for the film with the 

thinner oxide initially present. If the model of 9.4a were correct, one 

would expect to see a smaller amount of charge passed if indeed this 

current corresponded to oxidation of suboxide to Ti02. In addition, the 

total amount of anodic charge passed in the constant current region 
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(Figure 9.3) was at least 100 times greater than that which would be 

expected if the entire air-formed oxide was initially Ti203 which was 

being oxidized to Ti02. These considerations lend further evidence 

against a model such as 9.4a, and reinforce the model shown in 9.4b,c as 

a more accurate representation of a titanium surface following air and 

electrochemical oxidation. 

At p~tentials in excess of +3.0 V, the increase in oxide 

thickness with applied potential was observed to increase dramatically, 

indicating a change in the oxidation mechanism. A probable explanation 

is that the amorphous, glassy oxide crystallizes at this potential, 

thereby changing the relative mobility of ions through the oxide film. 

Thicker anodic films on Ti foil surfaces are known to consist of 

crystalline anatase (150). Further studies, including the application 

of structure-sensitive techniques, are necessary to confirm this latter 

hypothesis. 

9.5 Effect of Deuterium Absorption 

The effect of deuterium loading on the electrochemical anodiza

tion of titanium surfaces was also investigated. Evaporation of a thin 

Ti film onto an oxidized titanium foil substrate, and subsequent expo

sure to 2 x 10-5 torr DZ for one hour, resulted in the formation of a 

substoichiometric deuteride at the film surface. Examination of the 

surface by AES showed that deuteride formation occurred, but that it was 

not fully reacted to TiD2' even though previous results showed that 

complete conversion should occur for thin films exposed under identical 
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Figure 9.5 Voltarnmogram of Titanium Foil 
(a) Before D2 Exposure 
(b) Following D2 Exposure 
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conditions. In the present case, some of the deuterium was absorbed by 

the bulk Ti substrate because its oxidized surface does not act as a 

complete diffusional barrier to D absorbed by the surface film. 

The sample was next immersed into the electrochemical cell, but 

after a few seconds began to dissolve and the film peeled away from the 

substrate. This result shows that the thin passive oxide formed on the 

TiDx surface was not effective in the 0.1 N HCI, and therefore it spon

taneously activated and subsequently dissolved. 

A titanium foil was ion-sputtered until only clean Ti was 

detected with AES, and then dosed with D2 under the same conditions 

described above. The AES spectrum was not indicative of deuteride for

mation, but the electrochemical behavior was affected. Electrochemical 

anodization produced the i-V curve shown in Figure 9.5b. Shown in 9.5a 

is the curve obtained for a pure Ti foil (also sputter-cleaned). Note 

that deuterium dosing caused a pronounced increase in the anodic peak at 

1.69 V. The integrated charge under this peak is 2.9 x 104 ~C/cm2 for 

the deuterided foil and 0.6 x 104 ~C/cm2 for the clean foil. One possi

bility is that this peak corresponds to oxidation of a titanium 

deuteride layer at the metal/oxide interface. The sharp, symmetric 

shape of this peak suggests that it does involve a surface process. It 

is only seen on the first scan and its presence or intensity does not 

affect subsequent behavior during cathodic polarization (i.e., the 

current quickly drops to zero on the reverse scan until the onset of H2 

evolution at -0.3 V, identical to clean Ti). The appearance of this 
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peak in the voltammogram from clean Ti films could be explained by the 

presence of some surface hydride introduced during the film preparation 

process. Hydrogen is the most common background contaminant gas in many 

vacuum systems (as in ours). The formation of TiH2 requires only an 

equilibrium pressure of 4 x 10-13 torr (2), so some formation is likely 

on the cleanest Ti films, and especially in the absence of oxygen. This 

might also explain the absence of this peak in the anodic oxidation of 

scraped surfaces. One possible reaction for the oxidation of titanium 

hydride (or deuteride) can be written 

(9.4) 

The charge passed under feature b in Figure 9.5 would correspond to the 

oxidation of about 20 A of Ti02 according to the above scheme, assuming 

the same surface roughness as before (R = 3). This reaction would 

require, however, contact between the hydride phase and the electrolyte, 

which probably does not occur. 

Armstrong and Quinn previously observed the voltametric peak at 

1.69 V for clean Ti films and attributed it to a possible structural 

rearrangement which exposed previously unexposed electroactive sites. 

It is possible that a field-assisted recrystallization is occurring at 

this potential, and the surface dosed with 02 must undergo a similar 

reaction, but one which involves the y-phase deuteride rather than the 

pure a metal. 

Another possibility is that the surface oxide contains some 

amount of dissolved deuterium, either as 0° or 02, and it is oxidized at 



1.69 V according to 

or, 
D2 + 2D+ + 2e 

(9.5a) 

(9.5b) 
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When a deuterided film is being oxidized at potentials less than 1.69 V 

according to a reaction such as Equation 9.4, it is possible that the 

released protons could capture electrons: 

(9.6a) 

(9.6b) 

Some of the deuterium would be evolved as D2 (Equation 9.6b), but some 

could remain dissolved in the ox-ide as DO or D2. When the potential of 

1.69 V is reached, reactions 9.5a or 9.5b occur, resulting in the anodic 

current spike. This reaction would require rapid diffusion of DO or D2 

to the interface where the reaction was occurring. 

It is clear that more results in which the effect of various 

controlled amounts of deuterium loading on the electrochemical anodiza

tion of Ti are necessary to fully explain these preliminary findings. 

The combination of the micrograv!metric and AES surface characterization 

methods, and the possibility for in situ ele~trochemical measurements, 

should make the further characterization of these reactions possible. 

The application to other active metal systems, in which prior gas phase 

reactions affect the subsequent electrochemical behavior of the surface, 

is being pursued. 



CHAPTER 10 

CONCLUSION 

In this final chapter, the major highlights of the work 

described in this dissertation are summarized, and the areas warranting 

further investigation are discussed. The course of this research pro

ject consisted of two distinct but closely interrelated themes. The 

first involved evaluating and refining the technique of quantitative 

Auger Electron. Spectroscopy for determining surface stoichiometries, 

primarily of metal oxides. The second major theme was the application 

of this method to elucidating the oxidation reaction occurring at tita

nium film surfaces, and the effect of this reaction on subsequent reac

tions with deuterium, and finally its subsequent electrochemical 

behavior. Auxiliary techniques - electron-energy loss spectroscopy and 

the quartz crystal microbalance - were also essential to thoroughly 

characterize these reactions. A model for the surface oxidation of 

titanium has been presented, starting with very thin layers in an ultra

high vacuum environment, through various degrees of oxidation in 02, and 

its continued oxidation under electrochemical polarization. All of 

these areas are discussed below. 

10.1 Quantitative Auger Electron Spectroscopy 

The use of AES as a quantitative surface analysis method was 

discussed in detail in Chapters 4 and S. Determining the atomic con-
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centrations from a measured AES spectrum involved two processes. 

1) First, an accurate assessment of the true Auger peak intensity must 

be obtained by isolating the peaks from a large and complex background. 

This required an instrumental modification which permitted collecting 

the data in the E'N(E) form, rather than the traditional derivative 

mode, by use of a high voltage isolation amplifier. Once obtained in 

digital form, the spe~tral data was further reduced by corrections for 

the electron-energy analyzer transmission characteristics. A previously 

reported background subtraction scheme was adopted in the work herein 

and applied for the first time to data collected by a CMA in the E'N(E) 

mode, and allowed a measurement of peak area to be obtained. Atomic 

concentrations for a series of metal alloys (In/Sn) and metal oxide 

standards were computed using elemental sensitivity factors with matrix 

corrections. These results were found to agree significantly better 

with known standard compositions than the results obtained by using the 

traditional derivative mode measurements. 

The relatively simple background removal scheme referred to 

above was not sufficient to accurately describe the background in the 

AES spectra of all specimens examined. The failure of this method was 

especially evident for Ti02, and since the quantification of oxidized 

titanium surfaces was of particular interest in this study, further 

refinement was required. A novel deconvolution algorithm was developed 

(Chapter 5) in which the secondary electron background was modeled by a 

series of measured inelastic scattering functions. This scheme was 
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found to be generally applicable to all of the metals and metal oxides 

examined and was utilized to obtain peak areas for routine quantitative 

surface analysis by AES. 2) Once the peak area for each Auger tran

sition of interest was measured, the atomic concentration was computed 

either by comparison to standards or by calculations from first prin

ciples (Equation 2.1). In the latter case, the relevant matrix

dependent variables which contribute to the Auger intensities were 

computed using existing literature theories. The measured metal-to

oxygen AES intensity ratios for several standard metal oxides 

(e.g. Ti02) agreed remarkably well with those predicted from first

principle calculations. Thus, many 'matrix effects' which have hereto

fore precluded a quantitative analysis of surfaces by AES may in fact 

result from inadequacies in previously utilized procedures used to 

account for the background (due to energy loss processes) in AES data. 

The excellent agreement between the known surface compositions of 

several standard oxides, and the surface compositions computed from the 

background-corrected data along with values for the matrix variables 

available from existing theories, is notable. This agreement lends cre

dence to the data manipulation schemes and supports the idea that reac

tion products at metal surfaces can be quantified without the use of 

standards. 

The background subtraction and quantification methods described 

above worked consistently well for Auger data in which the transitions 

occurred at kinetic energies in excess of 150 eV, which included all the 
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peaks used for quantification in these studies. Below 150 eV, other 

factors become important which are not relevant at higher kinetic 

energies. The electron mUltiplier detector has a gain which is essen

tially constant for electrons of kinetic energy above' 200 eV, but 

drops off rapidly for lower energy electrons. The functional dependence 

is not well known. Another problem is the steeply rising secondary 

electron cascade towards lower energies, which is not easily charac

terized by extrapolation from higher energies. These additional 

problems must be considered for spectral background corrections applied 

to low energy transitions, such as Li(KVV) or Si(LMM), and have been 

considered by Burrow (151). Further refinement of the methods discussed 

above should make it generally applicable to all AES data. 

10.2 Titanium OXidation 

Quantitative AES was applied to determining the composition and 

thickness of the oxide formed on titanium film surfaces exposed to 02. 

The quartz crystal microbalance (QCM) was utilized to measure the total 

mass of adsorbed oxygen with submonolayer sensitivity. Electron-energy 

loss spectroscopy (ELS) proved helpful in identifying the presence of 

Ti+3 during the early stages of oxidation. Utilizing these methods, a 

complete description of the room temperature surface oxidation process 

was deduced, starting with the atomically clean metal surface and iso

lated nuclei of clean Ti, through various stages of oxide growth, and up 

to the 'terminal' passive oxide formed at atmospheric pressure. Chap-
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ters 6 and 7 detailed these studies, and a model for oxide growth was 

presented. 

The titanium film surfaces prepared by evaporation had an actual 

surface area about three times larger than the projected geometric area 

(R=3). Thus, total amounts of adsorbed oxygen determined from the mass 

uptake data had to be corrected for this factor when computing actual 

oxidation depths. All oxide depths reported below have been corrected 

for the surface roughness. 

During initial oxidation (Chapter 6), the rate of oxygen uptake 

is linear in time, with a sticking probability of 0.2, and results in 

the (dissociative) adsorption of ca. 3 monolayers of 0 atoms. The 

linear adsorption rate can be rationalized because the first two mono

layers of adsorbed 0 atoms are incorporated below the metal surface 

plane (144); thus the initial reactivity of the metal surface atoms is 

maintained. The third monolayer of adsorbed 0 forms an overlayer 

structure (144). At this point, initial oxidation ceases and subsequent 

oxide formation occurs via oxygen anion migration through the existing 

oxide to the metal/oxide interface. 

The surface spectroscopic characterization of the initial oxide 

revealed a mixture of Ti+3 and Ti+4 species, shown schematically in 

Figure 6.12. As the oxide continued to grow, the following changes from 

initial oxidation were noted. 1) The suboxide continued to react to 

form Ti02, after which subsequent oxide formed was purely Ti02. By the 

time the oxide had reached a thickness of 20 A, the entire oxide film 
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consisted primarily of Ti02 (with some Ti+3 defects, < 5-10%). 2) The 

rate of oxygen adsorption slowed considerably from the rate observed 

during initial oxidation, and continued to decrease with time, such that 

oxide film growth was logarithmic with time. The oxide film thickness 

approached a 'limiting' thickness that increased with increasing oxygen 

pressure. 

From the pressure-dependence of the oxide growth rate, it was 

concluded that the oxide film growth mechanism was similar to the 

general model proposed by Fehlner and Mott (113). In this mechanism, 

logarithmic oxide growth is explained in terms of an activation barrier 

for ionic movement which increases with oxide thickness. When the oxide 

is still relatively thin, an electrostatic field, set up across the 

oxide layer by charged adsorbed oxygen species, lowers the activation 

barrier sufficiently such that logarithmic oxide growth can occur (see 

Figure 7.12). The titanium film oxidation reaction studied herein exhi

bited growth behavior which was rationalized in terms of a constant 

field mechanism. When the oxygen pressure was increased, thereby 

increasing the number of adsorbed oxygen species, a corresponding 

increase in oxide thickness was noted. The film reacted to an increase 

in the surface voltage V by growing rapidly to a new thickness X, such 

that the field (F=V/X) tended to remain constant. The thickest oxide 

observed in these studies was about 40 A which resulted when a Ti film 

was exposed to atmospheric pressure 02. Further experiments confirmed 

that oxygen anions were the predominant mobile species responsible for 
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oxide growth. It was hypothesized that the structure of the oxide was a 

glassy network which allowed anion migration through channels of atomic 

dimension (Figure 7.13). 

10.3 TiD2 Formation and OXidation 

Titanium films readily absorb deuterium to form TiD2 throughout 

the bulk of the film. The kinetics of deuterium absorption suggest that 

a surface deuteride layer (y-phase) forms during the early stages of 

reaction, and subsequent D2 absorption is controlled by diffusion 

through the surface layer into the bulk. However, AES and ELS spectra 

of films which had been reacted to overall compositions TiDx (x < 2) 

were sensitive to the bulk deuterium content of the film - i.e., did not 

confirm the presence of the surface y-phase deuteride layer. The 

electron beam used to excite the AES spectra probably disrupts the sur

face layer, such that a steady-state composition is attained in the. 

sampled region, which is related to the bulk composition. X-ray or 

ultraviolet photoelectron spectroscopies, which are less likely to 

damage the surface layer, would be useful for further studies of this 

effect. 

Titanium deuteride films form oxide layers when exposed to 02 at 

pressures < 1 x 10-5 torr, similar in thickness to those formed on clean 

Ti surfaces. At higher pressures (e.g. atmosphere), the total amount of 

02 adsorbed by the TiD2 surface was approximately twice the amount 

adsorbed by the clean Ti at similar pressures. This effect is attri

buted to the formation of an oxide of different structural properties on 
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the deuterided film surface, such that the oxide can grow to greater 

thicknesses before the surface is passivated. A glassy network struc

ture in which the dimensions of the channels are larger than the oxide 

network formed on pure Ti is hypothesized. Additional structural 

characterization of these thin oxides is necessary before the enhanced 

reactivity towards oxidation of the deuterided titanium film is fully 

understood. Vibrational spectroscopies (~.g. surface reflectance FT-IR) 

should be particularly applicable to defining the chemical structure of 

the proposed covalent metal oxide network. 

The deuterium absorption reaction by titanium films was comple

tely inhibited by oxides of 15 A or greater, and significantly reduced 

(from the clean surface value) by thinner oxides. It is suggested here 

that the residual Ti+3 sites in the initial oxide « 15 A) can act as D2 

dissociation sites (of lower activity than TiO), because the suboxide 

layer does not completely inhibit D2 absorption. However, when the sur

face is predominately Ti02 (> 20 A oxide), the D2 dissociation reaction 

is completely inhibited. Deposition of small amounts of fresh Ti onto 

the oxidized surface rejuvenates the deuterium absorption capability of 

the entire film by providing dissociation sites for D2, and indicates 

that the oxide is not a diffusional barrier for D atoms. 

Iron adlayers were found to promote the deuterium absorption 

reaction by underlying titanium films, and were also found to reactivate 

oxidized Ti surfaces for further D2 absorption (similar to Ti on Ti 

oxide, as discussed above). Because Fe does not form a deuteride com-
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pound, its role is purely catalytic for the D2 dissociation reaction. 

Studies of this type are relevant to understanding similar reactions 

occurring at surfaces of metals and metal alloys (e.g. FeTi) , which are 

of current interest because of their hydrogen storage properties. While 

the co-evaporation method does not completely simulate actual alloy 

formation, the surface composition of these thin films can be systemati

cally varied over a wide range. This approach allows elucidation of the 

roles of the individual alloy constituents in the overall surface reac

tion. Further studies on the Fe/Ti system might include a study of the 

overall film reactivity towards 02, D2, and combinations thereof as a 

function of iron ad layer thickness. 

10.4 Electrochemical Oxidation 

Titanium films which had been prepared and reacted in the UHV 

environment were subsequently examined electrochemically without prior 

exposure to the atmosphere, as described in Chapter 9. This was made 

possible by a sample transfer system and reaction chamber attached 

directly to the preparation/analysis chamber. Atomically clean titanium 

films formed a thin (10 A) oxide layer due to reaction with residual 02 

in the argon used to backfill the electrochemical reaction chamber. 

Exposure to the electrolyte (or to the H20 vapor above it) converted the 

initial suboxide to TiOZ, with no increase in oxide thickness. The ano

dic polarization curve (scanned at 5 mV/sec in 0.1 N HCl) was charac

terized by the onset of anodic oxide growth at -0.30 V (vs. Ag/AgC1) and 

an essentially constant anodic current (180 ~A/cm2) up to +3.0 V, where 
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the current density rose to values in excess of 1 mA/cm2. A constant 

field oxide growth mechanism was invoked to explain the constant anodic 

current density observed below +3.0 V. The oxide growth rate was 40 A/v 

in this potential range. Electrochemical anodization of surfaces which 

had been intentionally exposed to the atmosphere resulted in a shift of 

the onset potential for oxide growth to more positive values. The 

magnitude of this potential shift was quantitatively related to the 

known amount of oxide present prior to polarization (determined by the 

QCM) and the anodic oxide growth rate in the constant field region 

(40 A/V). 

Preliminary investigations of the electrochemical behavior of 

titanium surfaces partially or fully reacted with deuterium were also 

made. The general characteristics of the vo1tammograms obtained were 

basically similar to those observed for clean Ti surfaces. This con-

dition results because the nature of the surface in contact with the 

electrolyte is essentially the same in both cases, i.e. the same type of 

oxide layer exists on either surface. Thus, electrochemical measure-

ments are probing the same oxide/electrolyte interface. A sharp, fara-

daic peak at +1.69 V was observed which was evidently related to the 

presence of deuterium in the material. Further studies in which the 

effects of various controlled amounts of D2 loading on the electrochemi-

cal behavior of Ti surfaces are necessary to further characterize these 

reactions. The preparation, characterization, and reaction procedures 
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described throughout this work should be entirely applicable to further 

elucidate this aspect of titanium deuteride surface chemistry. 

A model for the oxidized titanium film surface was presented in 

Chapter 1 (Figure 1.1), in which the surface composition was hypothe

sized to consist of a thin (5-10 A) Ti02 layer overlying a thicker 

(40-50 A) layer of suboxides. This model was discounted by the results 

of the present work, which showed that the oxide film, formed by 02 

exposure and just prior to any electrochemical polarization, consisted 

primarily of Ti02' The anodic current observed in the electrochemical 

polarization represents further growth of this Ti02 layer under con

ditions of constant field. At potentials in excess of +3.0 V, the oxide 

film probably crystallizes and a change in the oxidation mechanism 

occurs. 

The general experimental approach utilized in this dissertation 

was to quantitatively characterize the surface oxidation or hydriding 

reactions of titanium surfaces under well controlled conditions. The 

nature of the surface reaction product was investigated at various 

intermediate reaction stages, and its influence on subsequent reactivity 

of the entire material was determined. The ultimate removal of the sur

face from the UHV environment to an electrochemical (solution) environ

ment, under conditions where the exact nature of any further chemical 

changes on the surface were known, resulted in a better understanding of 

the surface chemical reactions in either environment. These approaches 

should be further applicable to other reactive metal systems (such as 
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lithium battery components (51,151) where reactions of a gas/solid 

interface affect the subsequent solution or electrochemical behavior. 



APPENDIX A 

DATA COLLECTION PROGRAMS 

The source listings for the data collection programs described 

in Chapter 3 are given in this Appendix. These include the main AES 

data collection routine~ AESDAT, and the program used to acquire digital 

frequency data from the quartz crystal microbalance, called QCM. The 

MACRO-II subroutines used for I/O control are also included. The plotting 

program Q5PLOT or any of the later versions, which has been documented 

elsewhere, is not shown. 
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FORTRAN IV V02.5 Tue 10-Jul-8~ 00:35:04 PACE 001 
0001 PROGRAM AESDAT 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
0010 9 
0011 10 
0012 11 
0013 20 
0014 
0015 30 
0016 
0017 
001B 
0019 33 
0020 
0022 
0023 
0024 34 
0025 31 
0026 35 
0027 40 
0028 
0029 :50 
0030 
0031 60 
0032 
0033 
0035 
0037 

AUCER DATA COLLECTION PROGRAM 

VARIABLES DEFINED ••••• 

ABUFF: 
AND 

IBUFF: 

IS THE COMMON BLOCK BETWEEN THIS PROGRAM 
THE MACROS 

IBUFA: 
IS THE NUMBER OF CLOCK COUNTS PER DATA POINT 
IS THE 0-10V DACI BUFFER USED FOR OFFSET AND 

WINDOWS > 1250eV FOR 
IBUFB: 

62SeV 
IBUFC: 

625eV 

IS THE O-SV DAC2 BUFFER USED FOR WINDOWS > 

IS THE 0-5V DACS BUFFER USED FOR WINDOWS OF 
OR LESS 

IFILE: IS THE NAME OF THE FILE OF DATA 
EV: THE ARRAY OF eV POINTS 
COUNTS: THE ARRAY OF DATA POINTS OF COLLECTOR SIGNAL 
IPOINT: NUMBER OF POINT TAKEN 

COMMON IABUFFI IBUFF,IBUFA,IBUFB, IBUFC 
VIRTUAL EV(4100),COUNTS(41001 
DIMENSION IFILECBI . 
BYTE SQ,FS 
LOCICAL*l ANS,YES 
DATA YES/'Y', 
ISQ=126 
IFS=2B 
TYPE 10,ISQ,IFS 
FORMATCIX,Al,Al,T30, 'AUGER DATA COLLECTION PROGRAM') 
TYPE 20 
FORMAT(lX, III, IX, 'SELECT A FILE NAME FOR YOUR DATA: ',SI 
ACCEPT 30, IFILE 
FORMATCBA21 
OPENCUNIT=99,NAME=IFILE,TYPE='OLD',ERR=31I 
TYPE *,' FILENAME PREVIOUSLY USED. WRITE OVER?' 
ACCEPT 33,ANS 
FORMATCAI I 
IF(ANS.EQ.YES)GOTO 34 
CALL CLOSE(99) 
COTO 11 
CLOSE(UNITa 99,DISP='DELETE'1 
OPEN (UNITa 99, NAME=IFILEI 
TYPE 40 
FORMAT(' ENTER THE LOWER SCAN BOUND IN eV: ',fl 
ACCEPT SO,ILB 
FORMAT ( 14) 
TYPE 60 
FORMATC' ENTER THE UPPER SCAN BOUND IN eV: ',SI 
ACCEPT 50, IUB 
IF (ILB.GT.IUBI TYPE 70 
IFCILB.GT.IUBIGOTO 35 
GOTO 75 

278 



FORTRAN IV 

0038 70 
0039 7~ 
0041 
0043 
0045 
0046 110 
0047 80 

0048 90 

0049 
0051 
00~3 
00~5 
0036 120 
0057 
00~8 
0060 
0061 
0062 
0064 
006~ 
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V02.5 PACE 002 

FORMAT I , DATA ERROR PLEASE TRY ACAIN ! ') 
IF (IIUB-ILB).LE.62~) TYPE 80 
IF I I IUB-ILB) .CT. 625 .AND. C IUB-ILB) .LT. 1250) TYPE 90 
IF «IUB-ILB).CE. 1250) CALL LOWRES(EV, COUNTS, IPOINT, ILB, IUS) 
ACCEPT 110,ISUB 
FORMAT I 12) 
FORMATI' FOR. 1.6 POINTS/eV TYPE 1', I, 

1 ' FOR 3.2 POINTS/eV TYPE 2',1, 
2 ' FOR 6.4 POINTS/eV TYPE ::I :',$) 

FORMAT I , FOR 1.6 POINTS/eV TYPE 1',/, 
1 ' FOR 3.2 POINTS/eV TYPE 2 :',S) 

IF (ISUS.EQ.1) CALL LOWRES(EV, COUNTS, IPOINT, ILB,IUS) 
IF (ISUB.EQ.2) CALL MEDRES(EV, COUNTS, IPOINT, ILB, IUS) 
IF IISUS.EQ.S) CALL HICRES(EV, COUNTS, IPOINT, ILB,IUB) 
TYPE 120 
FORMATC' DO YOU WANT A PLOT? ',S) 
ACCEPT 3S,ANS 
IF (ANS.EQ.YES) CALL PLOTIEV, COUNTS, IPOINT, 1) 
TYPE .,' DO YOU WANT TO COLLECT ANY MORE SPECTRA ?' 
ACCEPT 3S,ANS 
IF(ANS.EQ.YES)COTO 9 
STOP 
END 



FORTRAN IV 

0001 
0002 
0003 
000'4 
000:5 
0006 
0007 10 
0008 
0009 20 
0010 
0011 
0012 
0013 
0014 
0015 

C 
C 

0016 
0017 
0018 
0019 1000 
0020 
0021 
0022 
0023 
0024 

C 
C 

0026 
0027 
0028 
0029 
0030 
0031 200 
0032 
0033 100 
0034 
0035 101 
003S 
0037 
0038 

'.102.:5 Fri OB-Jun-84 0010:5120 

SUBROUTINE ~OWRESIEV,COUNTS,IPOINT,ILB, IUB) 
COMMON IABUFFI IBUFF,IBUFA,JBUFB,IBUFC 
VIRTUAL EV(4100),COUNTSI4100) 
TYPE *, 'YOU HAVE SELECTED A RESOLUTION' 
TYPE *, 'OF 1.6 POINTS PER eV' 
TYPE 10 
FORMAT I , WHAT SCAN RATE DO YOU WANT IN eV/SEC: ',S) 
ACCEPT 20,RATE 
FORMATIF.5.2) 
IBUFF=II0000./ll.638*RATE» 
IBUFA=ILB * 1.638 
IBUFB-O 
IBUFC=O 
IUBR=IUB * 1.638 
1=0 

FIRST, GET THE ZERO CURRENT REFERENCE AT ZERO eV 
CALL ZEROIICOUNT) 
ZEREF-FLOATIICOUNT) 
CALL INIT 
CALL GETIIICOUNT) 
1-=1+1 
EVII)- FLOATIIBUFA)/l.sa8 
COUNTSII)=FLOATIICOUNT) 
IBUFA=IBUFA+l 
IF IEVII) .LT. FLOATIIUB» GOTO 1000 

GET THE ZERO LEVEL AGAIN--TO CORRECT FOR DRIFT 
CALL ZEROIICOUNT) 
CALL ZEROIICOUNT) 
DRIFT-FLOATIICOUNT) 
IPOINT-I 
WRITEI99,200) I 
FORMAT I IS) 
WRITEI99, 100) IEVIN),COUNTSIN), N=l,I) 
FORMATI2FI0.S) 
WRITEI99,101)ZEREF,DRIFT 
FORMATI2FI0.S) 
CALL CLOSE(99) 
RETURN 
END 
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FORTRAN IV 

0001 
0002 
0003 
0004 
0005 
0006 
0007 10 
0008 
0009 20 
0010 
0011 
0012 
0013 
0014 
0015 
0016 
0017 
0018 1000 
0019 
0020 
0021 
0022 
0023 
0025 
0026 
0027 
0028 
0029 
0030 200 
0031 
0032 100 
0033 
0034 102 
0035 
0036 
0037 

V02.5 Fri 08-Jun-84 0010~:31 

SUBROUTINE MEDRES(EV, COUNTS, L~OINT, lLB,IUB) 
COMMON IABUFFI IBUFF, lBUFA, lBUFB, lBUFC 
VIRTUAL EV(4100),COUNTS(4100) 
TYPE *, ·YOU HAVE CHOSEN' 
TYPE *, ,:. RESOl.UTlON OF 3.2 POINTS PER eV' 
TYPE 10 
FORMAT' WHAi SCAN RATE DO YOU WANT IN eV/SEC: ',5) 
ACC'!:PT 20,RAiE 
FORMAT(F5.2) 
lBUFF=10000./(8.276*RATE) 
lBUFA=ILB*1.638 
lBUFB=O 
lBUFC .. O 
1=0 
CALL ZERO(lCOUNT) 
ZEREF=FLOAT(lCOUNT) 
CALL IN IT 
CALL GET1(lCOUNT) 
1=1+ 1 
EV(II=(FLOAT(IBUFAI/l.638)+(FLOAT(IBUFBI/3.2761 
COUNTS(I)=FLOATIICOUNT) 
IBUFB=IBUFB+l 
IF IEV(l) .LT. FLOAT(lUB» GOTO 1000 
lPOINT=I 
CALL ZERO(ICOUNT) 
CALL ZEROIICOUNT) 
DRIFT=FLOAT(ICOUNTI 
WRITE199,200) 1 
FORMAT ( 15) 
WRITEI99, 100) IEVIN),COUNT6(N), N=l, II 
FORMAT(2FI0.3) 
WRITE(99,102IZEREF,DRIFT 
FORMAT(2Fl0.3) 
CALL CLOSE(991 
RETURN 
END 
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FORTRAN IV 

0001 
0002 
OOOS 
00004 
OpO:5 
0006 12 
0007 
0008 lS 
0009 
0010 
0011 
0012 
001S 
0014 
0015 
0016 
0017 155 
001B 
0019 
0020 
0021 
0022 
0024 
002:5 
0026 
0027 
0028 
0029 200 
OOSO 
OOSl 201 
00S2 
OOSS 202 
00S4 
00S5 
00S6 

V02.:5 Fri OB-Jun-84 OO:0:5:04S 

SUBROUTINE HICRES(EV, COUNTS, IPOINT,ILB, JUB) 
COMMON IABUFF/IBUFF,IBUFA, IBUFB,IBUFC 
VIRTUAL EVC041001,COUNTS(04100) 
TYPE *, 'THE SCAN RESOLUTION IS 6.4 POINTS/eV' 
TYPE 12 
FORMAT(' WHAT SCAN RATE DO YOU WANT IN eV/SEC ?'$) 
ACCEPT 1S,RATE 
FORMAT(F5.2) 
IBUFF=10000.1.(6.SS2*RATE) 
IBUFA=ILB*1.6S8 
IBUFB"O 
ISUFC=O 
laO 
CA~L ZERO(ICOUNT) 
ZEREF=FLOAT(ICOUNT) 
CALL INIT 
CALL CET1(ICOUNT) 
1·1+1 
EV(I)·(FLOAT(IBUFA)/1.6SB)+(FLOAT(IBUFCI/6.:5521 
COUNTS(I I=FLOATC ICOUNTI 
IBUFC=IBUFC+l 
IF(EV(II,LT.FLOAT(IUBIIGOTO 155 
IPOINT=l 
CALL ZERO(ICOUNTI 
CALL ZERO(ICOUNTI 
DRIFT=FLOAT(ICOUNT) 
WRITE(99,200) I 
FORMAT(ISI 
WRITE(99,201) (EV(NI,COUNTSCNI,N=1,I) 
FORMAT(2FI0.S1 
WRITE(99,202)ZEREF,DRIFT 
FORMAT(2F10.S1 
CAL~ CLOSE(991 
RETURN 
END 
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·TITLE SUSS8 - AUGER DATA COLLECTION 

• MCAL.L .PRINT 

.GLOBL INIT,GETl, IBUFF,IBUFA, IBUFB, IBUFC,ZERO 

.PSECT ABUFF,RW,D,GBL.,REL,OVR 

ISUFF 
ISUFA 
IBUFB 
I BUFC 

CDSTAT 
CNCHAD 
ADDATA 
DADATI 
DADAT2 
DADAT3 
CSR 
BPR 

.BL.KW 

.BL.KW 
• BL.KW 
.SLKW 

=170400 
=170402 
=170402 
"170440 
=170442 
=170444 
-170420 
=170422 

ZERO: TST 
MOV 
MOV 
MOV 
MOV 
MOV 
NEG 
MOV 

22$: BIT 
BEQ 
MOV 
MOV 

23$: TST 
BPL 
MOV 
RTS 

INIT: TST 
MOV 
MOV 
NEC 
MOV 

11$: BIT 
BEQ 
MOV 
NEG 
MOV 
RTS 

GET1: TST 
1$: BIT 

BEQ 
BIT 
BNE 

1 • 
1 • 
1 • 
1 • 

(RS)+ 
10,SIDADAT1 
IO,StlDADAT2 
to,StlDADAT3 
10,8tCSR 
t23S00,@tlBPR 
I!!tlBPR 
143,SICSR 
I!!tlCSR,tl200 
22. 
10,SICDSTAT 
tlO,!tlGNCHAD 
I!!4ICDSTAT 
23. 
I!!IADDATA,I!!(RS)+ 
PC 

(RS)+ 
IBUFA,e4lDADATI 
tI77777,I!!4IBPR 
elBPR 
'33,&!4ICSR 
I!!tlCSR,4I200 
11 $ 
IBUFF,I!!4IBPR 
I!!IBPR 
la3,e1CSR 
PC 

(RS)+ 
I!!ICSR,4I200 
1$ 
e1lCSR,1I10000 
3$ 

;CLOC~ COUNTS ?ER POINT 
;DACl BUFFER 
;DAC2 BUFFER 
;DACa BUFFER 

;A-D COMAND STATUS 
;A-D GAIN CHAN. 
;A-D DATA BUFFER 
;D-A CHANI 0-10V 
;D-A CHAN2 0-5V 
;D-A CHANa O-SV 
;CLOCK SPEED 
;CLOCK BUFFER/PRESET 

;SET ALL DACS AT ZERO 
;FIRST DATA POINT WILL 
;ALWAYS BE AT 0 eV 
;CLEAR CLOCK CSR 
;SET CLOCK FOR 10 SEC 
;TAKE 2'S COMPLEMENT 
;SET 1 KHZ, MODE 1, START 
;LOOK FOR OVERFLOW 
;WAIT FOR IT ! 
;SET AID MODE 0 
;SET Xl GAIN, CH 10 
;END OF CONVERSION? 
;WAIT FOR A/D 
;STORE THE 0 eV REF POINT 

;SET AUGER AT LOWER BOUND 
SET CLOCK FOR 10 SEC 

; TAKE 2'S COMPLEMENT 
; SET 10 KHZ, MODE 1, START 
; LOOK FOR OVERFLOW 
; WAIT FOR IT 
;LOAD TICKS PER DATA POINT 
;TAKE 2'S COMPo FOR KICKS 
;SET 10KHZ,MODE I,STARi 

;LOOK FOR OVERFLOW 
;WAIT FOR IT I 

;LOOK FOR DATA OVER RUN 
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MOV tlSS,IiICSR I CLEAR OVERFLOW, RESTART 
MOV IBUFA,IIIDADATl ,LOAD DAC1 
MOV IBUFB,I!IIDADAT2 ,L.OAD DAC2 
MOV IBUFC,IIDADATa ,L.OAD DACa 
MOV 10,IICDSTAT ,SET A-D MODE 0 
MOV 1I0,lilCiNCHAD ;SET Xl CiAIN,CHAN 10 

2$: TST @tlCDSTAT ;END OF COVERSION '? 
BPL. 2$ ;CiO BACK AND WAIT 
MOV @IADDATA,e!IRS)+ ,STORE DATA 
RTS PC 

a$: .PRINT IIMSCi 
RTS PC 

MSCi: .ASCIZ IDATA OVER RUN IN CL.OC~I 
,END 



FORTRAN IV 

0001 
0002 
0003 
0004 
OOO~ 
0006 
0007 

C 
C 
C 
C 
C 

0008 
0009 1 

C 
C 

0010 
C 

0011 
C 
C 

0012 
C 
C 
C 
C 
C 

0013 22 
0014 2 

001~ 
0016 23 

C 
C 

0017 24 
0018 2~ 

C 
C 

0019 
C 

0020 
0022 
0023 S4 

C 
C 
C 
C 
C 

0024 
0026 
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V02.~ Men 27-Feb-84 00:24141 PACE 001 
PROGRAM QCM 
COMMON/DATTER/ITIME,IFREQ,I 
DIMENSION IFREQII000l, ITIME(10001 
COMMON/TIMER/INTIME 
BYTE FS,SQ 
FS=28 
SQ"128 

INTERRUPT-DRIVEN QCM DATA COLLECTION PROGRAM 

CLEAR SCREEN 
TYPE I, SQ, FS 
FORMATI2Al,/I/I,' QCM DATA COLLECTION PROGRAM 'I 

I IS THE DATA COUNTER 
laO 
JFLAG IS A FLAG FROM KEYBOARD INTERRUPT REQUEST 
JFLAG=O 
ICATE IS THE NUMBER OF METER GATES NECESSARY TO GENERATE 
AN INTERRUPT 
ICATE=l 

THE MAIN PROGRAM DISPLAYS 
A MENU OF OTHER FUNCTIONS INITIALLY, BEFORE SETTING UP INTERRUPTS 

CHOOSE THE SAMPLING INTERVAL 
TYPE 2 
FORMATI/III,' INPUT 1 IF YOU WANT TO COLLECT A DATA',I, 

2 'POINT EVERY TIME THE FREQ METER GATES, OR',I, 
2 'A 2 FOR EVERY OTHER GATE, ETC ••• 'I 

ACCEPT 23, IGATE 
FORMAT I 121 

TYPE 2~ 
FORMATI/II,' DURING DATA COLLECTION, CHOOSE FROM THE ',I, 

1 'OPTIONS BELOW: ',I, 
2 D ••••• DUMP DATA TO DISK',I, 
3 G ••••• CHANGE THE GATE COUNTER FROM ABOVE 'I 

PAUSE 
GET INITIAL TIME, UNLESS THIS IS NOT THE FIRST TIME THRU 
IFIJFLAG.EQ.2ICOTO S4 
INTIME"SECNDSIOI 
CALL TAKE1IITIME, IFREQ, I,IGATE,JFLAGI 

WHEN WE RETURN FROM THE MACRO ROUTINE, WE WANT TO 
DUMP DATA ONTO DISK, OR •••••• 
CHANGE THE SAMPLING INTERVAL 

IFIJFLAG.EQ.IICALL DUMP 
IFIJFLAG.EQ.2ICOTO 100 



FORTRAN IV 

0028 
0029 
0030 55 
0081 
0033 

C 
C 

0034 100 
0035 

V02.:S Mon 27-F~b-84 00:24141 

TYPE ./' COLLECT MORE DATA 7' 
ACCEPT :S:S,IANS 
FORMATCA1) 
IFtIANS.NE.1HY)CALL EXIT 
GO TO 34 

CHANGE SAMPLING INTERVAL 
GO TO 22 
END 
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FORTRAN IV 

0001 
0002 
OOOS 
0004 

C 

C 
C 
C 
C 

0005 19 
0006 
0007 20 
OOOB 
0009 
0010 
0011 21 
0012 
0014 
0015 
0016 SO 
0017 31 
0018 
0019 33 
0020 
0021 32 
0022 

0023 
0024 
0025 

C 
C 
C 

V02,5 Mon 27-Feb-B4 00&24&50 

SUBROUTINE DUMP 
COMMON/DATTER/ITIME, IFREQ, I 
DIMENSION ITIME(1000), IFREQ(lOOO) 
INTECER*2 IFILE(B) 

OPEN FILE FOR DATA 

TYPE *,' INPUT FILE NAME FOR DATA ' 
ACCEPT 20, IFILE 
FORMAT(8A2) 
OPEN(UNITa 99,NAME=IFILE,TYPE='OLD',ERR=31) 
TYPE *,' FILE ALREADY EXISTS. WRITE OVER ?' 
ACCEPT 21,IANS 
FORMAT(AI ) 
IF(IANS.EQ.IHY)COTO 30 
CLOSE IUNIT-99) 
COTO 19 
CLOSE(UNIT-99,DISPOSE='DELETE') 
OPEN(UNITa 99,NAME=IFILE) 
WRITE(99, 33) I 
FORMAT ( IS) 
WRITE(99,32) IITIMEIJ), IFREQ(J),J=l,I) 
FORMAT(216) 
CLOSE(UNIT-99) 

RESET DATA COUNTER TO ZERO 

1-0 
RETURN 
END 
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FORTRAN IV 

c 
C 
C 

V02.~ Men 27-Feb-B4 00t241~9 

0001 SUBROUTINE DECODEIID1,ID2,ID3,ID4) 
0002 COMMON/TIMER/INTIME 
0003 COMMON/DATTER/ITIME,IFREQ,I 
0004 DIMENSION ITIMEII000), IFREQ(1000) 
0005 ITIME(Il=SECNDSIO)-INTIME 
0006 IFREQ(I)-ID1*1000+ID2*100+ID3*10+ID4 
0007 CALL TIMOUT(ITIME(I» 
OOOS RETURN 
0009 END 

288 

PAGE 001 



,TJTL.E TAKE1 

SUBROUTINE FOR COLLECTING 4 BCD DIGITS FROM THE 
FREQUENCY METER WHEN AN INTERRUPT IS GENERATED BY THE 
FREQUENCY METER, 

PS\oI=O 
INDATA=167754 
CSR-167750 
KBSTAT=177560 
KBDATA=177562 
PRSTAT=1775604 
PRDATA=177566 

,GLOBL TAKEl,QCMINT,KBINT,DECODE,TIMOUT 
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TAKE1: JSR PC,SAVEM SAVE ALL RECISTER CONTENTS 

IS: 

MOV 
MOV 

MOV 

MOV 
MOV 

MOV 

TST 
MOV 
MOV 
MOV 
MOV 
MOV 

MOV 
MOV 

MOV 

MOV 
MOV 

MOV 
MOV 

(U60, KB 
1!!162,KB2 

IQCMINT,304 

1300,306 
IIKBINT,60 

11200,62 

(R5)+ 
(RS)+,TARRAY 
(R5)+, FAR RAY 
(RS)+, INDEX 
(RS)+,GATE 
(RS),IFLAG 

9IIFLAG,RO 
110, (RO) 

110, TEST 

1I100,I<BSTAT 
1140,CSR 

@IIIFLAC,Ro4 
(R4) ,RO 

SAVE MONITOR KEYBOARD INTERRUPT VECTOR 
AND STATUS WORD 

MOVE ADDRESS OF QCM INTERRUPT ROUTINE 
TO THE INTERRUPT VECTOR OF THE PARALLEL 
INTERFACE FOR REQUEST B 

SET PRIORITY-6 
MOVE ADDRESS OF KEYBOARD INTERRUPT ROUTINE 
TO INTERRUPT VECTOR 
SET KEYBOARD PRIORI!)' = 4 

SKIP ARC COUNT 
SAVE STARTING ADDRESS OF TIME ARRAY 
SAVE THE ADDRESS OF FREQUENCY ARRAY 
SAVE ADDRESS OF DATA COUNTER ARRAY INDEX 
SAVE ADDRESS OF CATE INTERVAL 
SAVE ADDRESS OF INTERUPT FLAC JFLAG 
SET TO 1 IF 'D' KEYBOARD INTERRUPT 
SET TO 2 IF 'C' KE'tBOARD INTERRUPT 

CET THE ADDRESS OF JFLAC 
PUT A ZERO IN JFLAC 

PUT ZERO IN INTERRUPT COUNTER 

ENABLE KEYBOARD INTERRUPT 
ENABLE REQUEST B INTERRUPT 

CET ADDRESS OF JFLAG 
CET VALUE OF JFLAG 



290 

BEQ 1. SIT HERE AND WAIT FOR INTERRUPTS 
UNTIL FLAG GENERATED IN KEYBOARD 
INTERRUPT ROUTINE SIGNALS RETURN TO 
MAIN FORTRAN PROGRAM AND RETURN 1/0 
CONTROL TO MONITOR 

MOV 10,CSR DISABLE REQ E INTERRUPT 
MOV Ii.KB,60 RESTORE MONITOR KEYBOARD CONTROL 
MOV SIIKB2,62 
JSR PC,PUTEM RESTO~E ALL REGISTERS 

RTS PC STOP 

SAVEM: MOV RO,SAVO SAVE ALL REGISTER CONTENTS FOR WHEN 
MOV Rl,SAVI INTERRUPT OCCURS, SO THEY CAN BE 
MOV R2,SAV2 RESTORED LATER 
MOV R3,SAV3 
MOV R4,SAV4 
MOV R~,SAV5 
MOV SP,STACK 
RTS PC 

PUTEM, MOV IIISAVO,RO 
MOV IIISAV1,Rl RESTORE ALL REGISTERS BEFORE RETURNING 
MOV IIISAV2,R2 
MOV SISAV3,R3 
MOV SISAV4,R4 
MOV SISAV5,R5 
MOV IISTACK,SP 
RTS PC 

QCMINT: JSR PC,SAVREG SAVE REGISTER CONTENTS 
MOV @ITEST,Rl GET THE NUMBER OF INTERRUPTS 
ADD 11, Rl THAT HAVE OCCURRED AND INCREMENT 
MOV Rl,TEST SAVE THE NEW NUMBER OF INTERRUPTS 

MOV SIGATE,R2 GET ADDRESS OF INTERVAL COUNTER 
MOV (R2),R3 GET THE VALUE OF THE INTERVAL COUNTER 

CMP Rl,R3 IS THE NUMBER OF INTERRUPTS THAT HAVE 
OCCURRED = TO THE DESIRED GATE INTERVAL? 

BNE GOBACK IF NOT, GO WAIT FOR ANOTHER INTERRUPT 
IE, DON'T TAKE DATA THIS TIME 

MOV 10,TEST READY FOR DATA COLECTION--RESET COUNTER 

MOV Ii!4tINDEX, R2 GET ADDRESS OF DATA COUNTER 
ADD 11, (R21 INCREMENT THE INDEX COUNTER 

MOV .BUFFER,Rl PUT ADDRESS OF TEMP DATA STORAGE BUFFER 
IN Rl 

ADD .G,RI POINT Rl 3 MEMORY LOCATIONS DOWN SO 
THE ARG BLOCK IS FILLED FROM THE BOTTOM UP 



LOOP: 

MOV 
MOV 
BIC 
MOV 

MOV 
MOV 
ASR 
ASR 
ASR 
ASR 
MOV 
BIC 
MOV 

DEC 
BNE 

MOV 
MOV 

MOV 

MOV 

ADD 
MOV 

ADD 
MOV 

ADD 
MOV 

MOV 

JSR 

MOV 
JSR 

JSR 

GOBACK: RTI 

; 
SAVREG: MOV 

I!!IlNDATA, R2 
R2,RS 
11177760,R2 
R2, (R1) 

113,RO 
R3,R2 
R2 
R2 
R2 
R2 
R2,R3 
11177760, R2 
R2, - (RlI 

RO 
LOOP 

IIARGBLK,RO 
IIBUFFER,R1 

14, (RO). 

R1, (RO). 

112,R1 
R1, (RO). 

'2,R1 
R1, (RQ). 

'ARGBLJ(,R5 

PC,DECODE 

IIBUFFER,R2 
PC,WRITE 

PC, RESTOR 

GET DATA WORD 
SAVE IT IN R3 
LOOK AT LAST 4 BITS AND SAVE 
STORE FIRST DIGIT IN ARGUMENT BLOCK 

SET DIGIT COUNTER 
GET SHIFTED DATA WORD AGAIN 

ROTATE RIGHT 4 BITS 

SAVE ROTATED WORD 
LOOK AT LAST 4 BITS (0-3) 
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MOVE ONTO STACK OF DIGITS AFTER DECREMENTI~ 
THE BUFFER POINTER 

DECREMENT DIGIT COUNTER 
IF NOT DONE, LOOP BACK FOR NEXT DIGIT 

GET ADDRESS OF ARG BLOCK 
PUT ADDRESS OF DATA BUFFER IN R1 

STORE THE NUMBER OF ARGUMENTS AT TOP 
OF ARGUMENT BLOCK 

PUT ADDRESS OF DIGIT 1 (MSB) IN ARG 
BLOCK BELOW .4 ( THE 1 OF ARGS ) 
GENERATE ADDRESS OF DIGIT 2 
STORE IN ARC BLOCK BELOW DICIT 1 

ADDRESS OF DIGIT S 
STORE IN ARG BLOCK 

ADDRESS OF DICIT 4 
STORE IN ARG BLOCK 

POINT R~ TO TOP OF ARGUMENT BLOCK 

SEND TO FORTRAN ROUTINE WHICH DECODES 
THE DIGITS AND STORES THE DECIMAL RESULT 
AND THE CORRESPONDING TIME IN TAR RAY 
AND FARRAY 

PUT ADDRESS OF MSB IN R2 FOR PRINT ROUTINE 
PRINT ROUTINE 

RESTORE REGISTER CONTENTS 

INTERRUPT SERVICE ROUTINE DONE 

THIS SUBROUTINE SAVES THE CONTENTS OF THE REGISTERS 
RO,REGO 
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MOV Rl,RECl 
MOV R2,REC2 
MOV R3,REC3 
MOV R4,REC4 
MOV R~,REC~ 
MOV SP,STACK2 
RTS PC 

; 
RESTORt MOV 

MOV 
MOV 
MOV 
MOV 
MOV 
MOV 
RTS 

THIS SUBROUTINE RESTORES THE SAVED CONTENTS OF THE REGISTERS 
IiIRECO,RO 

WRITE: MOV 
MOREt TSTB 

BPL 
MOV 
ADD 
MOVB 
DEC 
BNE 

DONEt TSTB 
BPL 
MOVB 
RTS 

BIREC1,Rl 
BIREC2,R2 
BtlREC3,R3 
e!IREC4,R4 
I!!tlREC5,R~ 
I!lISTACK2,SP 
PC 

THIS SUBROUTINE OUTPUTS THE 4 DIGITS STORED IN DATA BUFFER 
ADDRESS OF FIRST POINT IN R2 

tl4,Rl 
PRSTAT 
MORE 
(R2)+,R3 
tl60,R3 
R3,PRDATA 
Rl 
MORE 
PRSTAT 
DONE 
tl15,PRDATA 
PC 

SET DICIT COUNTER 
TEST KEYBOARD OUTPUT BUFFER STATUS 
WAIT UNTIL READY 
CET DICIT VALUE 
CONVERT TO ASCII 
OUTPUT 
DECREMENT DIGIT COUNT 
IF NOT ZERO CET NEXT ONE 
WAIT FOR LAST DIGIT 

OUTPUT CARRIACE RETURN 

THIS SUBROUTINE IS CALLED FROM THE FORTRAN SUBROUTINE 
'DECODE' AND OUTOUTS THE TIME IN OCTAL SECONDS 

; 
i 

TO THE TT 

TIMOUT: TST 
MOV 

JSR 

MOV 
MOV 

ROTATE: ROL 
ROL 
ROL 

MOV 
JSR 

(R5)+ 
@(R~),R2 

PC,OUTDIG 

e!( R5l, R2 
14,RO 
R2 
R2 
R2 

R2,R3 
PC,OUTDIC 

SKIP ARC COUNT 
CET TIME DATA WORD 

OUTPUT OCTAL DICIT 

CET WORD ACAIN 
SET DIGIT COUNT 

PUT NEXT 3 B~TS INTO THE BITS 
CORRESPONDING TO 14,13,12 
SAVE ROTATED WORD 
OUTPUT 



DEC 
BEQ 
MOV 
BR 

RETURN: NOP 
WAIT2: TSTB 

BPL 
MOV 
RTS 

; 
; 
OUTDIG: MOV 

SWAB 
ASR 
ASR 
ASR 
ASR 
BIC 
ADD 

WAIT: TSTB 

; 

BPL 
MOVB 
RTS 

KBINT: MOV 

2S: 

3S: 

4S: 

ARGBLI<: 
BUFFER: 
REGO: 
REG1 : 
REG2: 

CMPB 

BNE 
MOV 

CMPB 
BNE 
MOV 

TSTB 
BPL 
MOVB 
TSTB 
BPL 
MOVB 

RTI 

.BLKW 

.BLKW 
• WORD 
• WORD 
• WORD 

RO 
RETURN 
R3,R2 
ROTATE 

PRSTAT 
WAlTZ 
'"lO,PRDATA 
PC 

R2,Rl 

Rl 
Rl 
Rl 
Rl 
Rl 
.177i70,Rl 
.60,Rl 
PRSTAT 
WAIT 
Rl,PRDATA 
PC 

DECREMENT DIGIT COUNT 
IF DONE, RETURN 
GET ROTATED WORD 
CONTINUE 

OUTPUT A SPACE 
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GET WORD WHOSE OCTAL DIGIT TO BE OUTPUT 
RESIDES IN BITS 14,13,12 OF R2 
f:iWAP BYTES TO ROTATE B BITS 
ROTATE WHAT USED TO BE IN BITS 14,18,12 
INTO BITS 2,1,0 OF Rl 

CLEAR OTHER BITS 
ASCII CONVERSION 
TT OUTPUT BUFFER READY TO RECEIVE? 
WAIT FOR IT 
OUTPUT 

KEYBOARD INTERRUPT SERVICE ROU7INE 
NOT THAT THE ONLY GENERAL REGISTER THAT IS USED 
IS R!--IT IS NOT USED IN THE TAKE! LOOP 

e!'IFLAG,R! 

&!II<BDATA,.104 

2S 
II, (R1) 

I!!IKBDATA,1107 
3S 
'2, (Rl) 

PRSTAT 
3S 
KBDATA,PRDATA 
PRSTAT 
4S 
'7,PRDATA 

S 
4 
o 
o 
o 

GET ADDRESS OF VARIABLE 'JFLAC' 

IF THE CHARACTER IS A D, SET THE 
VARIABLE JFLAC = 1 
IF NOT, SEE IF IT'S A C 
IT IS A 'D'--SET JFLAG=1 

SEE IF THE CHARACTER IS A 'c' 
IF NOT, ECHO CHAR AND RETURN 
IT'S A 'C'--SET JFLAC=2 

TT READY FOR OUTPUT ? 
WAIT FOR OK 
DISPLAY CHARACTER IN KEYBOARD BUFFER 

RINC BELL 

KEYBOARD INTERRUPT DONE 
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REG31 ,WORD 0 
REC41 ,WORD 0 
REG::!: • WORD 0 
TARRAYI ,WORD 0 
FARRAY: • WORD 0 
INDEX: • WORD 0 
IFLAC: • WORD 0 
K8: • WORD 0 
K82: • WORD 0 
CATE: • WORD 0 
TEST: .WORD 0 
STACK I ,WORD 0 
TEMP; • WORD 0 
SAVO: • WORD 0 
SAVl: • WORD 1 
SAV2: • WORD 2 
SAV3: .WORD 0 
SAV41 • WORD 0 
SAV::!1 • WORD 0 
STACK21 • WORD 0 

• EVEN 

.END 



APPENDIX B 

DATA MANIPULATION PROGRAMS 

B.1 FORTRAN Listings 

The source listings for the program used to process AES data, as 

desribed in Chapters 4 and 5, are given in this Appendix. These include 

QUANTS, SICKA3, and REMOVE. A special instructional section is given 

for the program REMOVE, which gives additional information on the use of 

this program. 
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FORTRAN IV 

0001 
C 

0002 
0003 
0004 
000:5 
0006 
0007 
OOOS 
0009 

C 
C 
C 

0010 
0011 10 
0012 
0013 
0014 
001:5 
0016 
0017 
001S 
0019 
0020 1 
0021 11 
0022 
0023 14 
0024 
0025 
0026 12 

C 
0027 
002S 15 

C 
0029 

C 
OOSO 141 
OOSl 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

00S2 142 
00S3 
00S4 
00S5 
00S6 
0037 
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V02.:5 Fri OS-Jun-S~ 00.02109 PAGE 001 

PROGRAM CilUANT:5 
AUGER DATA TREATMENT PROCRAM-MAIN 
VIRTUAL EV(4100),COUNTSC4100) 
INTEGER*2 IFILECS),NFILECS),NOC1) 
LOGICAL .1 ANS,YES 
DATA YESI' Y' I 
DATA NOI'NO'I 
BYTE FS,SQ 
IFS=2S 
ISQ=126 

•••••••••••••••••••••••••••••••••••••••••••••••• 
T"l'PE 10, ISQ, IFS 
FORMATC1X,A1,Al,20X, 'AUGER QUANTITATION PROGRAM') 
TYPE .,' THIS PROGRAM WILL PERFORM THE FOLOWING DATA 
TYPE .,' MANIPULATIONS:' 
TYPE .,' CORRECT E NE vsE TO NE vs E' 
TYPE .,' MA~E LOG-LOG CALCULATIONS' 
TYPE .,' SUBTRACT LINEARIZED CASCADECBEST FIT)' 
TYPE .,' CALL PLOTTER FOR ANY OF ABOVE CORR.SPECTRA' 
TYPE .,' IT IS ESPECIALLY DESICNED TO TREAT DATA ' 
TYPE .,' COLLECTED BY THE PROCRAM AESDAT 
TYPE 11 
FORMATCIIII, , INPUT DATA FILE NAME') 
ACCEPT 14,IFILE 
FORMATCSA2) 
OPENCUNIT=99,NAME=IFILE, READONLY, TYPE= 'OLD' ,ERR=141) 
READC99,12)IPOINT 
FORMATC 15) 
IPOINT IS THE NUMBER OF POINTS 
READ C 99, 15) C EV ( I ) , COUNTS C I ), I" I, I PO I NT) 
FORMATC2FI0.S) 

COTO 142 
FILE DOES NOT EXIST. TRY AGAIN. 
TYPE .,' FILE DOES NOT EXIST ' 
GOTO 1 

NORMALIZE TO ENERGY, IF DESIR~D ..... ~ ............. ~ ........................ . 
THE DRIFT IN THE ELECTRONICS IS CORRECTED FOR BY 
MEASURING THE ZERO CURRENT LEVEL REFERENCE BEFORE AND 
AFTER THE COLLECTION OF THE SPECTRUM. 

READC99,15)ZER01,ZER02 
CALL CLOSE(99) 
TYPE .,ZEROl,' INITIAL ZERO ',ZER02,' FINAL ZERO' 
DRIFT=ZER02-ZERO1 
XTOTAL=IPOINT 
DO 16, I = I, I PO I NT 



FORTRAN IV 

0038 
0039 
0040 
0041 16 

C 
C 
C 

0042 
0043 
0044 3 
0045 

C 
C 

0047 
0048 
0049 

C 
C 
C 
C 
C. 
C 
C 

0051 
0052 
0054 1195 

C 
C 
C 

0055 194 
0056 
0057 

C 
C 
C 
C 
C 
C 
C 

0059 1135 
0060 199 

0061 
0062 

C 
C 
C 
C 

0064 200 
0065 
0066 
0067 
0069 201 
0070 
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COUNTS(I'·COUNTS(I'-ZEROI 
CORR- C FLOAT ( I I I·XTOTAL I * DR I FT 
COUNTS(I)·COUNTSCI)-CORR 
CONTINLIE 

TYPE .,' DO YOU WANT A DRIFT CORRECTED E*NCEI PLOT? 
ACCEPT 3,ANS 
FORMATCA11 
IFiANS.EQ.YES)CALL PLOTCEV,COUNTS, IPOINT, 11 

TYPE •• ' DO YOU WANT TO NORMALIZE TO ENERCY ? 
ACCEPT 3,ANS 
IFCANS.NE.YESICOTO 1155 

NOW DIVIDE BY ENERCY AT EACH POINT, BUT DON'T DIVIDE BY 0 

DO 1195.X=I, IPOINT 
IFCEVCKI.EQ.O)EVCX)=I. 
COUNTSCK)-COUNTSCKI/EVCX) 

TYPE .,' DO YOU WANT A CORRECTED SPECTRUM PLOT?' 
ACCEPT 3.ANS 
IFCANS.EQ.YES)CALL PLOTCEV,COUNTS.IPOINT,21 

**.*****************.**.****.* •••• * •• ** ••• *.*.********** 

SUBTRACT THE LINEARIZED CASCADE FROM THE SPECTRUM 
OR JUST EXIT WITH THE DATA IN 'RAW' NCEI VS E FORM 
OR E.NCE) FORM 

.*.************************************.**************** 

T'(PE 199 
FORMAT(IIII,' DO YOU WANT TO SUBTRACT THE LINEARIZED', I, 

2 'CASCADE FROM THE SPECTRUM? ') 
ACCEPT 3,ANS 
IF(ANS.EQ.YES)CALL SBTRCTCEV,COUNTS,IPOINT) 

OTHERWISE, EXIT WITH DATA IN NCE) VS E FORM 

TYPE .,' INPUT FILE NAME FOR PROCESSED DATA 
TYPE .,' C TYPE NO FOR NO OUTPUT FILE ) , 
ACCEPT 201,NFILE 
IFCNFILE(1).EQ.NOCIIICOTO 9997 
FORMATC8A21 
OPENCUNIT=87,NAME=NFILE,TYPE='OLD',ERR=2031 
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0071 
0072 
0073 
007~ 
0076 
0077 202 
007B 203 
0079 
OOBO 9995 
00B1 
0082 9996 
0083 
0084 9997 
0085 
0086 
0088 9999 
0089 
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TYPE .,' FILENAME PREVIOUSLY USED. WRITE OVE~ ? 
ACCEPT 3,ANS 
IFCANS.EQ.YES)COTO 202 
CALL CLOSE(87) 
COTO 200 
CLOSECUNITa 87,DISP='DELETE') 
OPENCUNIT=B7,NAME=NFILE) 
WRITEC87,9995)IPOINT 
FORMAT I J~) 
WRJTE(87,9996)IEV(I),CQUNTS(I),I=l,IPOINT) 
FORMATC2Fl0.3) 
CALL CLOSE(S7) 
TYPE .,' ANY MORE DATA CRUNCHINC ? 
ACCEPT 3,ANS 
JFIANS.EQ.YES)COTO 
CALL EXIT 
END 
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C 
C 
C 

0001 
0002 
OOOS 
0004 
OOOS 

C 
·C 
C 
C 

0006 
0007 
OOOS 

C 
C 

0010 
0011 
001S 
0015 
0016 
0017 175 
001S 

C 
C 

0019 1205 
0020 lSS 
0021 

C 
C 
C 

0022 
0023 200 
0025 202 
0026 

C 
0027 
002S 
0029 

C 
C 

0030 
0031 205 
003S 206 

C 
C 
C 
C 
C 
C 
C 

00S4 3100 
00S5 
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SUBROUTINE SBTRCT(EV,COUNTS,IPOINT) 
VIRTUAL EV(41001,COUNTS(41001,STORX(41001,STORY(4100) 
DOUBLE PRECISION SLOPE 
LOGICAL*l ANS,YES 
DATA YES/'Y'/ 

*************************************0************ 
LINEARIZE HIGH ENERGY SIDE OF CASCADE WITH DATA IN LOG/LOG FORM 
OR IN LINEAR FORM, WHICHEVER IS DECIDED, 
FIRST, SEE IF A LOG-LOG PLOT IS DESIRED 
TYPE *,' DO YOU WANT A LOG-LOG SPECTRA ? ' 
ACCEPT SS52,ANS 
IF(ANS,NE,YES)COTO 1205 
IF YES, PUT ARRAY IN LOG-LOG FORM AND MULTIPLY BY 1000 
FOR THE PLOTTER RESOLUTION 
DO 175,J=1,IPOINT 
IF ( EV ( J ) , LE, 1 ) EV ( J I = 1 , 
IF(COUNTS(J),LE,lICOUNTS(JI=l, 
STORX(JI=ALOGIO(EV(JII*1000, 
STORY(JI=ALOGI0(COUNTS(JII*1000, 
CONTINUE 
CALL PLOT (STORX, STORY, IPOINT,SI 

FIND THE DATA POINTERS FOR THE LINEARIZEATION 
TYPE lSS 
FORMAT(///,' WHAT IS APROXIMATE AUGER THRESHOLD IN EV?') 
ACCEPT *,AUGTHR 

FIND OUT WHICH DATA POINT THRESH CORRESPONDS TO 
DO 200, I a l, IPOINT 
IF(EV(II,GT.AUGTHRICO TO 202 
THRESH=EV(II 
ISTART=I 
ISTART IS THE BEGINNING DATA POINTER FOR LINEARIZATION 
TYPE *.' OVER HOW MANY EV IS THE LINEARIZATION TO BE APROX?' 
ACCEPT *,XNUMEV 
ENDLIN=AUGTHR+XNUMEV 
IFIN IS THE DATA POINTER OF THE LAST POINT IN LIN, FIT 
WHAT DATA POINT DOES ENDLIN CORRESPOND TO? 
DO 205,J=ISTART, IPOINT 
IF(EV(J).GT.ENDLINIGOTO 206 
IFIN=J 

CALCULATE A NEW ARRAY THAT IS THE SAME AS THE DATA 
ARRAY ( LINEAR FIT ) OR •••• , ••• , •• , ••••• 
CALCULATE A NEW ARRAY OF DATA IN LOG-LOG FORM 
AND PERFORM EXPONENTIAL FIT OVER THE SPECIFIED INTERVAL 

T'I'PE *,' TYPE 1 FOR AN EXPONENTIAL ( LOG-LOG ) FIT ' 
TYPE *,' TYPE 2 FOR A LINEAR FIT 
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00S6 
00S7 
00S8 

0040 
00041 
0042 
004S 
0044 

SlOl 

C 
C 
C 

1206 

c 
C 

ACCEPT SlOl, ITYPE 
FORMAT(Il) 
IF(ITYPE.EQ.2)COTO 1208 

EXPONENTIAL IS FIT BY LOC-LOC CALCULATION 

DO 1206,I=ISTART,IFIN 
STORX(I)cALOC10(EV(I» 
STORY(I)-ALOC10(COUNTS(I» 
CONTINUE 
CALL LEAST (STORX, STORY, ISTART, IFIN,SLOPE,YINT,SIC) 

0045 TYPE 207,SLOPE,YINT,SIC 
0046 207 FORMAT(' CASCADE FIT WITH SLOPE = ,Fa.3,I,' INTERCEPT 

0047 
004B 
00<49 
00:50 
00:51 

00:52 
00:53 
00:54 
0055 
0056 

0057· 
005B 
0059 
0060 
0062 
0063 
0064 

2 STD.DEV.= ',FB.S) 
C 
C ••••••••• * ••••••••••••••••••••••••••••••••••••••••••••• 
C NOW SUBTRACT OUT THE 'LINEARIZED' CASCADE 
C 

300 

C 
C 
C 
C 
120B 

1211 
C 
C 
C 
1209 

5 

3852 
3999 

YINT-I0.UYINT 
DO 300,KL=I, IPOINT 
CASCAD=YINT*(EV(KL) •• SLOPE) 
CoUNTS(KL)=CoUNTS(KL)-CASCAD 
COTO 1209 

•••••••••••••••••••••••••••••••••••••••••••••• ****.*.** 

LINEAR FIT OPTION 
CALL LEAST(EV,COUNTS,ISTART,IFIN,SLOPE,YINT,SIC) 
TYPE 207,SLOPE,YINT,SIC 
DO 1211,JK=I,IPOINT 
YVAL=SLOPE*EV(JK)+YINT 
COUNTS(JK)=COUNTS(JK)-YVAL 

PLOT? 

TYPE *,' DO YOU WANT A PLOT OF THE SPECTRUM WITH THE 
TYPE .,' CASCADE SUBTRACTED ? 
ACCEPT SB52,ANS 
IF(ANS.EQ.YES)CALL PLOTIEV,COUNTS,IPOINT,2) 
FORMAT(AI ) 
RETURN 
END 

,FB.~ 
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0001 
0002 
OOOS 
0004 
000:5 
0006 
0007 
OOOB 
0009 
0010 
0011 
0012 
001S 90 
0014 
0015 
0016 
0017 
001B 
0019 
0020 
0021 
0022 92 
0023 
0024 
0025 
0026 
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SUBROUTINE LEASTCEV, COUNTS, ISTART,IFJN,SLOPE,YINT,SICI 
DOUBLE PRECISION SLOPE 
VIRTUAL EV141001,COUNTS141001 
SUMX=O 
SUMY-O 
SUMXY-O 
SUMXSQ-O 
DO 90, I=ISTART, IFIN 
SUMX"SUMX+EVII) 
SUMY-SUMY+COUNTSII) 
SUMXY=SUMXY+EVII).COUNTSeI) 
SUMXSQ-SUMXSQ+EVeII*EVeII 
CONTINUE 
EN=JFIN-ISTART+l 
DEN-EN*SUMXSQ-SUMX*SUMX 
SLOPE=eSUMXY*EN-SUMX*SUMYI/DEN 
YJNT=ISUMXSQ*SUMY-SUMX*SUMXYI/DEN 
SUMRSQ=O 
DO 92,J=ISTART, IF IN 
RaCOUNTSeJI-SLOPE*EVIJI-YINT 
SUMRSQ-SUMRSQ+R*R 
CONTINUE 
C=IFIN-ISTART 
SIC"SQRTISUMRSQ/C) 
RETURN 
END 
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0001 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

0002 
000:3 
0004 
0005 
0006 
0007 
OOOB 
0009 

C 
C 
C 

0010 
0011 5 

C 
0012 
0013 
0014 
0015 
0016 :3 
0017 

C 

PROGRAM SICKA:3 
••••••••••••••••• * ••••• *******.** ••• ***** 

VERSION :3 OF BACKGROUND SUBTRACTION PROGRAM 

THIS PROGRAM WILL USE THE SICKAFUS' PEAK DEBROADENING 
APROXIMATION TO CORRECT DATA RETURNED BY QUANT4 

*.****.**.********.******.*********.************ 

THE DATA FILE MAY BE READ IN, OR RETURN,DAT 
WILL BE THE DEFAULT FILE. 

IN THIS VERSION, THE AUGER-GENERATED SECONDARIES 
ARE ASSUMED TO GIVE A CONSTANT CONTRIBUTION TO THE 
BACKGROUND IN THE LOW ENERGY REGION OF THE PEAK. 

I IE, M .. 0 I 

***.*.**.*.**.***.*.*****.******.*.**.********** 
VIRTUAL EV(4100I,COUNTSI4100I,CORRII000I,STORYII0001 
VIRTUAL OUTX(1000I,OUTYII000I,Z(1000I,STORXII0001 
LOGICAL.l ANS,YES 
DATA YES/'Y'I 
BYTE SQ,FS 
INTEGER*2 IFILECBI,NFILEIBI 
IFS=28 
15(;1=126 

***********.**.****** •• ** •• *** •• **.****** 

CLEAR SCREEN AND OUTPUT COMMENTS 
TYPE 5,ISQ, IFS 
FORMATIIX,Al,AI, l~X, 'AUGER BACKGROUND SUBTRACTION PROGRAM'I 

TYPE 1 
FORMAT!IIII, , DO YOU WANT TO INPUT A DATA FILE 'I 
TYPE .,' OTHER THAN RETURN,DAT ? 
ACCEPT :3,ANS 
FORMATIA11 
IFCANS.NE,YESIGOTO 4 

0019 TYPE *,' INPUT DATA FILE NAME : 
0020 ACCEPT 1500,NFILE 
0021 1500 FORMATCBA21 
0022 OPENCUNIT=B9,NAME=NFILE,READONLY.TYPE='OLD'1 
0023 GOTO 1400 

C 
C 
C 

0024 4 
0025 1400 
0026 6 
0027 
0028 7 
0029 

C 

READ IN THE DATA FILE THAT RESULTED FROM QUANT4 
OPENCUNIT=89,NAME='DX1:RETURN,DAT', READONLY, TYPE='OLD' 1 
READC89,61IPOINT 
FORMAT ( 151 
READ I B9, 71 (EV I I I , COUNTS ( I I, I = I, I PO I NT 1 
FORMATC2FI0.31 
CALL CLOSEC891 
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C 
C 

0030 
0031 
0032 
0033 1229 
003:5 1300 

C 
C 

0036 133:5 
0037 
0038 330 

C 
C 
C 
C 
C 
C 

0039 1340 
0040 
0041 
0042 

C 
C 

0043 
0044 320 
0046 321 
0047 
0048 322 
0050 323 

C 
C 
C 
C 
C 
C 
C 
C 
C 

0051 
0052 
00:53 
0054 
0055 
0056 
0057 401 

C 
C 
C 
C 
C 
C 
C 
C 
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••••••••••••••••••••••••••••••••••••• * ••••••••••••• 
FIND AUGER THRESHOLD 
TYPE .,' INPUT AUGER THRESHOLD IN eV ' 
ACCEPT .,EA 
DO 1229,I a 1,IPOINT 
IFCEVCII.GE.EAIGOTO 1300 
ITHR-I 

•••••••••••• **.*.* •• *******.***** •• *******.*.*****. 
SET THE BASELINE EQUAL TO ZERO AT THE AUGER THRESHOLD 
BASLIN=COUNTSCITHRI 
DO 330,1=1,IPOINT 
COUNTSII)=COUNTSIII-BASLIN 

* •• *.***** ••• **.*.****.*****.********************** 

FIND THE BOUNDARIES OF THE OUTPUT SPECTRUM 

TYPE *,' INPUT LOWER BOUND FOR OUTPUT SPECTRUM IN eV 
ACCEPT *,START 
TYPE *,' INPUT UPPER BOUND FOR OUTPUT SPECTRUM IN eV 
ACCEPT *,XEND 

FIND DATA POINTERS FOR LOWER AND UPPER BOUNDS 
DO 320,1=1, IPOINT 
IFIEVCI).GE.START)GOTO 321 
KSTART=I 
DO 322,J=KSTART,IPOINT 
IFCEVIJ).GE.XEND)GOTO 323 
KEND=J 

•• ***.**.*.****~*****************.******************* 
THE OUTPUT SPECTRUM IS DIVIDED INTO TWO REGIONS 
FROM EVCITHR+l) TO EVCKEND) THE SPECTRUM IS UNCHANGED 
FROM EV(KSTART) TO EV(ITHR) THE BACKGROUND CORRECTION 
IS APPLIED • 

**********.****.************.*************.*** •• ***** 
ESTABLISH A TEMPORARY ARRAY STARTING AT EV,COUNTS (ITHR 
AND EXTENDING BACK TO EV, COUNTS (KSTART). 
K-ITHR 
NUMBER=ITHR-KSTART+1 
DO 401,J-1,NUMBER 
STORXCJ)=EV(K) 
STORYCJ'=COUNTS(K) 
K=K-l 
CONTINUE 

***************.*.***.**********************.******** 
THE CRITERION FOR THE BACKGROUND FIT IS WHEN 
THE VALUE AT EB IS AS CLOSE TO EA AS ITS GOING TO GET 
WITHOUT ANY NEGATIVE POINTS RESULTING BETWEEN EA 
AND EB. 
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00~8 
00~9 
0060 
0061 2000 
0063 2001 
0064 

C 
C 

0065 
C 
C 
C 
C 
C 
C 

0066 2505 
0067 
0068 
0069 
0070 
0071 
0072 ~oo 
0073 
0074 
007~ 
0076 
0077 
0078 600 

C 
C 
C 
C 

0079 
OOBO 700 

C 
C 

TYPE *,' INPUT A VALUE FOR EB, THE LOW ENERCY BOUND 
ACCEPT .,EB 
DO 2000, IK-l,NUMBER 
IFISTORXIIKI.LE.EBICOTO 2001 
IFIRST=IK 
TYPE *,' NUMBER a • ,NUMBER, , IFIRST" ',IFIRST 

**.***.**.***.*************************************** 
CALL REMOVEISTORX, STORY, NUMBER, IFIRST,CORRI 

******.**** •• ** •• ****.**.*******************.********* 

ESTABLSH OUTPUT ARRAYS 
FROM KSTART TO ITHR IS PRESENT AS STORX AND CORR 
WITH POINTERS OF 1 TO NUMBER---REVERSE THEM 
TYPE *,' FIT FOR BACKGROUND FOUND WITH LOWER PEAK 
TYPE *,.' BOUNDARY SET AT ',STORXIIFIRSTI 
NTOTAL-KEND-KSTART+l 
DO 500,I-l,NUMBER 
OUTXI I l-STORX(NUMBER-I+l I 
OUTYII l-CORR(NUMBER-I+lI 
CONTINUE 
J=ITHR+l 
DO 600,I=NUMBER+l,NTOTAL 
OUTXIII=EVIJ) 
OUTYI I I=COUNTS(JI 
J=J+l 
CONTINUE 

* •••••• *.* ••• ***.********* •• * •• ****.*.************** 
CENERATE A BACKCROUND FUNCTION THAT IS THE DIFFERENCE 
BETWEEN THE INPUT AND OUTPUT ARRAYS 
DO 700, I-l,NTOTAL 
Z(II=COUNTSIKSTART+I-ll-0UTY(II 

SAVE THE DESIRED ARRAYS OR JUST PLOT THEM 
0081 CALL INTCERIOUTXlll,ILBI 
00B2 CALL INTCER(OUTX(NTOTAL),IUBI 
00B3 TYPE *,' DO YOU WANT A PLOT OF THE DEBROADENED SPECTRUM ? 
0084 ACCEPT 1315,ANS 
0085 1315 FORMATIA11 
0086 IFIANS.EQ.YESICALL PLOTIOUTX,OUTY,NTOTAL,ILB, IUB,2) 
0088 TYPE *,' DO YOU WANT A PLOT OF THE BACKCROUND FUNCTION ?' 
0089 ACCEPT 131~,ANS 
0090 IF(ANS.EQ.YESICALL PLOTIOUTX,Z,NTOTAL, ILB,IUB,SI 

C 
0092 TYPE *,' DO YOU WANT TO SAVE THE OUTPUT AS A FILE ? 
0093 ACCEPT 1700,ANS 
0094 1700 FORMATIA11 
0095 IF(ANS.NE.YESICO TO 1706 
0097 TYPE *,' CHOOSE A NAME FOR YOUR FILE 
0098 ACCEPT 1702, IFILE 
0099 1702 FORMAT(8A21 
0100 OPEN(UNIT=99,NAME=IFILE) 
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0101 WRITE(99,1703INTOTAL 
0102 1703 FORMAT(I~) 
010S WRITE(99,17041(OUTX(II,OUTY(II,I-l,NTOTALI 
0104 1704 FORMAT(2Fl0.31 

C 
C 

0105 1706 TYPE *,' DO YOU WANT TO INTEGRATE FOR PEAK AREA? 
0106 ACCEPT 1700,ANS 
0107 IF (ANS.EQ.YESICALL AREA (OUTX, OUTY, NTOTALI 
0109 CALL EXIT 
0110 END 
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C 
C 

0001 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

0002 
0003 
0004 

C 
C 
C 

0005 
0006 
0007 
0009 

C 
C 

0010 
0011 
0012 
0013 
0014 

C 
C 
C 
C 
C 

0015 502 
0016 
0018 
0019 
0021 

C 
C 
C 

0022 
0023 
0024 
0025 
0026 
0027 
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SUBROUTINE REMOVE(X,Y,KPTS,MARK,CORR) 

THIS VERSION OF SICKAFUS' BACKGROUND SUBTRACTION METHOD 
USES A CONSTANT AUGER-GENERATED SECONDARIES APPROX. 

BEFORE THE FINAL FORM OF THE FIT IS CA~CULATED OVER THE ENTIRE 
OUTPUT SPECTRUM, THE BACKGROUND FUNCTION IS ONLY CALCULATED 
FROM CORR(l) TO CORR(MARK). AFTER A SATISFACTORY FIT IS 
OBTAINED, THE CALCULATION IS EXTENDED TO CORR(KPTS). 

CORR IS THE CORRECTED ARRAY, KPTS IS THE NUMBER OF POINTS IN 
THE ARRAY, MARK IS THE DATA POINTER FOR THE CRITERION POINT 

VIRTUAL X(1000),Y(1000),CORR(1000) 
LOGICAL~l ANS,YES 
DATA YES/'Y'/ 

ESTABLISH BASELINE CRITERION 
XLARGE=Y ( 1 ) 
DO 1,I=2,KP1'S 
IF(Y(I).GT.XLARGE)XLARGE=Y(II 
CRITER-0.03*XLARCE 

INITIALIZE OTHER PARAMETERS 
BUP=O. 
BOLD-O.OOOI 
BDOWN=10. 
IFLAG=O 
B=l, 

CHECK TO SEE IF THE VALUE OF THE SCALING FACTOR IS 
CONVERGING. THIS IS SIGNIFIED WHEN ITS PRESENT VALUE 
IS WITHIN 5~ OF ITS PREVIOUS VALUE. 

DIFF=(ABS(B-BOLD»/BOLD 
IF(DIFF,LE.0,05)IFLAG=1 
ISTOP=MARK 
IF(IFLAG.EQ.l)ISTOP=KPTS 
LSIGN"O 

BEGIN THE SUBTRACTION SEQUENCE 

CORR ( 1 ) .. 'J'( 1 ) 
CORR(2)=Y(2)-B*0.5*CORR(I) 
DO S08,L=3,ISTOP 
SUMINT=O.5*CORR(11 
LMIN=L-l 
DO 506,KMARK=l,LMIN 
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C 
C 
C 
C 

002B 
0030 
0031 506 
0032 

C 
C 
C 
C 
C 
C 

0033 
0035 
0037 
0039 50B 
0040 

C 
C 
C 
C 
C 

0042 
0043 
0044 
0045 
0046 

C 
C 

0047 
C 
C 
C 
C 
C 

004B 5000 
0049 
0050 
0051 

C 
C 

0052 
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IF THE CORRECTED INTENSITY IS NEGATIVE, DON'T ADD IT IN 
I THE INTEGRAL TERM MUST ALWAYS BE INCREASING I 

IFICORRIKMARKI.LT.O. IGOTO 506 
SUMINTcSUMINT+CORRIKMARKl 
CONTINUE 
CORRILl=YILI-B*SUMINT 

CHECK TO SEE IF WE ARE GENERATING NEGATIVE NUMBERS 
IF SO, ADJUST B BY MAKING IT SMALLER 

HOWEVER, IF THIS IS THE BEST FIT ITERATION, SKIP THIS TEST 

IFIIFLAG.EQ. 1 I GOTO SOB 
IFICORRILI.LT.-I.*CRITERILSIGN=l 
IFILSIGN.EQ. 11GOTO 5000 
CONTINUE 
IFIIFLAG.EQ.l1RETURN 

*** ••••• * ••• ****.***.** •• ** •• **********.**.***** 

NO NEGATIVE NUMBERS GENERATED IN ARRAY. 
TRY TO INCREASE THE SUBTRACTION SCALER. 

D=CORRIMARKl-CORRll1 
TYPE *,' BEST FIT GIVES EA - EB = ',D 
LSIGN=O 
BOLD=B 
CALL PICKBIB,BUP,BDOWN,LSIGNI 

WITH THE NEW VALUE OF B, TRY TO FIT AGAIN 
GOTO 302 

****.*************************-*****.*************** 
A NEGATIVE NUMBER HAS BEEN GENERATED. 
B MUST BE DECREASED. 

LSIGN=l 
BOLD=B 
CALL PICKBIB,BUP,BDOWN,LSIGNI 
GOTO 502 

END 
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C 
C 
C 
C 

0001 
0002 
0003 
0004 
0005 1000 
0006 
0007 
0008 

C 
C 

0009 
0010 1 
0012 2 
0013 
0014 3 
0016 4 

C 
C 
C 

0017 
0018 
0019 5 

C 
C 
C 

0021 10 
~022 
0023 11 
0024 
0025 
0026 
0027 
0028 7 
0029 

C 
0031 2000 
0032 
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••••••••••••••••••••••••••••• * ••••••••••••••••••••••••••• 

SUBROUTINE AREA(X,Y,NTOTALI 
VIRTUAL XINTOTALI,YINTOTAL) 
LOGICAL.l ANS,YES 
DATA YES/'Y'/ 
TYPE .,' INPUT LOWER INTEGRATION BOUND 
ACCEPT .,BEGIN 
TYPE .,' INPUT UPPER INTEGRATION BOUND 
ACCEPT .,DONE 

FIND THE DATA POINTERS 
DO I,I=I,NTOTAL 
IFIXIII.GE.BEGINIGOTO 2 
IBEGIN=I 
DO 3,J=IBEGIN,NTOTAL 
IF(X(JI.GE.DONEIGOTO 4 
IDONE-J 

FIND THE SMALLEST NUMBER IN THE INTERVAL AND 
SET THAT AS THE BASELINE 
SMALL=Y(IBEGINI 
DO 5,JDIBEGIN,IDONE 
IFIY(J).LT.SMALLISMALL=Y(JI 

INTEGRATE BY ADDING UP ALL THE Y-VALUES 

AMT"O 
DO 11,J-IBEGIN,IDONE 
AMT=AMT+Y(J)-SMALL 
TYPE .,' THE AREA OF THE PEAK FROM ',XIIBEGINI,' TO ',X(IDONEI 
TYPE .,' IS ',AMT 
TYPE .,' DO YOU WANT TO INTEGRATE ANOTHER PART OF THE PEAK ? ' 
ACCEPT 7,ANS 
FORMATIAI ) 
IF(ANS.EQ.YESIGOTO 1000 

RETURN 
END 
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C 
C 
C 
C 

0001 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

0002 
0004 
OOO~ 
0006 
0007 
0008 
0009 100 
0010 
0011 
0012 
0014 
0015 
0016 
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SUBROUTINE PICKB(B,BUP,BDOWN,LSICNI 

BUP IS THE MOST RECENT VALUE OF B WHEN LSIGN = 0, 
INDICATING THAT B NEEDS INCREASED. WHEN B NEEDS 
DECREASED, IT IS DECREASED TOWARDS THIS VALUE. 

BDOWN IS THE MOST RECENT VALUE OF B WHEN LSIGN = I, 
INDICATING THAT B NEEDS DECREASED. WHEN B NEEDS INCREASED, 
IT IS INCREASED TOWARDS THIS VALUE. 

•••••••••••••••••••••••••• * •• * •••• ** •••••• * •• * •••••• * 
IF(LSICN.EQ.O)GOTO 100 
XDECR-ABS(0.5.(BUp·B» 
BDOWN-S 
B=B-XDECR 
TYPE * I' PRESENT VALUE OF B ' , B 
RETURN 
XINCR=ABS(O.~.(BDOWN-B» 

BUP=B 
B=S+XINCR 
IF(B.GE.9.9)BDOWN=100. 
TYPE .,' PRESENT VALUE OF B ',S 
RETURN 
END 
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0001 
C 
C 
C 
C 
C 
C 
C 
C 
t 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

0002 
000:3 
0004 
0005 
0006 
0007 
0008 
0009 
0010 

C 
C 
C 
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PROGRAM REMOn 

THIS PROGRAM IS IDENTICAL TO 'REMOVE' EXCEPT IT IS WRITTEN FOR 
THE VT100 RATHER THAN THE HARD COPY PLOTTER 

THiS PROGRAM ACCEPTS AN AUGER SPECTRUM DATA FILE THAT HAS 
THE LINEARIZED CASCADE SUBTRACTED, AND AN APPROPRIATE 
INSTRUMENT RESPONSE FUNCTION OR FUNCTIONS THAT HAVE BEEN 
BASELINE CORRECTED. BOTH DATA AND IRF FILES MAY BE 
IN EITHER N(E) OR E * N(E) FORM. 
DIGITAL SUBTRACTION IS PERFORMED WITH THE DATA FILE AND 
THE INELASTIC AND PLASMON LOSS PEAKS OF THE IRF, BUT NOT 
THE ELAST I C PEAK ITSELF. THE SCAL I NG OF THE I RF I NTENSlT'( 
IS DETERMINED BY AN ITERATIVE PROCESS SUCH THAT THE LOW
ENERGY TAIL OF THE AUGER TRANSITION IS BROUGHT TO THE BASE
LINE. THE BASELINE CRITERION POINT IS INPUT BY THE OPERATOR. 
ONE BASELINE CRITERION POINT IS NEEDED FOR EACH IRF. 

THE OPERATOR ALSO SPECIFIES HOW MANY IRF'S ARE GOING TO BE 
USED TO FIT THE BACKGROUND, AND OVER WHAT ENERGY INTERVAL 
EACH WILL BE USED. 

**************************************************************** 

DATA POINT ARRAYS ••••••••••••••••• XDATA,YDATA 
ASC I I NAME •••••••••••••••••••••••• NF I LE 

• POINTS •••••••••••••••••••••••••• NPOINTS 
SUBSCRIPT OF AUGER THRESHOLD •••••• MSTART 
SUBSCRIPT OF LOW-E BOUND •••••••••• MEND 

MEND IS ITSELF A SUBSCRIPTED VARIABLE WITH MEND(il 
CORRESPONDING TO THE SUBSCRIPT OF EB(i) 

SUBSCRIPT OF OUTPUT ARRAY START ••• IFIRST 
LAST •••• ILAST 

INSTRUMENT RESPONSE FUNCTION •••••• XIRF,YIRF 
• PO I NTS •••••••••••••••••••••••••• I PO I NT 

ASCI I NAME •••••••••••••••••••••••• IFILEl, 2,:3,4,5 
SUBSCRIPT OF ELASTIC PEAK ••••••••• JJ 

• DATA POINTS IN 1/2 ELASTIC PEAK •• KOUNT 
• OF IRF FILES USED •••••••••••••••• JIRFS 
***********************************.**************************** 

VIRTUAL XDATA(2000),YDATA(20001 
DIMENSION XIRF(1000),YIRF(1000I,MEND(S) 
DOUBLE PRECISION FACTOR 
VIRTUAL YNEW(2000),OUTX(2000),OUTY(2000),YSTOR(20001 
INTEGER*2 NFILE(8),JFILE(8),INAME(8) 
INTEGER*2 IFILEI (8) , IFILE2 (81, IFILE3 (8) , IFILE4 (8) , IFILE5 (8) 
LOGICAL*1 ANS,YES 
DATA YESI'Y'I 
COMMON/IRFS/IFILE1, IFILE2, IFILES,IFILE4,IFILE5,XIRF,YIRF,IPOINT 

*************************************************************** 
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0011 
0012 100 

C 
C 

0013 1 
001<4 
001~ 2 
0016 
0017 
0018 3 
0019 
0020 4 
0021 

C 
C 

0022 
0023 
0024 

C 
C 
C 
C 
C 
C 
C 
C 

0026 
0027 103 

0028 
0029 
0030 100~ 
0032 1006 

C 
0033 
0034 
0035 1007 

C 
C 
C 
C 

0036 
0037 1008 

0036 
0039 
0040 
0041 

C 
0042 
0043 1009 
0045 1010 

C 
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TYPE 100 
FORMATC20X,' BACKGROUND SUBTRACTION PROGRAM ',III, 

1 3~X, 'REMOVE' , I, 34X, '- - - - - - - - ' , 1111 I 

READ IN THE DATA FILE 
TYPE *,' INPUT DATA FILE NAME ; , 
ACCEPT 2,NFILE 
FORMATCBA2) 
OPENCUNIT=B7,NAME=NFILE,TYPE= 'OLD', READONLYI 
READC67,3)NPOINT 
FORMATe I~) 
READCB7,4IeXDATAeI),YDATACI),I=1,NPOINT) 
FORMATe2FI0.3) 
CALL CLOSEeB7) 

PLOT? 
TYPE *,' DO YOU WANT A PLOT OF ORIGINAL DATA ?' 
ACCEPT 1502,ANS 
IFCANS.EQ.1HY)CALL CRTPLTeXDATA,YDATA,NPOINT,2) 

***.***********.**** ••• **.****.**** •• ****.* •• ** •• **.****** 

FIND THE UPPER PEAK BOUND FOR THE HIGHEST ENERGY PEAK IN 
THE SPECTRAL REGION OF INTEREST, IE. THE AUGER THRESHOLD. 
RECORD ITS SUBSCRIPT, AND SET ITS INTENSITY TO ZERO BY 
SUBTRACTING IT FROM ALL POINTS IN THE DATA FILE. 

TYPE 103 
FORMATe/II,' INPUT UPPER PEAK BOUND FOR HIGHEST ENERGY 

4 I,' PEAK IN SPECTRUM, ie THE AUGER THRESHOLD; ',S) 
ACCEPT .,THRESH 
DO 1005,I-l,NPOINT 
IFeXDATAeII.GE.THRESHICOTO 1006 
MSTART=I 

BASLIN=YDATACMSTARTI 
DO 1007,I=1,NPOINT 
YDATAeII=YDATACII-BASLIN 

***.* •• * ••• ***.* •••••• ** ••••••• **** •••• ********.****.**.*. 

FIND THE BOUNDARIES OF THE OUTPUT ARRAY 

TYPE 100B,XDATA(1),XDATACNPOINTI 
FORMATCIIII,' INPUT BOUNDARIES FOR FINAL OUTPUT ARRAY', 

a I,' BETWEEN ',FI0.2,' AND ',FI0.2,' "V') 
TYPE *,' LOWER BOUND :' 
ACCEPT *,EVLOW 
TYPE .,' UPPER BOUND :' 
ACCEPT *,EVHICH 

DO 1009,JL=1.NPOINT 
IFeXDATAeJL),CE.EVLOW)GOTOIOI0 
IFIRST=JL 
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0046 
0047 1011 
0049 1012 

C 
C 
C 
C 
C 

OO~O 
00~1 S 
00~2 
00S3 
0054 6 

C 
OO~~ 
00~6 
00S7 2000 
0058 
0059 2001 
0060 
0062 
0064 
0066 
0068 

C 
0070 
0071 
0072 
0073 
0074 2002 
0076 2003 
0077 2005 

C 
C 
C 
C 
C 
C 
C 

0078 
0079 
0080 101 
0082 

C 
C 
C 
C 
C 

0083 
0084 2999 

C 
C 
C 
C 
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DO 1011,JL-IFIRST,NPOINT 
IFIXDATAIJL).GE.EVHIGHIGOTOI012 
ILAST"JL 

********************************************************** 
INPUT THE IRFS AND AND ONE BASELINE CRITERION POINT 
FOR EACH IRF USED. 

TYPE 5 
FORMATI///,' HOW MANY IRFS ARE YOU GOING TO USE TO') 
TYPE *,' FIT THIS DATA FILE? 
ACCEPT 6,JIRFS 
FORMATlIl) 

DO 2005,IRFNO-l,JIRFS 
TYPE 2000,IRFNO 
FORMATI//,' INPUT IRF FILE NAME NUMBER ',14) 
ACCEPT 2001, INAME 
FORMATC8A2) 
IFIIRFNO.EQ. I)CALL ASSIGNIINAME, IFILE1) 
IFIIRFNO.EQ.2)CALL ASSIGNCINA~E,IFILE2) 
IFIIRFNO.EQ.3)CALL ASSIGNIINAME,IFILE3) 
IFIIRFNO.EQ.4)CALL ASSIGNCINAME, IFILE4) 
IFIIRFNO.EQ.S)CALL ASSIGNIINAME,IFILES) 

TYPE *,' INPUT AN ENERGY VALUE FOR THE BASELINE ' 
TYPE *,' CRITERION POINT ' 
ACCEPT *,EBA5E 
DO 2002,KMIIIFIRST,ILAST 
IFIXDATAIKM).GE.EBASE)GOTO 2003 
MENDIIRFNO)-I<M 
CONTINUE 

************************************************************** 

FIND THE LARGEST POINT IN THE DATA FILE AND ESTABLISH A 1~ 
BASELINE CRITERION. 

DLARGE=YDATAIIFIRST) 
DO 101,JK=IFIRST,ILAST 
IFIYDATAIJK).GT.DLARGE)DLARGE=YDATAIJK) 
CRITER=O.OI*DLARGE 

YSTOR IS AN ARRAY OF CORRECTED DATA THAT IS SEQUENTIALLY 
DETERMINED AS THE PROGRAM PROGRESSES. INITIALLY, IT IS 
JUST THE ORIGINAL DATA 

DO 2999, I a 1,NPOINT 
YSTORII)=YDATAII) 

************************************************************** 

READ IN THE IRF FILE FOR THE REGION OF THE SPECTRUM 
WHOSE UPPER BASELINE POINT IS EV(MSTART) AND WHOSE LOWER 
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00B5 
00B6 

0087 
OOBB 
0089 
0090 
0091 
0093 

0094 
0095 
0096 
0097 

0099 
0100 
0101 
0102 
0103 

0104 
010:5 

0107 

C BASELINE POINT WILL BE FOUND AT EVCMENDCIRFKNT» 
C 
C THE UPPER BASELINE POINT IN EACH SPECTRAL REGION IS 
C AT EVeMSTART). ORIGINALLY, MSTART IS THE INPUT THRESHOLD. 
C FOR EACH SUCCESSIVE SPECTRAL REGION, MSTART IS REDEFINED 
C TO BE ONE POINT BELOW THE PREVIOUS REGION'S LOW ENERGY 
C BASELINE POINT 
C 
C 
C 

3000 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

IRFl<NT"'l 
CALL READINCIRFKNT) 

•••••••••••••••••• *.~.**.**.*.*****.*.* ••• * •• *** •• ****.** 

SEPARATE THE ELASTIC PEAK FROM THE VARIOUS LOSS PEAKS 
BY ASSUMING IT IS SYMMETRIC, FOLDING BACK THE HIGH-ENERGY 
HALF, AND SUBTRACTING IT FROM THE IRF FILE. 

••• IMPORTANT! I! ** ••• --------THE ELASTIC PEAK MUST 
BE THE LARGEST POINT IN THE LAST HALF OF THE IRF FILE 

THE SUBSCRIPT OF THE ELASTIC PEAK IS JJ 

IBEGIN=IPOINT/2 
JJ=IBEGIN 
DO 2305,J=IBEGIN,IPOINT 
PEAK-YXRFCJJ) 

2305 IFCYIRFeJ).GT.PEAl<)JJ=J 
TYPE .,' ELASTIC PEAK FOUND AT EV = ., XIRFCJJI 

C 
C HOW MANY POINTS UNTIL ELASTIC PEAK REACHES BASELINE 
t WITHIN A 3~ TOLERANCE ? 
C 

2306 
C 
C 
C 
C 
2307 

2308 
C 
C 
C 

2309 
C 
C 

KOUNT=l 
DO 2306,I=JJ+l, IPOINT 
KOUNT=KOUNT+l 
IFCYIRFCI).LE.0.03*YIRFCJJ)IGOTO 2307 

SUBTRACT THE FOLDED HIGH ENERGY HALF OF THE ELASTIC 
PEAK FROM THE LOW ENERGY HALF. 

L=JJ+l 
DO 2308,KKmJJ-l,JJ-KOUNT+l,-1 
YIRFCKK)=YIRFCKKI-YIRFCL) 
L=L+l 
CONTINUE 

IF ANY NEGATIVE POINTS ARE GENERATED, SET TO ZERO 

DO 2309,JKL=KK,JJ-l 
IFCYIRFCJKLI.LT.O)YIRFCJKLI=O. 

UPPER HALF IS SUBTRACTED 
DO 2310,K=JJ, IPOINT 
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0108 2310 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
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YIRFIK)-O. 
***** •••••• * •• ** ••• *****.*.************ •• **************.* 

THE IRF FILE IS ALIGNED WITH THE DATA FILE WITH THE FIRST 
POINT OF THE IRF (SUBSCRIPT JJ, THE ELASTIC PEAK LOCATION 
CORRESPONDING INITIALLY TO THE UPPER BASELINE POINT OF 
THE SPECTRA REGION, 

THE ENTIRE IRF FILE IS THEN SHIFTED BACK ONE POINT AT A 
TIME AND SUBTRACTED FROM THE DATA FILE, THE INTENSITY 
OF THE IRF FILE IS MULTIPLIED BY THE CORRECTED INTENSITY 
AT THE ALIGNED POINT , 

THE INTENSIT.Y SCALING FACTOR IS FURTHER MODIFIED BY AN 
ITERATIVE COMPONENT (FACTOR) UNTIL THE INTENSITY AT EA EB, 

INITIALIZE OTHER PARAMETERS 

0109 FACTOR=O,OOO~*IDLARGE/PEAK) 
0110 KFLAGaO 
0111 OLDF=,OOOI*FACTOR 
0112 FUP=O 
0113 FDOWN-FACTOR*100, 
0114 NZERO=O 

0115 
0116 
0117 

0119 
0120 

0121 
0122 
0123 

0124 
0126 

C 
C 
777 

C 
C 
C 
C 
C 
2401 
2403 
C 
C 
C 
C 
C 
C 
C 
C 
1778 

C 
C 
C 
C 

M=MSTART 
MSTOP-MEND(IRFKNT) 
IFIIRFKNT,EQ,JIRFS)MSTOP-IFIRST 

YNEW IS THE DATA ARRAY THAT IS BEING WORKED ON BY THE PRESENT 
ITERATION. IT CAN BE RE-GENERATED BETWEEN ITERATIONS BY 
ASSIGNING IT'TO YSTOR, 

DO 2403,I=1,NPOINT 
YNEWII)=YSTOR(I) 

*********************************************************** ••• ** 

BEGIN THE SUBTRACTION OF THE SCALED IRF 

M IS THE DATA FILE SUBSCRIPT WHERE THE IRF IS BEING 
ALIGNED WITH, AND L IS THE DATA FILE SUBSCRIPT WHERE 
THE NOW-ALIGNED IRF FILE IS BEING SUBTRACTED, 
N=JJ 
DO 1779,L=M, IFIRST,-l 
YNEW(L)·YNEW(L)-YNEW(Ml.YIRFIN).FACTOR 

CHECK FOR NEGATIVE NUMBERS, UNLESS WE ARE BELOW EB AND THIS 
IS LAST ITERATION 

IFIL,LT:MEND(IRFKNT),AND,IRFKNT,EQ,JIRFS)GOTO 1788 
IF(YNEW(L),LT,-l,.CRITER)COTO 4000 
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012B NZERO-O 
0129 GOTO 1788 

0130 
0131 
013S 
0134 
0lS6 
0137 
0138 
01~0 

01~1 
01<42 
OI~S 
01<45 
01~6 
0147 
01~8 
01<49 
0150 
0151 

0152 
0154 
01~S 
01~6 
0157 
0158 

0159 
0160 
0161 
0163 
0164 

C 
C 
C 
~OOO 

1788 

1779 

C 
C 
C 
C 
C 
C 
399B 
3999 

4001 

C 
C 
C 
~OOO 

C 
C 
C 
C 
C 
C 
6000 

~950 

59~1 
C 
C 
C 
C 
C 

GENERATING NEGATIVE NUMBERS--IF THREE IN A ROW, REDUCE FACTOR 

NZEROaNZERO+l 
IFCNZERO.GE.3IGOTO 3998 
NaN-l 
IFCN.EQ.IIGOTO 7000 
CONTINUE 
M=M-I 
IFCM.LT.MSTOP)GOTO 5000 
GOTO 1778 

THREE NEGATIVE NUMBERS IN A ROW-- REDUCE FACTOR 
UNLESS IT HAS CONVERGED TO WITHIN 3~ OF ITS OLD VALUE 

TYPE S999,XDATACL) 
FORMATC' NEGATIVE NUMBER GENERATED AT ',FB.2) 
IFCABSCOLDF-FACTORI/OLDF.LE.O.OS)GOTO 6000 
KFLAC-I 
JSIGN-O 
OLDFaFACTOR 
CALL PICKFCFACTOR,FUP,FDOWN,JSIGN,KFLAGI 
TYPE ~OOI,FACTOR 
FORMATC' FACTOR = ·,FIO.8) 
GOTO 777 

NO NEG NUMBERS GENERATED--INCREASE FACTOR UNLESS 
IT HAS CONVERGED TO WITHIN 31 OF ITS OLD VALUE 
IFCABSCOLDF-FACTOR)/OLDF.LE.O.OS)GOTO 6000 
OLDFIIFACTOR 
JSIeN-1 
CALL PICKFCFACTOR,FUP,FDOWN,JSIGN,KFLAG) 
TYPE ~001,FACTOR 
GO TO 777 

************************************************** 

READJUST THE BASELINE SO THAT THE SMALLEST NUMBER 
IS STILL a 0 
BASE=YNEWCIFIRST) 
DO 59S0,JLaIFIRST,MSTART 
IFCYNEWCJL).LT.BASE)BASE-YNEWCJL) 
DO 5951,KL=IFIRST,ILAST 
YNEWCKLI=YNEWCKL)-BASE 
***.******************~**************************** 

CONVERGENCE HAS OCCURRED. IF THIS IS THE LAST SEGMENT, GO 
TO OUTPUT SECTION. IF NOT, GO BACK AND GET THE NEXT 
IRF AND CONTINUE THE SUBTRACTION. 
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C 
C 
C 

0165 
0166 5952 

C 
0167 

C 
C 

0169 
0170 
0171 

C 
C 
C 
C 
C 
C 

0172 1500 
0173 
0174 
0175 
0176 
0177 
0178 1501 
0179 
0180 
0181 1502 
0182 

C 
C 

0184 
0185 
0186 
0188 
0189 
0190 
0191 
0192 
0~93 

C 
C 

0194 
0195 
0196 

C 
C 
C 
C 

0198 7211 
0199 
0200 
0202 
0203 
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SAVE THE YNEW ARRAY--THE RANGE OF THE CORRECTED ARRAY 
HAS NOW BEEN EXTENDED 
DO 5952,J=I,NPOINT 
YSTOR(J)=YNEWIJ) 

IFIIRFKNT.EQ.JIRFS)GOTO 1500 
THE NEW UPPER BASELINE POINT 15 NOW ONE POINT BELOW 
THE OLD LOWER BASELINE CRITERION POINT 
MSTART=MENDIIRFKNT)-l 
IRFKNT:IIRFKNT+1 
GOTO 3000 

************************************************************ 

ESTABLISH OUTPUT ARRAYS 

NUMBER-iLAST-iFIRST+l 
LMARK-IFIRST 
DO 1501,Jc l,NUMBER 
OUTYIJ)=YNEWILMARK) 
OUTX(J)=XDATAILMARK) 
LMARK-LMARK+l 
CONTINUE 
TYPE *,' DO YOU WANT A PLOT ? ' 
ACCEPT 1502,ANS 
FORMATIAI ) 
IFIANS.EQ.YES)CALL CRTPLTIOUTX,OUTY,NUMBER,2) 

******************************************************* 
SAVE THE CORRECTED FILE ? 
TYPE *,' DO YOU WANT TO SAVE THE CORRECTED DATA ? . 
ACCEPT 1502,ANS 
IFIANS.NE.YES)GOTO 7211 
TYPE *, , INPUT A FILE NAME FOR THE CORRECTED DATA ' 
ACCEPT 2,JFILE 
OPEN(UNIT=89,NAME=JFILE) 
WRITE(89,3)NUMBER 
WR I TE I 89, 4) (OUTX ( I ) , DUTY ( 1 )', I = I, NUMBER) 
CALL CLOSE(89) 

******************************************************* 
AREA DETERMINATION 
TYPE *,' DO YOU WANT TO INTEGRATE PEAK AREAS ?' 
ACCEPT 1502,ANS 
IFIANS.EQ.YES)CALL AREAIOUTX,OUTY,NUMBER) 

CALCULATE THE BAC~GROUND FUNCTION ? 
USE THE ARRAY OUTX,OUTY TO CALCULATE THE BACKGROUND 
TYPE *,' DO YOU WANT A BACKGROUND FUNCTION PLOT 7' 
ACCEPT 1502,ANS 
IFIANS.NE.YES)GOTO 6999 
NDATA-IFIRST 
DO 699B,M=I.NUMBER 
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0204 
020~ 
0206 
0207 
0208 

0209 
0210 
0211 

699B 

6999 
C 
C 
C 
7000 
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OUTY(M)·YDATA(NDATA)-YNEW(NDATA) 
NDATA-NDATA+l 
CONTINUE 
CALL CRTPLT(OUTX,OUTY,NUMBER,9) 
CALL EXIT 
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•• ********************.******.************* •••••••• * ••• 

ERROR MESSAGES 
TYPE .,' IRF FILE NOT LONG ENOUGH ' 
CALL EXIT 
END 
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C 
C 
C 
C 
C 

0001 
C 
C 
C 
C 
C 
C 
C 
C 
C 

0002 
C 
C 
C 

0004 
0005 
0006 
0007 6 

C 
C 
C 
C 

0008 
0010 7 

C 
0011 
0012 8 
0014 
0015 

IV 
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******************************************************* 

SUBROUTINE PICKFIFACTOR,FUP,FDOWN,JSICN,KFLAC) 

THIS SUBROUTINE INCREASES OR DECREASES THE SCALING 
PRE-FACTOR BY THE HALF INTERVAL METHOD 

IF JSIGNa l, THE VALUE OF THE SCALING FACTOR IS INCREASED 
BY 1/2 THE INTERVAL BETWEEN ITS PRESENT VALUE AND FDOWN 
WHICH IS THE VALUE OF FACTOR THE LAST TIME A DECREASE WAS 
INDICATED 

IFIJSIGN.EQ.l)COTO 6 

OTHERWISE, FACTOR IS DECREASED BY 1/2 THE INTERVAL 
BETWEEN ITS PRESENT VALUE AND FUP. 
FDOWN=FACTOR 
FACTORaFACTOR-0.5*IFACTOR-FUP) 
RETURN 
FUP=FACTOR 
IF WE ARE TRYING TO INCREASE FACTOR, BUT WE ARE GETTING 
CLOSE TO FDOWN, INCREASE FDOWN. DO THIS ONLY WHEN THERE 
HAS NOT BEEN A DECREASE IN FACTOR PREVIOSLY INDICATED. 

IFIIFACTOR-FDOWN)/FACTOR.LE.O.I)GOTO 8 
FACTOR-FACTOR+O. 5* I FDOWN-FACTOR) 

RETURN 
IFIKFLAG.NE.l)FDOWN=FDOWN*10. 
COTO 7 
END 
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C 
C 

0001 
0002 
0003 
0004 
0005 99 
0006 
0007 
0008 
0009 100 
0011 101 
0012 
0013 
0014 
0015 102 
0017 103 

C 
C 
C 

0018 
0019 
0020 1104 
0022 
0023 
0024 104 
0025 
0026 105 

0027 
0028 
0029 106 
0030 
0032 
0033 
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SUBROUTINE AREA(X,Y,NPOINT) 
VIRTUAL X(2000),Y(2000) 
LOGICAL*l ANS,YES 
DATA YES/'Y' I 
TYPE *,' INPUT BOUNDARIES FOR INTEGRATION ' 
TYPE *,' LOWER ' 
ACCEPT *,FIRST 
DO 100,I=1,NPOINT 
IF(X(I).GT.FIRST)GOTO 101 
IFIRST=J 
TYPE *,' UPPER 
ACCEPT *,ZLAST 
DO 102,J=IFIRST,NPOINT 
IF(X(J).GT.ZLAST)GOTO 103 
ILAST=J 

THE BASELINE IS THE SMALLEST POINT IN THE INTERVAL 

BSLINE-Y( 1) 
DO 1104,K=2,NPOINT 
IF(Y(K).LT.BSLINE)BSLINE=Y(K) 
SUM=O 
DO 104,I=IFIRST,ILAST 
SUM=SUM+Y(I)-BSLINE 
TYPE 105,X(IFIRST),X(ILAST),SUM 
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FORMAT(III,' THE AREA OF THE PEAK FROM ',F6.2,' eV TO', 
2 I,FB.2,' eV IS ',FI2.3) 

TYPE *,' ANY MORE PEAK AREAS TO DETERMINE ?' 
ACCEPT 106,ANS 
FORMAT(AI ) 
IF ,( ANS. NE. YES) RETURN 
GOTO 99 
END 
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C 
C 
C 

0001 
0002 
0003 
0004 
0005 
0006 
0008 
0010 
0012 
0014 
0016 
0017 
0018 2 
0019 
0020 3 
0021 
0022 
0023 
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SUBROUTINE READINCIRFKNT) 
COMMON/IRFS/IFILE1, IFILE2, IFILES,IFILE4, IFILE5,XIRF,YIRF,IPOINT 
DIMENSION XJRFCI000),YIRF(1000) 
INTEGER*2 IFJLEICS),IFILE2(B), IFILES(B) 
INTEGER*2 IFILE4CB),IFILE5(B), INAME(B) 
IF(IRFKNT.EQ.l)CALL ASSIGN(IFILE1, INAME) 
IFCIRFKNT.EQ.2)CALL ASSIGNCIFILE2, INAME) 
IF(IRFKNT.EQ.S)CALL ASSIGN(IFILES, INAME) 
IFCJRFKNT.EQ.4)CALL ASSIGN(IFILE4,INAME) 
IFCIRFKNT.EQ.5)CALL ASSIGN(IFILE5, INAME) 
OPENCUNIT-B7,NAME=INAME,TYPE='OLD') 
READCB7,2)IP.OINT 
FORMAT ( J5) 
READ C B7, S) C X I RF C I ) , Y I RF ( I ) , I II 1, I PO I NT ) 
FORMATC2FIO.3) 
CALL CLOSE(B7) 
RETURN 
END 
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C 
C 
C 
C 

0001 
C 
C 
C 
C 

0002 
0003 
0004 
0005 100 
0006 
0007 
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V02.:5 Fri 17-Feb-B4 00:3~15S PAGE 001 

SUBROUTINE'ASSIGNCNAMEl,NAME2) 

THIS SUBROUTINE ASSIGNS 16 CHARACTER ASCII NAMES CONTAINED 
IN THE ARRAY NAMEI TO THE ARRAY NAME2 

INTEGER*2 NAMEICS),NAME2CS) 
DO 100,1=1,a 
NAME2CI)=NAMEICI) 
CONTINUE 
RETURN 
END 
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REMOVING THE INELASTIC LOSS CONTRIBUTION FROM AES DATA 

B.2 Using the REMOVE algorithm 

In order to utilize the REMOVE algorithm to process AES Data, 

the first step is the collection of the AES spectrum and one or more 

instrument-specimen response functions (IRFs). Generally, due to the 

energy dependence of the measured scattering function, it is adviseable 

to measure a separate IRF for each 50-100 eV region of the data 

spectrum. A typical data set suitable for reduction by REMOVE is shown 

in Figure B.1. 

Two important things to remember when collecting the data: 

1. The spectrum and IRFs must all be measured with identical 

energy intervals between data points. 

2. Each IRF must extend down in kinetic energy at least as far 

as the low energy bound of the data spectrum. A good guide

line is to start the IRF scan 25-50 eV below the start of 

the data spectrum. 

The AES and IRF data shown have already been treated to remove 

the analyzer transmission function, and the AES data should have the 

featureless 'cascade' background removed, as evaluated from higher kine

tic energies and extrapolated through the spectral region occupied by 

the Auger peaks. (See figure B.2). 

This means that the spectrum input into REMOVE is already 

bounded by a zero baseline at the high kinetic energy side, and is 



DATA 

IRF #3 

r. 
W 
'\J' 

z 
IRF #2 

IRF #1 

300 375 450 525 600 
ELECTRON KINETIC ENERGY, eV 

riqure B-1. Data set suitable for REMOVE input. 

W 
N 
W 



E*N (E) 

---------

N (E), CORR. 

3121121 375 45121 525 6121121 
ELECTRON KINETIC ENERGY, eV 

Fiqure B-2. Original data and after co.rrection for 
analyzer transmission function and the 
secondary electron cascade background. 

W 
N 
-i:' 



This means that the spectrum input into REMOVE is already 

bounded by a zero baseline at the high kinetic energy side, and is 

superimposed on the ramp of inelastically scattered Auger electrons 

toward lower kinetic energies. 

Running the program 
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To start the program on the LSI-11/23, type 'RUN (device,eg 

DX1:) REMOVE'. The operator will then be asked to input the following 

information: 

1. INPUT DATA FILE NAME 

Specify the device and filename, e.g. DX1:TI02.DAT. The 

data file is read into two virtual arrays, each consisting 

of NPOINT elements «2000): XDATA contains the kinetic 

energy values, YDATA contains the signal intensity at each 

energy. 

2. DO YOU WANT A PLOT OF THE ORIGINAL DATA? 

A "YES" reply produces a plot, which should be used to help 

choose other parameters to be input below. It helps to have 

a hard copy of the data in front of you at all times to aid 

in selecting certain criterion points, as described below. 

3. INPUT UPPER PEAK BOUND FOR HIGHEST ENERGY PEAK IN SPECTRUM 

(ie, THE AUGER THRESHOLD) 

Input the value in eV where the separation between the data 

peaks and the baseline occurs. Get as close to the actual 

value as possible. For example, consider the spectrum shown 
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in figure B.3. Arrow 1. marks the correct choice. Arrow 2 

is at too high a kinetic energy. The 'correct' choice of 

this Auger threshold is more critical for noisy data; an 

inappropriate choice may cause the algorithm to loop 

endlessly. The symptoms of such an occurrence are described 

in part II Problems encountered when using REMOVE. Once 

the value of the Auger threshold is input, the corresponding 

intensity at this point is set to zero by subtracting its 

original intensity from all the data points. The subscript 

of this starting point for spectral correction is called 

MSTART. (The algorithm corrects the spectrum starting here 

and works back toward lower kinetic energies). 

4. INPUT BOUNDARIES FOR FINAL OUTPUT ARRAY BETWEEN xxxx and 

xxxx eV 

LOWER BOUND: 

UPPER BOUND: Input the eV values to define the boundaries 

of your final spectrum. The upper bound must be greater 

than or equal to the Auger threshold input in step 3. Note 

that any of the baseline points between the Auger threshold 

and the upper output spectrum boundary will be unaffected by 

the algorithm. It is simply a matter of preference how much 

baseline is retained for the final output display. For the 

spectrum in Figure B.3, the choices of the lower and upper 

output bounds were 300 and 600 eV, respectively. 



A 
W 
'-/ 

Z 

1 2 

300 375 450 525 600 
ELECTRON KINETIC ENERGY, eV 

Figure B-3. Data spectrum showing correct (arrow 1) 
and incorrect (arrow 2) choices for 
the Auger threshold. 

W 
N 
....... 
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5. HOW MANY IRFs ARE YOU GOING TO USE TO FIT THIS DATA FILE? 

Input an integer number (JIRFS) between 1 and 5, depending 

on your spectral range and available data. The operator is 

then prompted JIRFS times for the following information: 

INPUT IRF FILE NAME NUMBER i: Input the name of the IRF 

file specified, e.g. DX1:TI022.IRl 

INPUT AN ENERGY VALUE FOR THE BASELINE CRITERION POINT 

Input a value in eV which, after the spectral subtraction 

algorithm is completed, should reach the baseline. One base

line criterion point is used for each IRF, and defines the 

energy boundary for the spectral range over which that par

ticular IRF will be used in the algorithm. The subscript of 

the baseline criterion point is stored in variable MENDi. 

For example, consider an Auger spectrum from Ti02 which is 

to have the inelastic contribution removed from the entire 

spectrum. We have measured 3 IRFs to approximate the ine

lastic scattering function over the spectral region 300-525 

eV: One using a primary beam energy (Ep) of 535 eV, another 

using Ep = 470 eV, and a third using Ep = 400 eVe The base

line criterion points are chosen as follows: 

INPUT IRF FILE NAME NUMBER 1 

DXl:TI022.IRl •••••• stored as IFILEl 

INPUT AN ENERGY VALUE FOR THE BASELINE CRITERION POINT: 

465 •••••• stored as MENDl INPUT IRF FILE NAME NUMBER 2: 



DX1:TI022.IR2 •••••• stored as IFILE2 

INPUT ••••• CRITERION POINT 

400 •••••• stored as MEND2 

INPUT IRF FILE NAME NUMBER 3 

DX1:TI022.IR3 •••••• stored as IFILE3 

INPUT ••••• CRITERION POINT 

320 •••••• STORED AS MEND3 
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All the parameters for obtaining a loss-corrected spectrum have 

now been entered. A review of the parameters is shown below for our 

Ti02 spectrum. The following numbers correspond to the labeled arrows 

in figure B.4, and identify subscripts of the various input parameters 

in the data array. 

1. MSTART •••••• The subscript of the Auger threshold point. 

2. IFIRST •••••• The first data point in the final output array. 

3. ILAST ••••• The last point in the final output 

4. MEND1 •••• The first baseline criterion point. IRF #1 will be 

used to approximate the inelastic loss contribution from 

all data points from 1 down to 4. Beginning with the first 

point below 4, IRF #2 is used. 

5. MEND2 •••• second baseline criterion point marks the division 

where IRF #2 is no longer used and IRF #3 is inserted. 

6. MEND3 •••• The final baseline criterion point. 

It is not essential that an input 'baseline criterion point' 

actually end up with zero intensity in the final corrected spectrum. 



1"\ 5 
W 
\J 

z 

1 3 

300 375 450 525 600 
ELECTRON KINETIC ENERGY, eV 

Figure B-4. Data spectrum with the necessary 
input parameters located with markers 
as described in the text. 

w 
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The REMOVE algorithm simply tries to bring this point as close to the 

baseline as possible, with the reservation that no other points in the 

spectrum will go below the baseline. It is for simplicity that we 

usually choose baseline criterion points as points in the 'valley' bet

ween adjacent spectral features. Other values may be used and the 

program will still work fine. 

Once all the parameters have been input, the first IRF is read 

into arrays XIRF and YIRF. The elastic peak is found and stripped from 

the IRF, leaving the inelastic tail. An output will appear on the con

sole : 
ELASTIC PEAK FOUND AT xxxx eV 

This is for diagnostic purposes, and to alert operator that the IRF has 

been read in. The program then begins the iterative procedure of 

scaling the inelastic part of the IRF by the product of the data inten

sity and the scaling factor F, subtracting the inelastic loss con

tibution of each data point from all points at lower kinetic energies. 

When the baseline criterion point is reached, and no negative data 

intensities have been generated as a result of the subtraction, the 

corrected data is evaluated for 'goodness of fit~, and the scaling fac

tor F is re-evaluated. Each time a new factor is calculated, an output 

appears at the console: . 

FACTOR = xx.xxxxx 

If any negative data intensities are generated, FACTOR will be reduced 

immediately, even if the baseline criterion point has not been reached 

yet by the 'sliding IRF'. 
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For the LSI 11/23, the iterative loop between successive FACTOR 

values takes approximately 60 seconds for a data spectrum consisting of 

consisting of 350 points. When the value of FACTOR has been found to 

within 3%, the next IRF (if any) is read into the arrays XIRF, YIRF; a 

new elastic peak location will be displayed and a new value of FACTOR 

will be sought such that the second baseline criterion point (MEND2) is 

brought to the baseline. (The elapsed time between successive values 

will now be less than above because the data spectrum from the Auger 

threshold down to the MEND1 has already been corrected and is no longer 

included in the loop.) This process continues until the final baseline 

criterion point has been reached; the total time is usually on the order 

of 25 minutes for a spectrum as described above. When the spectrum has 

been fully processed, the corrected data is passed to arrays OUTX, OUTY 

and the following options are available: 

DO YOU WANT A PLOT? 

The corrected spectrum plot for the example spectrum is shown 

in figure B.S. 

DO YOU WANT TO INTEGRATE PEAK AREAS? 

Use the plot to help choose boundaries for peak area deter

mination. 

DO YOU WANT TO SAVE THE CORRECTED DATA? 

A "YES" answer causes a prompt for a file name in which to 

store the corrected data, and writes the file. Otherwise, it is not 

saved. 

-



~ 

llJ 
'-' 
z 

300 375 450 525 600 
ELECTRON KINETIC ENERGY, eV 

Figure B-S. The data sp6ctrun, with the inelastic 
contribution removed by the REHOVE 
algorithm. 
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DO YOU WANT A BACKGROUND FUNCTION PLOT? 

A "YES" answer initiates calculation of the background function (as the 

point-by-point subtraction of the original and the final data). 

PART II. PROBLEMS ENCOUNTERED WHEN USING REMOVE 

Please add any additional problems as you encounter them, and your 

solution. 

1. An incorrect file specification for the data file or any of 

the IRFs causes a fatal FORTRAN error. When you input all of 

the file names at the beginning of the program, make sure 

that they all exist on you disk, and that you have not 

incorrectly entered their names. This could be particularly 

frustrating, for example, if you gave a bad file specifica

tion for the third IRF of a series. The algorithm would run 

to 2/3 completion, but when it went to read in the IRF, a 

fatal error would occur, halting the program. 

2. Occasionally, particularly for noisy data, you may observe 

that the value of FACTOR is being calculated at a fast rate, 

and is quickly approaching zero. This can occur if the 

value input for the Auger threshold (step 2) is not the 

smallest intensity (within 2%) in the spectrum. When its 

intensity is subtracted from the remainder of the points, 

negative data points are generated. Since the generation of 

negative intensities is the criterion which causes FACTOR 

to be reduced in the iterative loop, the subroutine which 
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chooses the value of FACTOR (subroutine PICKF) will try to 

reduce FACTOR to very small values, asymptotically 

approaching zero; the negative data intensities, however, 

will not be removed and the loop will continue endlessly. 



APPENDIX C 

EXAMPLE CALCULATIONS OF MATRIX FACTORS FOR QUANTITATIVE AES 

C.l Ionization Cross Section 

The electron-impact ionization cross section, according to the 

classical equation of Gryzinski (90), is given by: 

a • (Eb)2 = 6.51 x 10-14 • z • g(U) 

where a is the ionization cross section (cm2), Eb is the binding 

energy (eV) of the level in question, z is the number of electrons in 

the level of binding energy Eb, and g(U) is given by: 

g(U) = (1/U) • [(U-1)/(U+1)]3/2. [1+(2/3)(1-1/(2U» In{2.7+(U-1)1/2}] 

where U = (kinetic energy of incident electrons/binding energy, Eb) 

For the oxygen K-shell, with an incident beam of 5000 eV, 

Eb = 532, and z =2: 

U = 5000/532 = 9.4 

g(U) = 0.161 

a = 7.415 x 10-20 cm2 

C.2 Escape Depth 

The method of Penn(32) was used to calculate the escape depth AT 

according to: 

AT-1 = AV-1 + AC-1 

where AV is the mean free path determined by inelastic scattering due to 

valence electrons,and hC is the contribution of the core electrons. 

336 
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AV is given by: 

where av and bv depend on the electron concentration ne , and e is the 

kinetic energy of the electron in the solid. A quantity rs is 

calculated: 

where ao is the Bohr radius. The quantities av and bv are given by 

Penn(32) as a function of r s , from which AV is obtained. 

The contribution to AT due to core electrons is given by 

AC = e/[ac(ln(e + bc )] 

where ac = 392(pN/AAE), and bc = -In(6E/4), and where A is the atomic 

weight of the atom, p is the density, 6E is the average excitation 

energy of electrons in the highest core level, and N its electron 

population. 

For Ti203, a sample calculation is given. 

ne = 6 x 1023 Z (4.6g/cm3) = 5.05 x 1023 e/cm3 

142 g/mo1e 

where Z is the number of valence electrons per mole of Ti203, or 

Ti 3d2 + 4s2 , 2 Ti atoms = 8e; ° 2p6, 3 ° atoms = 18e; Z = 26 valence 

e/mo1. From this, rs = 1.50, and from Penn's graphs, av = 15.0, and bv 

= -2.7. For the core contribution, only the Ti 3p level need be con-

sidered because all other levels are at much higher binding energy 

(lower cross section). Thus, 

a c = 392(4.6g/cm3)(6e x 2 Ti atoms/mol)/(68)(142g/mo1) 2.38 

and bc = -In(68/4) = -2.9 
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From these values, the value of AT is calculated as a function of E. 

E(eV) AT(A) 

50 2.39 
75 2.68 

100 3.03 
200 4.44 
400 7.01 
500 8.20 

1000 13.70 

C.3 Backscattering Factor 

Backscattering factors were calculated from the equation of 

Ichimura(28) : 

RB = 1 + (4.35 - 3.93Z0 •1)U-0.25 + (4.85 ZO.l - 5.45) 

where Z is the atomic number (or average atomic number in the case of a 

compound), and U = (Ep/Eb) defined as in C.1. For Ti203, with 5 kV 

incident beam: 

Z = (2 x 22) + (3 x 8) = 14 
5 

Ti(L2,3): U = 5000/470 = 10.6; RB = 1.439 

O(K): U= 5000/532 = 9.4; RB = 1.426 
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