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ABSTRACT 

The development of analysis techniques necessary for the quan

titative, chemical surface analysis of lithium-containing solids impor

tant in the construction of high energy density batteries is presented. 

Electron beam damage is discovered to be the source of apparent lithium 

metal formation in Li{ 1 s) XPS spectra of lithium salts. Beam Damage 

thresholds of Li20, Li2C03 and Li2S04 are calculated using time

dependent Auger spectra, and possible mechanisms are discussed. 

The variables which affect Auger quanti tat ion are reviewed with 

particular emphasis on low energy transitions. Two experimental 

attempts at measuring the instrument response function for the cylindri

cal mirror analyzer and electron multiplier are discussed, and the 

theoretical approach eventually used for data correction is derived. 

Correction techniques (for the remaining sample-dependent background) 

proposed in the literature are compared using Auger data constructed by 

a synthesis program, SYNAES. This program develops Auger lineshapes by 

a series of additions, multiplications and convolutions which mimic each 

step of the Auger electron's path from the atomic core level to the 

detector. The results of this study indicate that the SIBS (Sequential 

Inelastic Background Subtraction) method is more applicable to Auger 

analysis because of its analytical accuracy, speed and ability to handle 

xvii 
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spectra with poor signal to noise. The special problem of low energy 

background subtraction is resolved through the use of a new five

parameter function which adequately accounts for the analyzer distor

tions and secondary cascade in one calculation. 

Using the above correction techniques, Auger spectra, peak 

energies, relative intentisites and FWHM's of Li20, LiOHNH20, LiH, Li3N, 

Li2co3 and Li2S04NH20 are presented. Despi te special handling tech

niques, the hydroxide, hydride and nitride reveal extensive oxidation. 

The organ ion salts reveal little Li Auger intensity until substantial 

anion desorption had occurred. The reaction products of lithium with 

oxygen, water and carbon dioxide are studied by AES. Results indicate 

the formation of Li20, LiOHNH20 and Li20 with hydrocarbons, respec-

tively. The isotherms for each reaction are also presented. These 

resul ts are used to construct a plausible surface structure of the 

Li-S02 interface which explains its stability to self-discharge corro

sion and yet maintain electronic conductivity for external discharge. 

RBS and AES depth profiling are used to analyze potassium

implanted glasses. The results indicate a great deal of ionic migration 

for glasses which leads to a speculative mechanism for alkali corrosion 

of glasses. The combination of RBS and AES is also shown to be a power

ful combination in the quantitative chemical characterization of the 

glass surfaces. 



CHAPTER 1 

INTRODUCTION 

The element lithium was first discovered by the Swedish geologist 

J. A. Arfvedson in 1817 (1). Since his initial experiments on the solu

bility of lithium compounds in water, many experimental and theoretical 

studies have established lithium as a most unique element. It is the 

lightest of all metals, having a density only half that of water. It 

has the highest specific heat of any elemental solid, and it is one of a 

group ot the most reactive elements in the periodic table: the alkali 

metals. It's chemistry is essentially that of two oxidation states: +1 

and O. 

Like the other alkali metals, lithium forms ionic compounds 

although their covalent character is the highest of the alkali com

pounds. The high charge/mass ratio of the Li+ cation offers some unique 

properties in electrolytic solutions and in solid crystal formation. 

This charge/mass ratio is the cause of the apparent anomaly that Li has 

the lowest diffusion coefficient in aqueous solution of any alkali 

cations. Lithium reacts directly with almost all of the non-metals; it 

is the only metallic element that reacts with N2 at room temperature 

(2). Organolithium reagents are versatile intermediates in many organic 
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synthesis schemes. Lithium aluminum hydride is a very powerful reducing 

agent commonly used for the reduction of aldehydes, ketones, etc. (3). 

Since the first commercial production in 1925 of lithium in Ger

many, world-wide production has expanded rapidly to an estimated one 

million tons annually (4). Of this production, the United States 

accounts for 65-70% (5). The largest commercial use of lithium is in 

the form of lithium carbonate used in the aluminum industry and the 

glass and ceramics industry as additives. Li thium hydroxide is also 

added to greases to expand the usable temperature range. Several orga

nolithium compounds are used in the production of synthetic rubber. The 

lithium halides have been useful in absorption type airconditioners and 

in removing water from gases, LiCl being one of the most hygroscopic 

materials known (6). Lithium also has an important part in the biologi-

cal revolution of psychiatry. Since Cade's discovery in 1949 that 

lithium had a prophylactic etfect in patients suffering from manic 

depression, research has established lithium's versatility in the treat

ment of a wide range of mental disorders (7). 

Concern for alternative energy sources has stimulated research 

into two new applications of lithium. The fusion reaction between 

deuterium and tritium is being touted as the most feasible reaction for 

nuclear fusion power plants. The total supply of naturally occurring 

tritium in the world, however, is only enough to fuel one reactor for 

one month (8). The source of tritium fuel will likely be produced by a 

nuclear reaction with lithium. It is estimated that fusion power plants 

generating at twice the current total U.S. generating capacity would 



require approximately one third of all the u.s. known lithium supplies 

(9). 

The second new application for lithium is in high energy density 

batteries currently being developed in several facilities. The com-

bination of the high electrochemical potential of lithium and its light 

density provides a theoretical energy density that is over 16 times 

higher than the conventional Pb-based system (10). The light weight of 

the lithium anode makes these systems attractive for mobile power sour

ces. Load-leveling power storage is anc ~"her potential use for these 

batteries. Projected demand for lithium in the year 2000 for electric 

vehicle batteries and load leveling systems is 7.9 x 108kg compared to 

the world supply estimate of 2 x 10 10kg (11). There is some concern 

that further development of these technologies could be hampered by a 

shortage of available lithium (12). 

The high reactivi"ty and low density gives lithium the desired 

properties for many applications. It is also this same reactivity which 

provides problems in handling and material compatability. Liquid 

lithium would be the coolant of choice in nuclear reactions if it were 

not for the fact that liquid lithium corrodes most metals and ceramics 

at elevated temperatures (2). It's only use in that regard is in 

nuclear-powered submarines, where weight is a crucial factor. Lithium 

corrosion is also the major cause of many lithium battery failures (13). 

Consequently, it is this combination of tremendous energy potential with 

the technological difficulties associated with lithium's reactivity that 

has stimulated an increasing amount of research interest (14). 
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The research described herein has focused on the reactive nature 

of lithium at various interfaces. Much attention has been paid to the 

development of the techniques necessary for further characterization of 

this reactivity which are also useful for other active metals. Several 

examples, trom preliminary studies in this laboratory and elsewhere, are 

discussed below to exemplify some of the chemical problems associated 

with the use of lithium in battery applications. 

High energy density batteries which use Li as the anode can be 

arbitrarily categorized into four types by the nature of the electro-

lyte: 1) solid electrolyte such as the Li/LiI/PbI2 system; 2) molten 

electrolyte as in the Li (SO /LiCI· KCI/FeS2 thermal battery; 3) organic 

electrolyte as in the Li/S02 ambient temperature battery; and 4) inorga

nic electrolyte such as the Li/SOCI2 system (15). Two representative 

battery systems, the Li(Si)/FeS2 battery and the Li/S02 battery, are 

descri bed in detail below. These characteristics are not necessarily 

confined to these specific batteries, however. 

The Li(Si)/FeS2 thermal battery system (representative of the 

most successful thermal batteries) is composed of a lithium-silicon 

alloy (40-45 w/o Li) as the anode, a lithium chloride-potassium chloride 

eutectic mixture (45 w/o LiCI) as the electrolyte and FeS2 as the 

cathode. MgO is added to the electrolyte for structural integrity at 

the elevated temperature required to melt the electrolyte (350°C). The 

cathode pellet consists of 64 w/o FeS2, 16 w/o LiCI·KCl and 20 w/o of a 

mixture consisting of 12 w/o Si02 and 88 w/o LiCl.KCl. These other 

materials are added to the cathode for mechanical reasons and are not 
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considered important to the discharge processes. A functional diagram 

of this battery is shown in Fig. 1-1 (16). 

Several important aspects of the battery system are listed in 

Fig. 1-2. The overall reaction involves the oxidation of li thium and 

the reduction of FeSz to elemental iron. Because of the large oxidation 

potential ot lithium and its light weight, the theoretical specific 

energy is one of the highest of any battery system. Although the large 

oxidation potential of lithium is desirable for greater specific energy, 

the high reactivity of elemental lithium creates problems in handling 

and materials compatibility. Some of the difficulties reported in the 

literature include self-discharge, corrosion of the stainless-steel 

current collectors, solubility of active lithium into the electrolyte, 

compositional changes of the electrodes, and loss of active material 

through side reactions (17-25). 

The Li/S02 battery system (representative of ambient temperature 

battery systems) consists of metallic lithium as the anode, an organic 

solution of LiBr and S02 in a solvent of acetonitrile and/or propylene 

carbonate as the electrolyte, and a porous carbon matrix with a Teflon 

binder as the cathode. The specific reactions and energy density for 

this system are listed in Figure 1-3. This system is unusual in that 

the reactants, S02 and Li, are in physical contact with each other at 

all times. The self-discharge reaction and the potentially explosive 

reaction between Li and CH3CN are prevented by the formation of a thin 

film on the lithium surface. This film seems to be responsible for the 

voltage delay phenomenon observed in all batteries of this type (26). 

5 



COLLECTOR: 55 

CATHODE: FeS2 

ELECTROLYTE 

ANODE: L i (5D 

COLLECTOR: 5S 

HEAT: Fe/KC104 

Figure 1-1. Functional Schematic of the Li(Si)/FeS2 Thermal Battery 
System. 
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THERMAL BATTERY 

Li (Si)!Li CI . KCII FeS2 

anode: Li .. Li+ + e 

cathode: Fe S2 + 4e-.. Fe + 2S2-

Overall Rxn: 4Li + FeS2 = Fe + 2Li 2 S 

Theoret ical Specific Energy tfJ 400°C 

1300 W· hr/l<.g 

Open Circuit Voltage = 2.2V 

Figure 1-2. Electrochemical Aspects of the Li(Si)/FeS2 Thermal Battery 
System. 
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Open Circuit Voltage = 2.98V 

Figure 1-3. Electrochemical Aspects of the Li-S02 Ambient Teml,erature 
Battery System. 
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When the cell is applied to a current load, a measurable delay occurs in 

obtaining the maximum operating voltage a highly undesirable 

occurrence. 

The chemical composition and thickness of the passive film on 

lithium in the Li/S02 battery system are crucial to its electrochemical 

performance. The voltage delay phenomenon is a result of the energy 

surge necessary to consume the surface film prior to reaching the full 

electrochemical potential of the battery system. The length of time and 

the voltage drop in the voltage delay has been shown to be dependent on 

the nature of the film (15). The exact structure of the protective film 

seems to be dependent on the electrolyte solution and the prior 

existence of an oxidized lithium film from the reaction of lithium with 

the atmosphere (14). Ne besny has recently shown that the reaction of 

lithium with gas phase S02 forms Li20 and Li2S initially, followed by a 

mixture of Li2S204/Li2S203 upon further exposure (27). The chemical 

nature of the film is expected to be even more complex in the presence 

of oxidized lithium, acetonitrile, lithium bromide, etc. 

Similar considerations of the anode surface affect the 

electrochemical perf ormance of the Li( Si) /FeS2 bat tery system. The 

passivation layer which forms on the Li(Si) alloy surface has been exa

mined by us in a prelinunary experiment using X-ray Photoelectron 

Spectroscopy (XPS) and Auger Electron Spectroscopy (AES) (28). The 

unfamiliar reader is referred to later chapters for a fuller explanation 

of XPS and AES. 
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Figure 1-4 illustrates XPS spectra obtained from a) a freshly 

exposed alloy, b) an alloy which had been exposed to atmosphere for 1-5 

minutes and c) an alloy which had been exposed for 30 minutes. The 

eels) spectra [as in Fig. 1-4(c)] indicated the presence of two forms of 

carbon on the surf ace of the Li/Si alloy. The larger peak at lower 

binding energy (charge shift corrected to 284.4eV (29» was attributed 

to hydrocarbon contamination of the XPS vacuum system. Comparison of 

the C(ls) spectra of the alloys with the C(ls) spectrum of a Li2C03 

standard indicated that the rest of the alloy surface carbon was present 

as the carbonate species. Comparison of Figures 1-4 (a, b and c) indi

cated that the carbonate buildup on the alloy surface was slow at 10-7 

Torr, but still appreciable over the 24 hours required to achieve 

operating vacuum. It appears that the first few monolayers of carbonate 

were added very quickly (less than a few minutes). 

The most remarkable aspect of the XPS spectra of Li/Si alloys is 

the absence of Si. The Si(2s) spectrum in Figure 1-4 revealed no detec

table silicon present on the strongly passivated alloys. The extent of 

passivation was confirmed by the peak intensity of the Li+ peak compared 

to the Li o peak in the Li(ls) spectra. Since the escape depth of the 

Si(2s) electrons is ca. 20-35A in most solids, this lack of a silicon 

signal implies a silicon-depleted layer of at least 50-100A (30-31). 

The freshly-exposed surf aces showed higher concentrations of silicon. 

These results implied that the passivation of the alloy surface caused 

lithium migration to the surface. 
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Figure 1-4. XPS Spectra of Li/Si Alloys (40 w/o Li) Exposed at Various 
Times to Atmosphere; a) Exposed in UHV only, b) Exposed 
for 1-5 minutes, and c) Exposed for 30 minutes. 
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Li thium migration as a result of the atmospheric reaction was 

confirmed by the AES spectra of a 45 w/o Li(Si) alloy, shown in Figure 

1-5. The surface of this material 1-5(a) showed only lithium, oxygen 

and traces of carbon and silicon. The low levels of silicon and carbon 

are consistent with the XPS data of the alloy momentarily exposed to 

air. An expanded AES spectrum indicated that the precise energy posi

tion and intensity of the lithium Auger transition were strongly depen

dent on the chemical form and matrix (32). It was clear from this data 

that no metallic lithium existed on this surface. These AES spectra 

showed transitions consistent with lithium in a fully oxidized form 

(33). 

Following extensive ion sputtering, a larger silicon transition 

appeared tSi/Li = 0.26, Fig. 1-5(b)]. The alloy stoichiometry was still 

not achieved even after prolonged sputtering. When the sample in Fig. 

1-5(b) was exposed to atmosphere for ca. 10 minutes, Fig. 1-5(c) was 

obtained. The disappearance of silicon in favor of increased lithium, 

oxygen and carbon intensities was noted. This again demonstrated the 

effect of atmospheric passivation on these alloys. Heating by electron 

bombardment of the Li(Si) alloy surface was also shown to cause migra

tion ot the lithium away from the silicon to the surface. Diffusion of 

Li into p-type single crystals of silicon at high temperatures has been 

reported previously (34), supporting this hypothesis. 

Rutherford Backscattering Spectrometry (RBS) has been used suc

cesstully to give "non-destructive" concentration/depth profiles of many 

materials (see Chapter 8 for a more complete description). Recently 
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Figure 1-5. AES derivative Spectra of a Li{Si) (45 wlo Li) ,: a) Exposed 1-5 minutes 
to atmosphere, b) After ion sputtering for 1 hour, 2kV, 2 rnA, and 
c) re-exposed to atmosphere for ca. 10 minutes. 
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obtained, preliminary RBS spectra show that the amount of oxide/carbon-

ate on the surface can be quite extensive in a fresh-fractured 40 w/o 

Li/8i alloy, even when loaded and heated exclusively under argon (Fig. 

1-6). The RB8 spectrum confirms the depeletion of 8i at the surface as 

well as a 1000A thick oxide layer on the surface. Carbon is difficult 

to detect with RB8 and was not considered in this spectrum. Even more 

oxygen exposure is likely during the construction of the thermal bat

teries in normal atmosphere with only H20 levels maintained below 300 

ppm. 

The formation of surface films on lithium in other battery 

systems have also been shown to affect the optimal performance of the 

battery. In the Li/80C12 battery system, which is similar to the Li/802 

system in that the reacting species are in contact, a film of LiCl has 

been found to prevent the self-discharge reaction (35). Similarly, the 

protective film from the reaction of lithium immersed in propylene car

bonate is Li2C03 (15). It was apparent from these previous results and 

others that the condition of the anode surface, as inserted into the 

electrochemical environment, had to be accurately characterized to 

determine the relationship between the anode surface and optimum battery 

performance. 

Other reactions which also depend on the condition of the anode 

and which adversely affects battery performance is the corrosion 

reactions between the anode and its containment. A particular example 

of these corrosion reactions is the corrosion of the glass separator 

between the anode and cathode in the Li/802 battery. This reaction has 
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bee'n shown to proceed from the anode to the cathode forming a product 

which lacks mechanical strength and forms a conductive pathway 

(short-circuit) between the electrodes (36). It has been discovered 

that certain glass types are more susceptible to lithium corrosion than 

other glasses. A preliminary examination of two glass types by AES 

before and after deposition of a thin film of lithium metal is shown in 

Figures 1-7 and 1-8. 

Figure 1-7 illustrates the effect of lithium deposition on quartz 

glass (Si02). The largest change in the Auger lineshape was that of the 

Si(LVV) spectrum at 60-100eV. This change was indicative of Si02 

reduction to Si metal (37). These spectra confirmed the reduction of 

Si02 to Si as the primary mechanism for the formation of the conductive 

product. Figure 1-8 illustrates the effect of lithium deposition on a 

glass system (TA-23) which was found to be more resistant to lithium 

corrosion. The TA-23 glass consisted of 45 wlo Si02, 20 wlo A1203, 12 

wlo CaO, 8 wlo B203, 7 wlo MgO, 6 wlo SrO and 2 wlo 1.a203. The Auger 

spectrum in this case revealed that the Si lineshape was unaffected by 

the presence of lithium. Instead, the B(KVV) lineshape indicated a 

reduction of B203 to elemental B (38). Therefore, it was postulated 

that the boron-lithium reaction formed a protective layer on the glass 

which was impervious to further chemical attack by lithium. 

From these very preliminary experiments, it is clear that a more 

fundamental understanding of several lithium interfacial reactions is 

necessary to explain the electrochemical properties of these novel bat

tery systems. Figure 1-9 summarizes the interfacial relationships which 
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The reaction of lithium with the reactive 

components of the atmosphere (such as 02, C02 and H20) is important for 

both the ambient temperature batteries (Li/S02) and the thermal bat

teries (Li(Si)/FeS2), in view of the lithium migration to the surface 

discussed previously. In addition, the reaction of alkali metals in 

contact with glass or ceramic separators is important in any alkali 

metal battery system. 

The techniques of Auger Electron Spectroscopy (AES) X-ray Photo

electron Spectroscopy (XPS) and Rutherford Backscattering Spectrometry 

(RBS) are particularly amenable to the analysis of these interfaces. 

The bulk chemical reactions of lithium and its compounds are well 

understood (2,4,39). The recent advent of AES and XPS have now made it 

possible to study the surface regions of solid materials such as lithium 

(40). Under carefully controlled conditions, it is currently possible 

to analyze the lithium surface during the course of a solid-gas or 

solid-liquid reaction. Such information has never been available before 

the development of these techniques. Many fundamental principles of 

solid surfaces have since been established. There are still significant 

problems in obtaining quantitative measures of surface concentrations, 

as well as molecular information, especially from AES. This is even 

more the case for lithium metal for reasons which are discussed below. 

The further development of these techniques for the study of lithium 

surface densities formed the basis of much of the research presented in 

this dissertation. 
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Basic Theory 

Auger Electron Spectroscopy, AES 

The Auger process is named after Pierre Auger who discovered and 

correctly explained the extra electrons emitted from excited ions in a 

Wilson cloud chamber (41). The three-electron process is initiated by 

the ejection ot a core electron, as shown in Figure 1-10. The resultant 

Auger emission is independent of the source which is used to eject the 

core electron, although a primary electron source is assumed unless 

noted otherwise. The excited ion can relax in one of two ways, both of 

which result from an electronic transition from an upper level to the 

empty core level. either X-ray emission or Auger electron emission may 

occur, the relative probability depending on the separation of the two 

levels. 

Also shown in Figure 1-10 is the Auger emission process for the 

lithium atom. The isolated atom cannot undergo an intra-atomic process; 

the lithium atom must borrow electrons from its neighbors to complete 

the transition. Since this interatomic process is the only one 

available for lithium, the energy and lineshape is very dependent on the 

matrix. Theretore, chemical (molecular) speciation for lithium com-

pounds should be enhanced. Nethods for calculating the energies and 

intensities of Auger transitions are given in Chapter 6. 

X-ray Photoelectron Spectroscopy, XPS 

This technique is also know by another acronym ESCA, which stands 

tor Electron Spectroscopy for Chemical Analysis. Although the 
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photoelectric effect had been known for some time, K. Siegbahn's group 

is given credit for developing the analytical technique (42). Analagous 

to AE~, a core electron is ejected. In XPS, however, the source is an 

X-ray photon, and the kinetic energy of the core electron itself is ana-

lyzed. The kinetic energy of the electorn is dependent on the X-ray 

energy and the binding energy of the core electron by the following 

simple relationship (neglecting recoil effects): 

E hv - B.E. - eclJ 1-1 

where E is kinetic energy, hv is the X-ray energy, B.E. is the binding 

energy of the core electron (values of which has been tabulated (42», 

and e~ is the work function of the analyzer. By observing the calcu

lated binding energies and intensities of the photoelectron peaks, one 

may calculate surface concentrations of specific chemical species (as in 

AES, Chapter 6). 

attempted here. 

For reasons described in ChapteOr 3, this was not 

What makes XPS (and AES, as well) so useful in surface analysis 

is the chemical shift. The core level binding energies are l~nown to 

shift depending on the chemical form of the atom. The most prominent 

shifts occur when an atom changes oxidation states (43). The chemical 

shift also occurs in all three levels involved in an Auger transition, 

making unambigous chem:~cal assignments more difficult. Chemical shifts 

for XPS and AES spectra of many compounds are available in several com

pendia (42,44-46). 
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Rutherford Backscattering Spectrometry, RBS 

RBS relies on the conservation of energy and momentum in a high 

energy collision between an impinging ion such as He+ and a solid target 

atom. The energy and angle of the scattered He+ ion is analyzed and the 

identity of the target atom is deduced from the results. RBS is also 

quantitative from first principles and is depth selective. The quan

titation is a result of the change in scattering probability with atomic 

mass. The depth selectivity stems from the energy loss of the ion as it 

travels through the solid. Typical energies of the He+ ions are 1-3MeV. 

The reader is referred to an excellent textbook on backscattering 

spectrometry by Chu (47) or Chapter 8 for further theoretical con

siderations. 

The primary method of analysis from these three techniques is AES 

because electron spectroscopies are more surface sensitive than RBS and, 

as will be shown in Chapter 3, beam damage from the exciting source was 

more easily controlled. The classic method of Auger analysis, which 

includes data acquisition in the derivative mode and comparing peak-to

peak heights to those of standards, proved to be inadequate for quan

titative analysis. The acquisition of an isolation amplifier for data 

acquisition without differentiation and a microcomputer for data analy

sis improved our ability for quantitative and line shape analysis of AES 

spectra (48). The Auger analysis of lithium, however, offers some uni-

que difficulties: 1) lithium compounds are highly susceptible to 

electron beam damage; 2) the Li(KVV) Auger transitions occur at an 

energy region where the cylindrical mirror analyzer/electron multiplier 
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detection system is least sensitive and where this change of sensitivity 

is the greatest; 3) the Li (KVV) Auger transitions ~lso occur in the 

energy region which is the least known in terms of theoretical electron 

escape depths; 4) because of the small size of the core electron orbj

tals and because interatomic Auger transitions are the only ones 

possible, the Li(KVV) Auger probability is very low; and 5) Lithium is 

very reactivej even under ultra high vacuum conditions. The com

binations of 1), 2) and 4) leads to a poor signal to noise ratio. 

To retrieve chemical information as well as quantitative analysis 

from the Auger analysis of lithium compounds, solutions to the above 

difficulties had to be found. Special handling and loading techniques 

were developed for the air sensitive compounds. These are described in 

Chapter 2. In Chapter 3, the elect ron beam damage of three li thium 

salts were analyzed and an electron beam damage threshold for each was 

calculated. This threshold was then used as a guideline for avoiding 

beam damage on further lithium AES analyses. Chapter 4 describes an 

attempt to experimentally determine the exact energy dependence of the 

cylindrical mirror analyzer/electron multiplier detection system and the 

approximate theoretical solutions eventually used for quantitation of 

low kinetic energy Auger transitions. 

Quantitative Auger analysis is in its infancy. Consequently 

there are several methods which have reportedly been successful. To 

evaluate the various quantitation schemes, an Auger spectral synthesis 

routine was developed which was capable of producing Auger transitions 

of any specified energy distribution. This routine was developed by 
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considering the theoretical lineshape of the Auger transition during 

each specific process that brings the Auger electrons from the source 

atom to the detector. This routine is presented in Chapter 5. Chapter 

6 presents the comparative evaluations of each quantitation scheme and 

descri bes an analysis routine that was necessary for the low energy 

lithium transition. 

The three following chapters are devoted to the application of 

the techniques developed in previous chapters to lithium Auger analysis. 

In Chapter 7, several lithium compounds are analyzed for lineshape and 

relative atomic ratios. In Chapter 8, the reaction products of lithium 

with oxygen, water and carbon dioxide are analyzed by AES and compared 

to the standards previously observed. Finally, the combination of RBS 

and AES is used to analyze the effects of alkali metal (potassium) 

implantation into silica based glasses in Chapter 9. RBS is also used 

as an independent verification of the Auger quanti tat ion technique deve

loped in previous chapters. 

The sum total of this research creates a stepping stone for 

further surface chemistries of lithium and other active metals. With 

the improved analysis techniques developed specifically for lithium, and 

the results of the Auger analysis of several lithium compounds as well 

as li thium-small molecule reaction products, it is believed that the 

full characterization of many of the interfaces important to lithium 

battery systems can be forthcoming. 



CHAPTER 2 

EXPERIMENTAL 

This chapter lists the specific materials, procedures and other 

details necessary to produce the results presented in this dissertation. 

The first section lists the chemicals used and their suppliers. The 

instrumentation used for the experiments and their manufacturers are 

listed in the following section. Finally, all procedures used in 

handling the air-sensitive lithium compounds as well as the experimental 

details for each specific groups of experiments are given. 

Materials 

The Li/Si alloys were 40-45 wlo Li in ingot ,form obtained from 

Foote Mineral Company. Gold label Li2S04· H20 and Li2C03 at 99.999% 

purity were obtained from Aldrich Chemical Company. ICN Pharmaceuticals 

provided 90% pure Li20 and Li3N, and AHa Products provided 98% pure 

LiH, 99.3% pure anhydrous LiOH and some of the lithium ribbon packed 

under either argon or mineral oil. The lithium packed in mineral oil 

was cleaved and scraped under hexane or trichloromethane. All lithium 

compounds were stored in a dry argon glove box, described below. 

The single crystal silicon, silica glass and sodium trisilicate 

glass, NaZOo3SiOZ were obtained and prepared by Sandia National Labora

tories. Research grade oxygen and bone dry carbon dioxide (99.8% 

27 
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minimum in lecture purity) in lecture bottles were obtained from Mathe-

son Gas Company. Water was introduced into the analysis chamber by 

passing argon through a flask of boiling water into a leak valve 

attached to the analysis chamber. 

Instrumentation 

The Auger data were obtained from a Physical Electronics Thin 

Film Analyzer with a single-pass, cylindrical mirror analyzer and a 

coaxial electron gun. The electron gun was capable of delivering 

0.01-100~A of current at 0-5keV energy (nominal beam diameter 0.1 mm). 

The electrons which traversed the analyzer were detected by an electron 

multiplier operated in D.C. mode. The multiplier voltage ranged from 

500-2000V. The pressure in the main chamber after bakeout was routinely 

5 x 10-10 Torr or lower. 

For derivative spectra, the applied voltage on the cylindrical 

mirror analyzer was modulated at 17kHz frequency and 2eV amplitude. The 

amplifier output of the electron multiplier was synchronously detected 

by a lock-in amplifier and displayed at a phase angle of 270° which 

resulted in a first derivative spectrum. For direct N(E) spectra 

without differentiation, a high voltage isolation amplifier was used to 

collect the multiplier output without modulating the analyzer voltage 

(48). A Digital Electronics Corporation LSI 11/23 microcomputer was 

used to digitize the data and control the analyzer. The analog/digital 

interface and the software developed for data acquisition has been 

described in detail elsewhere (48,49). 
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XPS data were obtained from a GCA-McPherson ESCA 36 spectrometer 

using a 127 0 electrostatic deflector as the analyzer. The X-ray source 

was of the continuum MgKa type (hv 1253.6eV). For all of the XPS 

spectra reported here, the filament current was regulated at 35mA and 

the accelerating voltage was 7kV. The spectrometer was interfaced to a 

PDP ~/e minicomputer which provided a summation average of the spectrum 

as well as digital control of the analyzer. Pressure in the sample 

chamber and analyzer chamber was maintained in the 10-7 Torr range. 

All implantation and Rutherford backscattering experiments were 

conducted at Sandia National Laboratories under the guidance of G. W. 

Arnold. The potassium ions, emanating from a plasma containing K2C03, 

were implanted at an energy of 45kV and an average current of 1.5 jlA 

from an Accelerators, Inc. ion-accelerator. The Rutherford backscat

tering measurements were made with a 2.8MeV He+ ion source from a tandem 

Van de Graaf accelerator. 

explained in Chapter ~. 

The geometries of each experiment are fully 

The residual gas analyzer used to monitor the background gases 

and the purity of gases introduced to the main chamber for reaction with 

lithium was an Anavac-2 available from VG-Gas Analysis Limited. It was 

capable ot monitoring partial pressures ot gases with molecular weights 

tram 0 to 60 a.m.u. and total pressure. The gases were ionized by 

electron impact and mass analyzed by a quadrupole mass spectrometer 

mounted in the vacuum. Total pressure sensitivity was 10-11mbar. The 

gases were introduced into the vacuum chamber through a variable leak 
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valve (Varian, model number 951-5100) capable of a controllable leak 

rate down to 10-10 torr-liters/sec. 

Procedures 

Handling of the air-sensitive lithium samples was done within an 

argon glove box and a Ultra High Vacuum Transfer System (UHV-TS). The 

entrained argon entering the glove box was filtered through Linde mole

cular sieves and heated copper mesh to remove traces of water and oxy

gen. The atmosphere in the glove box was maintained oxygen-free by 

large quantities of dessicant and freshly-cut sodium metal. Evacuation 

of gases was through an in-line sieve filter and a liquid nitrogen trap 

to prevent backstream of pump oils. 

The reactive lithium compounds were prepared and mounted wi thin 

the glove box. The powders of LiOH and LiH were pressed into pellets 

and mounted on a sample stub with molybdenum straps. These straps 

served not only to hold the pellets in place, but also reduced surface 

charging by keeping a conductive surface near the analysis region. 

Li thium nitride crystals were cleaved in the glove box and mounted in 

brass cups with stainless steel set screws. Li20, Li2S04oHZO and Li2C03 

were mounted in normal atmosphere. These pellets were unreactive under 

normal atmosphere with the exception that Li20 absorbed some carbon 

after several days. No carbon was observed if the samples were prepared 

and mounted in the UHV chamber the same day. Lithium metal was scraped 

clean and mounted on the normal sample carousel with two galvanized 

steel straps. These samples were momentarily exposed to atmosphere 
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during the loading into the Auger spectrometer, but clean lithium was 

ensured by scraping the sample in the vacuum chamber prior to analysis. 

The air-sensitive lithium salts were mounted on a sample stub 

which threaded onto a transfer rod that was part of the UHV-TS. The 

sample was then withdrawn into a UHV tube which was sealed by a gate 

valve and removed from the glove box. The assembly was then reconnected 

to the UHV-TS which had been purged with argon, the gate valve was 

opened, and the entire transfer system was pumped down. 

generally reached 10-8 Torr in less than an hour. 

Pressures 

The modular design of the UHV-TS allowed flexibility in experi

mental design. The UVH-TS consisted of a series of 6-way and 4-way 

crosses mounted with magnetically coupled linear motion feedthroughs 

which transferred the sample from chamber to chamber within the UHV-TS 

or from the UHV-TS into the Auger analysis chamber. The UHV-TS was 

pumped by a 25 l/sec ion pump (Perkin-Elmer, Model number 203-2500) and 

a 100 l/sec turbomolecular pump (Balzers, Model number TSU 110). 

The Auger spectra for the beam damage studies in Chapter 3 were 

produced by a 2kV electron beam with 1-20~A of current which was 

adjusted to decrease or increase the total electron dosage incident on 

the sample. The electron multiplier voltage was adjusted from 800-1200V 

to obtain reasonable currents. The derivative spectra was obtained by 

modulating the analyzer voltage at 2eV amplitude. The peak-to-peak 

amplitudes were corrected by using appropriate sensitivity factors 

published previously (45) and plotted versus total accumulative incident 

charge. 
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The XPS spectra were obtained using the conditions previously 

described. The XPS spectra of Li2C03 obtained from the Leybold-Hereaus 

instrument and the VG ESCA system used similar experimental conditions 

and were generously supplied by K. Berreshein of Leybold-Hereaus GMBG & 

Co. and Robin West of VG Instruments, Ltd. 

The analyzer experiments described in Chapter 4 used a variable 

primary beam energy and a beam current of ca. 20\lA. For the Applied 

Potential Method (see Chapter 4) a primary beam energy of 2kV and SkV 

were used. The applied potential was supplied by a DC power supply con

nected to the floating sample holder. The electron multiplier voltage 

was adjusted to keep as large a range of backscattered peak currents as 

possible with one setting. For those primary beam energies which pro-

vided peak currents which were too low to measure, the multiplier 

voltage was increased. Because the sensitivity levels vary in an 

unknown fashion with multiplier voltage, several previous spectral 

measurements were repeated at this new multiplier sensitivity to obtain 

an average sensitivity adjustment factor. For the entire range of 

0-2kV, the multiplier voltage had to be adjusted to three different set-

tings. Peak areas were obtained either by direct digital integration 

or the "cut-and-weigh" method. 

Because of the results of Chapter 3, incident beam currents were 

kept at or below IOOnA for all of the Auger spectra presented in Chap

ters 7-9. The primary beam energy was maintained at SkV for all samples 

except for the implanted glass samples in Chapter 9. These samples were 

extremely susceptible to charging. Consequently, these spectra were 
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obtained using a 2kV primary beam and an incident current of lOnA. The 

low incident beam currents required a much larger electron multiplier 

voltage in the range of 1200-2000V to obtain reasonable currents. These 

spectra were also obtained in the direct N(E) mode without differen

tiation via the isolation amplifier described previously. This data was 

stored digitally on the DEC LSI 11/23 microcomputer for later analysis. 



CHAPTER 3 

ANALYSIS OF ELECTRON BEAM DAMAGE BY XPS AND AES 

Both XPS and AES require core level, electron ionizations as the 

first step. Since core ionizations require source energies much greater 

than chemical bond energies, the rupture of chemical bonds at the sur-

f ace is a likely occurrence. Indeed, changes in both XPS and AES 

spectra during prolonged exposure to the excitation source have been 

documented for several compounds (37,50-69). In work completed for this 

dissertation, it was noted that the AES spectra of the lithium standards 

Li20, Li2C03 and Li2S04 changed as a function of time. Similarly, the 

XPS Li(ls) spectra of the lithium standards revealed two peaks where 

only one was expected from the Li + species. Insulators and organic 

compounds seem most susceptible to these spectral changes while metals 

and other conductors are not (50). By limiting the exposure of easily 

damaged compounds to high energy X-rays or electrons, the kinetics of 

the damage process can be sufficiently slowed to enable a reliable XPS 

or AE.S spectrum to be obtained. Since it is highly likely that beam 

damage is still occurring, the goal is to observe the photoelectron or 

Auger electrons from the undamaged chemical species before an appre

ciable number of damaged chemical species are formed. 

34 
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With this goal in mind for lithium compounds, the Auger spectra 

of Li20, Li2C03 and Li2S04 were observed as a function of excitation 

source exposure time. Peak-to-peak heights of the derivative spectra 

were plotted as a function of total coulombs of exposure. From these 

plots beam damage thresholds were derived according to the method of 

Pantano and Madey (50). Similar beam damage plots could not be 

constructed for XPS data because of the longer analysis time required. 

However, XPS spectra from lithium compounds were taken under a variety 

ot experimental conditions and on different instruments to determine the 

source of beam damage. 

A brief review of beam damage in XPS and AES is given in the next 

section along with a brief survey of compounds susceptible to beam 

damage. Following this is a description of the beam damage experiments 

and the results. Finally, beam damage thresholds are calculated and 

damage mechanisms are postulated. 

Theory of Beam Damage 

Chemical rearrangement of a solid surface caused by or initiated 

by high energy electrons is usually considered an undesirable artifact 

of the AES measurement, unless research on the effect of beta radiation 

on solid compounds is desired. Several reviews have appeared addressing 

this aspect of Auger analysis (50-53). Electron beam damage has been 

reported for adsorbed gases (54,55), condensed gases (56), silicon com

pounds (37,57-60), alkali halides (61) and lithium compounds (62-64). 

The beam damage that has been reported for lithium compounds have dealt 

with oxyanions only, one of which was Li2S04 (62,64). 
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Several mechanisms have been proposed concerning electron beam 

damage. These have been organized into four categories by Pantano and 

Madey (50): 1) ionization of electrons from surface atoms which leads 

to bond-breaking and eventual dissociation and/or desorption; 2) ioniza

tion of electrons from bulk atoms which leads to defect production and 

possible diffusion to the surface; 3) charge accumulation in non

conductors which creates an electric field that enhances ion migration; 

and 4) thermal effects which cause alloy segregation, volatilization and 

other chemical reactions. Of these four mechanisms, the first two are 

thought to be most prevalent during beam damage of ionic salts (53). 

Charge accumulation is especially dominant in alkali silicate glass ana-

lysis (see Chapter 9). The extent of thermal effects are relatively 

unknown or ignored because of the difficulty of a direct temperature 

measurement (50). 

Of the mechanisms proposed for electron stimulated desorption 

(ESD) of atoms from surfaces, the model proposed by Knotek and Feibelman 

(53) seems most feasible to lithium salts. In this model, the ioniza-

tion of a core hole on the cation leads to an interatomic Auger process. 

This is the only Auger de-excitation mode available in lithium salts. 

This leaves the anion with a loss of as many as three electrons. For 

Li20, the loss of three electrons would cause the formation of the 0+ 

species. Since this species would be surrounded by Li + cations, a 

"coulombic explosion" occurs, thereby desorbing the anion. Far more 

likely is the oxygen's loss of two electrons, which would leave the oxy-

gen ion a neutral state. The removal of these electrons changes the 
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lattice energy of the ionic crystal (70), thereby destabilizing it and 

causing the desorption of a neutral oxygen atom. 

Two other mechanisms listed previously could enhance this type of 

desorption. Ionization of core electrons in the bulk leads to a cascade 

of secondary electrons at the surface. As long as these electrons have 

sufficient energy to ionize a shallow core hole such as the Li(ls) level 

(55eV), interatomic transitions and, consequently, anion desorption may 

occur. Also, an increase in thermal energy would increase the frequency 

of desorption. 

The mechanisms for XPS beam damage are very similar to that of 

AES because they are both core ionization techniques. If the beam 

damage mechanism is initiated by a core ionization, it makes no dif

ference whether X-rays or electrons create the core hole. However, X

ray damage is not nearly as prevalent as electron beam damage. The 

reason for this is that a primary electron need not release all of its 

kinetic energy in one ionization or collision event, something which the 

X-ray photon always does. The primary electrons must come to a rest 

somewhere in the solid, but the photon is annihilated. Therefore, 

secondary effects, such as temperature increases and secondary ioniza

tions, occur more often per incident electron than per incident X-ray 

photon. 

X-ray induced damage has recently been reviewed by Copperthwaite 

(65), and possible mechanisms have been discussed by Franchy and Menzel 

(66). Chromium (67) and platinum compounds (68) have been reported to 

be susceptible to X-ray induced reduction. This situation is 
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complicated by the fact that some X-ray sources emit a considerable 

number of electrons of sufficient energy to cause electron beam damage 

as well. This fact has been alluded to previously in a textbook (43), 

and the measurement of the electron flux from an X-ray source has also 

been reported (71). Results from McGilp and Main (71) indicated that 

the electron flux from the X-ray source could exceed the photoelectron 

f lux of insulating samples. Several authors have not distinguished 

between X-ray induced or electron induced reduction when reporting X-ray 

photoreduction results (67,68). 

The amount of beam damage caused by stray electron emission from 

the X-ray source can be extensive. This appears to be the case for XPS 

spectra of lithium compounds reported by two separate research groups 

(62,69). Povey and Sherwood (69) reported photoreduction of lithium 

compounds; Sasaki et a1. (62) observed none. 

ascribed to the differences in X-ray sources. 

This decrepancy can be 

Sasaki et ale used a 

monochromatized X-rays source, which greatly diminishes the stray 

electron flux incident on the sample; Povey and Sherwood did not. 

In this next section, AES spectra of Li20, Li2C03 and Li2S04 are 

presented as a function of time. Beam damage plots are then given along 

with calculations of beam damage thresholds. Following this is a 

discussion of the results and a proposed mechanism for beam damage of 

lithium compounds. 

Experimental Results of Beam Damage 

Electron beam damage was readily apparent for all three lithium 

compounds because of the appearance of a black spot on the normally 
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white surfaces. The size and appearance of this spot remained unchanged 

in the UHV environment for several hours after the electron beam was 

turned off. Upon exposure to atmosphere, this discoloration disappeared 

immediately. These facts suggested that the electron beam damage was 

creating a reactive surface with a reduced species that is darker in 

color, and that this reduced species was readily oxidized by 02 or H20. 

This discoloration has also been reported by Sasaki et al. (62). 

Figure 3-1 illustrates lineshape changes in three spectral 

regions of the AES spectrum of Li2S04. The three AES regions are the 

LiCKVV) region (O-55eV), the S(LMM) region (l15-165eV) and the O(KLL) 

region (470-530eV), with increasing beam dosage in coulombs/cm2 (C/cm2 ) 

shown from top to bottom. The kinetic energies of the various tran-

sitions, measured at the minimum of the derivatives, appear in Table 

3-1. Because of differences in charging energy of the insulating 

pellets, all energies are referenced to the 0(KL2 3L2 3) minimum at , , 

510eV (72). Although the absolute energies of the O(KLL) transitions 

are not expected to be the same for all three lithium compounds, a 

reference must be chosen to account for charging (64). Regardless of 

the reference energy chosen for the 0( KL 2 3L2 3) transition, , , kinetic 

energy differences between transitions, which are independent of 

charging, can be calculated from Table 3-1. 

The Li(KVV) spectrum of Li2S04 was dominated by three peaks whose 

minima are at 35, 42 and 52 ± 2eV. As the electron beam dosage was 

increased, all transitions increased in absolute intensity. The tran-

sition at 52eV increased in intensity at a higher rate and for a longer 
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Damage: a) Initial Spectrum, b) After 52.3 C/cm2 and 
c) After 79.4 C/cm2. 
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Li2S04 

Li2C03 

Li20 13 

Table 3.1. Auger Transition Energies (eV), 
referenced to O(KLL) at 510eV 

Li(KVV) S(LMM) 

35 42 52 127 139 149 

24 34 40 52 

23 . 32 39 50 

*Charge shifted to 510eV. 
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C(KLL) O(KLL) 

510* 

268 510* 

510* 
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period of time than the other two transitions. A peak at this energy 

has been atributed to lithium metal by previous authors (32,33) and sub

sequently confirmed in this laboratory (Chapter 6). The remaining low 

energy transitions have been assigned to oxidized lithium (Li+)(33,73). 

The S(LMM) line shape of Li2S04 consisted of three transitions at 

kinetic energies of 127, 139 and 14geV. A recent study of sulfur

bearing anions by Turner et al. (74), have prompted the assignments of 

the two low energy peaks at 127 and 13geV to sulfur in the S042- or, 

less likely, the S032 - chemical state. The third peak is assigned to 

sulfur in the S2- or SO state (75). As the Li2S04 pellet was exposed 

to increasing electron dosage, the S04 2- (S03 2-) transition decreased in 

amplitude while the S2-(So) transition increased in amplitude and became 

more symmetric. These lineshape changes imply a reduction of the 

sulfate anion to the sulfide anion, a postulate that agrees with the 

interpretation given by Bernett et al. (64) and by Nebesny (76). 

The O(KLL) transition at 510eV (charge-shifted) decreased in 

amplitude and became asymmetric with increased electron dosage. This 

transition compared favorably with the oxygen lineshape of beam-damaged 

Li20 (see below). 

Figure 3-2 illustrates the relative AES peak-to-peak intensity 

(relative to the largest intensity of each transition) as a function of 

electron dosage. From Figures 3-1 and 3-2, these facts were noted: A) 

the Li(KVV) transitions all increased rapidly during the initial stages 

of electron beam damage; B) the transition assigned to LiD increased in 

intensity at a faster rate than the other lithium transitions; C) the 
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Figure 3-2. Beam Damage Plot For Li2S04 . 
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S042 - transitions decreased in intensity while the S2- transition 

increased in intensity; D) the O(KLL) transition decreased in intensity 

and became less symmetric. A steady state of damage was reached after 

delivery of ca. IS C/cm2 of primary electron beam current. 

Spectral changes were also noted for Li2C03 and Li20. These 

changes are noted in Figures 3-3 and 3-4, respectively. The transition 

energies for these two compounds also appear in Table 3-1. Relative 

peak-to-peak intensities of the O(KLL), C(KLL) and Li(KVV) transitions 

from Li2C03 and Li20 are plotted as a function of electron dosage in 

Figures 3-S and 3-6, respectively. Again the Li(KVV) transitions 

increased in intensity with increasing electron dosage, and a Li O tran

sition appears. The C(KLL) transition decreased in intensity while the 

O(KLL) peak intensity actually increased linearly with electron dosage. 

In contrast to Li2S04, the steady state for damage of Li2C03 was reached 

much sooner at ca. 3.S C/cm2 • 

A Li 0 transition at SOeV did appear in the spectrum of Li20 

following electron beam exposure, but did not increase substantially 

over the other transitions after its first appearance. A Li(KVV) tran

sition whose minimum appeared at 3geV did increase in intensity over the 

other Li(KVV) transitions. This transition has been assigned to an 

interatomic transition from oxygen involving two separate oxygen atoms 

(see Chapter 6). The O(KLL) transitions increased in intensity very 

slightly and became more asymmetric as for the beam-damaged Li2S04. 

These facts imply that Li20 is much more stable to beam damage than 

either Li2C03 or Li2S04. 
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Figure 3-4. AES Derivative Spectra of Li20 Undergoing Electron Beam 
Damage: a) After 0.2 C/cm2, b) After 2.8 C/cm2 and 
c) After 5.6 C/cm2• 
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Discussion 

Electron Beam Damage 

The experimental results presented suggest that the electron beam 

is causing a reduction of the lithium compounds. The appearance of a 

lithium metal peak in the Li(KVV) spectra is not expected in fully oxi-

dized lithium compounds. In the case of Li2S04, the lithium lineshape 

changes are accompanied by changes in the S(LMM) lineshape indicative of 

a reduction of S042 - to S2-. A loss of oxygen is indicated by the 

decrease in intensity of the O(KLL) transition. One interpretation of 

the AES spectral changes lead to the hypothesis that Li + is being 

reduced by the electron beam to Li O, and that Li O facilitates reduction 

of the S042 - anion in the following manner: 

Li+ + e + LiO 

2Li O + 2S04 2- + 2Li+ + 2S032 - + 202 -

2Li O + S03 2- + 2Li+ + S2- + 0 2 - + 02+ 

Final Products: Li2S + Li20 

3-1 

3-2 

3-3 

The fact that all of the Li(KVV) transitions increase in intensity is 

explained in this mechanism by an increase in concentration of lithium 

at the surface. 

The preceding mechanism was based on two assumptions: 1) a pri

mary electron will create Li O and 2) Li O is an intermediate. The exact 

pathway of reduction of S042- to S2- is speculation since the S03 2-

spectrum is very similar to the S04 2- spectrum. No measurement of oxy

gen desorption was made because the sensitivity of the Residual Gas 
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Analyzer at 10 cm away was not high enough. However, it is certain that 

a reduction is occurring in both the cation and anion spectra, and that 

this reduction is probably a step wise reduction similar to Reactions 

3-1 - 3-3. The existence of Li O is confirmed by the discoloration of 

the pressed pellet and the reaction of this discolored area with the 

atmosphere. 

An alternative mechanism is suggested by Knotek and Feibelman's 

observation of 0+ desorption from ionic oxides or polarized covalent 

oxides (Pauling electronegativity difference ~ 1.7) (53). As pre-

viously shown, 0+ desorption will occur after the ionization of a 

shallow core hole in the cation (such as Li(ls)). An interatomic Auger 

event or events can leave the oxygen in a neutral or positively charged 

state which is desorbed from the solid. This presumes that the mecha

nism for restoring the electron to the solid from ground is slow. In 

the case of the sulfate, there are electron orbitals from neighboring 

atoms which are available to delocalize the positive charge, creating a 

S04 or S04 + species. These species may desorb 0+ or 0, forming S032 -, 

and continue in this stepwise fashion until all of the oxygen has 

desorbed. Presumably this would leave the cation in a reduced state, 

but the exact mechanism for this transition is unknown. 

The mechanism for Li2C03 beam damage is less clear. Simple ther

mal desorption of C02 seems unlikely because of the excess temperature 

required for Li2C03 decomposition (1310°C)(1), although because of the 

UHV conditions and the small electron-beam irradiation area, this pro

cess cannot be ruled out. The reduction of C032- after the formation of 
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Li ° is a possi bili ty. The final reduction products would then be Li 20 

with elemental C or 1i thium carbide Li2C2. The carbide usually has a 

unique C(KLL) spectrum (41) which did not appear in the beam damaged 

spectra, although no AES spectrum for Li2C2 has been reported. The 

increase in oxygen is a consequence of the increased ° density in the 

AES sampling volume from Li20 as compared to Li2C03. 

The mec,hanism for beam damage of Li20 is probably similar to the 

Knotek and Fei belman mechanism (53), since this has been observed on 

other simple metal oxides. No 02 or 0+ could be detected in the experi-

mental setup used (the detector was an insensitive QMA). The reduction 

of the O(KLL) peak-to-peak height and a small increase in the Li O tran-

sition intensity were the only observed changes due to beam damage. A 

sub-oxide or a mixture of Li O and Li20 are the likely final products. 

Pantano and Madey have established a criterion for the estimate 

of a beam damage threshold through the use of the following equation: 

3-4 

where N(t) is the atomic concentration of undamaged species at time t, 

NO is the initial concentration, Ie is the integrated electron beam 

current, Q is the effective cross section for beam damage, A is the 

irradiated area and E is the electronic charge. Establishing 10% damage 

as the threshold for detection of beam damage, N(t)/NO is set equal to 

0.9, and Equation 3-4 can be solved for the total electron dosage 

required for beam damage by defining D = Ie/Aet: 



D E/Q ln 0.9 
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3-5 

By measuring the time for 10% damage to occur, D can be calculated as 

above (Eq. 3-4), and the beam damage threshold can be calculated from 

Equation 3-5. 

From the beam damage plots appearing in Figures 3-2, 3-5 and 3-6, 

D can be calculated as that intercept on the X-axis which intersects a 

10% change in the ini tial value. These have been indicated in each 

plot, and the beam damage thresholds are calculated to be 1.5 C/cm2 for 

Li2S04, 0.8 C/cm2 for Li2C03 and 1.5 C/cm2 for Li20. 

XPS Beam Damage 

Figure 3-7 illustrates two Li(ls) XPS spectra obtained from the 

GCA McPherson ESCA system and a third Li(ls) spectrum of Li2C03 obtained 

from a Leybold-Heraeus XPS system with a typical dual -anode X-ray 

source. Two peaks have always appeared in the Li(ls) region of all 

lithium salts compounds studied with the GCA system. Figure 3-8 

illustrates the XPS Li(ls) spectra of Li20, Li2C03 and Li2S04. It is 

interesting to note that only one peak appears in the spectrum of Li2C03 

obtained with the Leybold-Heraeus system (Fig. 3-7). This has since 

been confirmed by Li(ls) XPS data obtained from a VG system (not shown). 

To elucidate the mechanism for XPS beam damage of lithium com

pounds, exposures of Li2C03 to X-ray photons were accomplished under a 

variety of conditions. First, a series of single-scan spectra were 

taken for the purpose of observing the beam damage directly. However, 

because of the low ionization cross section of Li(ls), the spectra did 
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Figure 3-7. XPS Li(ls) Spectra From Li2C03 ! the top two spectra were 
obtained from the GCA McPherson spectrometer (grounded 
anode). The bottom spectrum was obtained from a Leybold
Heraeus spectrometer (positively-biased anode). 
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Figure 3-8. XPS Li(ls) Spectra From Li2S04' Li2C03 and Li20. 
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not have sufficient signal/noise to observe the spectra. 
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Secondly, to 

determine the dependence of beam damage on the X-ray source power level, 

two spectra were taken at different power levels, producing different x

ray fluxes. Again, there was no affect on the Li(Ls) spectra except for 

a change in the signal/noise ratio. 

Figure 3-9 illustrates the effect of temperature on the Li2C03 

substrate. If there was a thermal decomposition producing lithium metal 

and lithium oxide, a colder substrate would decrease the decomposition. 

The top spectrum in Figure 3-9 illustrates the Li (ls) spectrum from 

at ambient temperature while the bottom specrum represents a 

pellet mounted on a block that was cooled by liquid nitrogen. No effect 

of temperature was observed. 

Secondary electrons escaping from the Ai window which separates 

the sample from the X-ray source was suspected as producing the reduced 

lithium for the reasons given previously. To decr-ease the amount of 

emission of secondary electrons from the Ai window, a thin polystyrene 

film was applied to the window. In Figure 3-10 are displayed the Li(ls) 

and C(ls) photoelectron spectra before and after application of the thin 

polymer film. The surprising result, shown in the bottom Li(ls) 

spectrum was that the Li O transaction increased in intensity relative to 

the Li+ transition. By decreasing the secondary electron emission of 

the window, it was expected that the Li O transition intensity would 

decrease. 

This apparent contradiction can be resolved by an examination of 

the C(ls) spectra (Fig. 3-10, right). The transition due to adventitious 
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Figure 3-9. XPS Li(ls) Spectra From Li2C03 at Room Temperature and 
Cooled by Liquid Nitrogen. 
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carbon had increased in intensity relative to the C032- transition, 

indicating that some of the polymer had been deposited on the Li2C03 

sample. Figure 3-11 represents schematically the conditions of the sur

face before and after the polymer application. It can be seen that if 

beam damage is reducing the surface of Li2C03, a two-layer structure 

would form as shown on the left in Figure 3-11. A carbon matrix, formed 

after the transfer of polymeric material from the X-ray source window to 

the sample, would create a three-layer structure as shown on the right 

in Figure 3-11. Because of the escape depth limitations of the photo

electrons, the Li(ls) transition from Li2C03 was attenuated compared to 

the Li(ls) transition from reduced Li. The COs) from C032- decreased 

in intensity as well. Therefore, it was concluded that the X-ray source 

was creating the reduced Li transition at the surface. 

As shown previously in Figure 3-7, the Li2C03, Li(ls) spectrum 

did not reveal any beam damage on the Leybo1d-Heraeus system or VG 

system. An examination of the two X-ray sources, shown in Figure 3-12, 

reveals the high probability that secondary electrons may escape the GCA 

McPherson X-ray source, shown on the right. In the GCA McPherson X-ray 

source (and X-ray sources of similar deSign), the Mg or Al anode is at 

ground potential while 7kV is applied to the filament to accelerate the 

electrons towards the anode, creating X-ray emission. Some fraction of 

the electrons are scattered with little or no energy loss and strike the 

window with high energy. Since the window is only a few microns thick, 

electron emission is likely. In the Leybo1d-Heraeus system (and other 
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similar dual anode sources such as in the VG system, shown on the left 

in Fig. 3-12), the anode is positively biased at 7kV and the filaments 

are held at ground potential. The electrons must travel a curved path 

to strike the anode. Those electrons which are scattered with little or 

no energy are attracted back towards the positively biased anode, 

thereby decreasing the amount of electrons striking the window. The 

probability of electron emission from the window is greatly diminished. 

Conclusion 

Because of the lack ot control of electron beam damage in the 

GCA-McPherson system and the similarities in peak shifts of the Li(ls) 

spectra of lithium compounds, only AES was used to further characterize 

lithium standards (Chapter 7) and lithium-gas reactions (Chapter 8). In 

this regard, the electron beam damage caused by the incident electrons 

was controlled by restricting the total electron dosage to less than the 

minimum beam damage threshold calculated (0.8 C/cm2 ). Under these 

experimental conditions, it was assured that less than 10% beam damage 

had occurred during the time frame of the experiment. 

The exact beam damage mechanism for lithium compounds is not 

known. One may speculate that electron-stimulated desorption plays a 

prominent role in lithium compounds because it is initiated by an 

interatomic Auger transition (the only type occuring for Li) which 

leaves the crystal in an unstable condition, causing anion desorption 

(53). Oxygen desorption has been detected in several ionic or cova-

lently polarized oxides which have less relative probability for an 
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interatomic Auger transition. Another possible mechanism which also 

leads to anion desorption was given in Reactions 3-1, 2 and 3. After a 

reduction of Li+ to Li O by the electron beam, a redox reaction can occur 

which restores the original charge on Li and leaves the anion in an 

unstable configuration. A more rigid analysis of desorbed products, 

both charged and neutral species, along with Auger lineshape analysis is 

required for better mechanism elucidation. In this work it was suf-

ficient to note the extent of beam damage possible, and the beam damage 

threshold, to avoid erroneous conclusions of Li Auger lineshape 

analysis. 



CHAPTER 4 

ANALYSIS OF THE ANALYZER TRANSMISSION FUNCTION AND 
MULTIPLIER GAIN FUNCTION FOR THE CYLINDRICAL 

MIRROR ANALYZER AND ELECTRON MULTIPLIER 

In any quantitative analysis scheme, it is important to assess 

the effects of the instrumentation on the measurement. In Chapter 3 we 

learned that the X-ray source or electron beam source affected the che-

mical bonds on the surface which manifested itself in the XPS or AES 

spectra. By maintaining the electron exposure below a beam damage 

threshold, AES spectra of lithium compounds without damage was obtained. 

In this chapter the effects of the electron energy analyzer (Cylindrical 

Mirror Analyzer or CMA) are studied, as are the electron detector 

(Electron Multiplier or EM) and their effect on the measurement of Auger 

intensities. 

Electrostatic deflectors such as the CMA have a transmission pro-

bability which is a function of the electron kinetic energy. This 

energy dependence is of ten termed the Analyzer Transmission Function 

(ATF) and will be so designated here. the ATF is a result of the change 

in the electron field within the analyzer necessary for electrons of 

different kinetic energy to pass through the exit slit. A rigorous 

derivation of the ATF (which is still not fully understood or used by 

many investigators) for a CMA-type analyzer is given in the next sec-

tion. 
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The EM also has an energy dependence because of the difference in 

gain for the collected electrons at different energies. The energy 

dependence is tenl~ed the Multiplier Gain Function (MGF). In general, 

both the ATF and the MGF are combined in a typical AES spectrum to 

distort the 1ineshape and relative peak areas at different energies. 

The effect of the ATF and the MGF is particularly acute for low energy 

transitions below lOOeV, such as Li(KVV), since the low energy electrons 

are most easily deflected and their population most easily influenced by 

small changes in the ATF /MGF. In addition, the Li(KVV) transitions are 

superimposed on a steep background which arises from the low energy 

secondary electron cascade (see Chapter 5). This total distortion must 

be accounted for in any AES quantitation scheme. The studies described 

in this chapter were conducted for such a purpose. 

The next section describes the theory of electron energy disper-

sion in the CMA and its ATF. Similarly, the theoretical MGF is also 

discussed. Two experiments were conducted in an attempt to measure the 

ATF and MGF directly. The results of these experiments and the extent 

of their validity are compared to previous experimental measurements and 

theoretical results in a subsequent section. Because of the limitations 

of the experiments determinations discussed below, an alternative 

theoretical method for the ATF and MGF correction was chosen. This 

alternative method and its derivation are discussed in the final 

section. 
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Theory of the CMA 

A schematic of the CMA is shown in Figure 4-1. The analyzer con

sists of two concentric cylinders of radius ri and ro (inner cylinder 

and outer cylinder radius, respectively). The electron source is 

located coaxially with the center of the inner cylinder. The entrance 

and exit slits are annular slits of equal width ~X cut into the inner 

cylinder. The electron multiplier is placed in the center of the inner 

cylinder behind the exit slits. The entrance slit of the inner cylinder 

defines an angle 0 at which the electrons from the surface are detected. 

The electrons travel a straight line until they enter the field between 

the two cylinders defined by a voltage VA applied to the outer cylinder 

(inner cylinder being held at ground potential). Inside the electric 

field, the electrons travel a parabolic path (in the first approxima

tion) towards the electron multiplier. The distance between the slits 

is defined as L. 

Several review articles have appeared comparing the charac

teristics of several electron energy analyzers of the electrostatic type 

(77-83). Some detailed theoretical analyses of the CMA have been 

reported (84,85) including a study of energy shifts due to changes in 

sample positioning (86). An experimental determination of the ATF has 

been made for the energy range 0-110eV (87). The discreet electron 

multiplier has also been the subject of a recent review (88). These 

cumulative results are used to characterize the electron energy analysis 

system used in these experiments. 
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To simplify our derivation of the energy dependence of the CMA 

transmission, only the upper half of the cross section, which is analo-

gous to the parallel plate mirror analyzer, will be considered. The x 

and y axes are defined as shown in Figure 4-1. The equation for the 

position of a particle, x, as a function of time, t, is given by simple 

physics as (89): 

4-1 

where Xo is the initial particle position, vx is the initial velocity of 

the particle in the x direction, and ax is the acceleration from a force 

directed in the x direction. The same equation is also valid for motion 

in the y direction. 

If a point source is assumed at the entrance slit which is 

defined as the origin, then Xo = Yo = O. The initial velocity of the 

electron in each direction is defined by vx = vcos0 and Vy vsin0, 

where v is def ined as the initial velocity of the elect ron. This is 

directly related to the kinetic energy of the electron by: 

1 
E = 2e mev2 4-2 

where E is the kinetic energy of the electron in eV, e is the electronic 

charge (1.602 x 10-19 J/eV) and me is the mass of the electron (9.11 x 

10-31 kg). Equation 4-1 now becomes, for the x and y direction: 

x = vtcos0 + 1/2axt2 

vtsin0 + 1f2ay t2 y 

4-3 

4-4 
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In the x direction, there is no force applied, hence ax = O. In 

the y direction, the force is the applied potential, Va, divided by the 

distance between the cylinders, d = ro - ri as per the following rela-

tionship: 

-eVa 
-d- 4-5 

where Fy is the force in the y direction. From Equations 4-3, 4-4 and 

4-5: 

y 

x = vtcos0 

vtsin0 - 1/2(eVa )t 2 

(med ) 

4-6 

4-7 

The negative sign is necessary because the force is applied in the oppo-

site direction of the initial velocity of the electron v. 

To obtain the energy range of an electron allowed through the 

exit slit, ~x at length x = L (see Fig. 4-1), it is necessary to combine 

Equations 4-6 and 4-7 and eliminate t. This gives the general equation 

of motion for an electron in the analyzer: 

y v ( x 0) s i n0 - 1f2 (e V a )( x ) 2 
vcos- med vcos0 

eVax 2 
x tan 0 -

-=2-m-e-:d:-v"Z'c-o-s-'Z"0--

4-8 

4-9 

Equation 4-9 can be simplified further by substituting E for v by 

Equation 4-2: 
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y 
V x 2 

x tan 0 - a 
-:-4-:"d=E-c-o-s 2""'0-· 

4-10 

It is now necessary to find a relationsllip between E, the kinetic 

energy of the electron and the applied potential Va. This is done by 

recognizing that an electron will pass through a slit (i.e., when y = 0) 

at x = 0 (entrance) and x = L (exit). Therefore, setting x = Land y = 

0, Equation 4-10 becomes: 

Solving for E: 

E 

o V L2 
Ltan0 - a 

-:-4-d-E-c-o-s "'2 0-· 

VaL = tan 0 
4dEcos 20 

4dcos20tan0 4dcos0sinG 

To simplify further, it is assumed that 0 = 45°, hence sin0cosG 

4-11 

4-12 

4-13 

lf2 and 

4-14 

From Equation 4-14, it is easily shown that the energy range ~E 

of electrons allowed to pass through the slit at X = L with width, ~L = 

~S, is directly proportional to E: 

Va 
but, by Equation 4-14, 2d = ElL, therefore: 

E ~L 
L 

4-15 

4-16 
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The expression ~L/L is a constant for each analyzer and the constant of 

proportionality between the energy range of electrons detected and the 

median energy. As a example, suppose that ~L/L = 0.1. Then for a pass 

energy E 100eV, the analyzer will also detect electrons at E 

95-105eV. For a pass energy E = 1000eV, the analyzer will detect a 

larger range of E = 950-1050eV. 

The above expressions were derived for a parallel plate mirror 

analyzer. The CMA can be thought of as an infinite number of parallel 

plate mirror analyzers. Consequently, it will focus a solid angle of 

electrons emanating from the solid. The expression for the pass energy 

as a function of applied potential has been derived (43). 

E 4-17 
1.3 In (6.1 roiL) 

The expression for the incremental energy dE allowed to pass an incre-

mental slit dL can be derived by differentiating Equation 4-17 with 

respect to Land E: 

dE E 
L In (6.1 roiL) dL 4-18 

Integrating this expression over the finite width of ~S, one obtains 

again a linear relationship between ~E and E: 

4-19 

where L2 - L1 = ~S. 

A general equation of resolution has been established for all 

electrostatic analyzers by Kuyatt (90) of the form: 
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4-20 

In this equation, A, Band C are constants, n is the order of the 

aberration in entrance angle 0, and e is the entrance angle in the plane 

perpendicular to the dispersion plane (Figure 4-1). For the CMA n = 3, 

meaning it has second-order focusing at 0 = 42.3°, and C = 0, meaning it 

has perfect focusing in that plane. Since everything is constant on the 

right hand side of the equality for a particular analyzer, it is again 

shown that ~E is directly proportional to E. 

So far, only ideal situations have been considered. In par-

ticular, point sources at the entrance slit were the only sources of 

electrons. An examination of Figure 4-1 shows that this is only an 

approximation. The actual source of electrons is a solid surface which 

has a finite inhomogeneity at the surface plane from which a sample 

volume produces the electrons. The source is also not located at the 

entrance slit but rather at the central axis of the analyzer. In addi-

tion, focusing aberrations, angular divergence and the nonradial motion 

of the electrons have not been considered. These factors will, in 

general, change the shape of the energy window but not the order of 

energy dependence (84). 

The linear energy dependence of the ATF for the CMA is especially 

cri tical to low energy transitions such as Li(KVV). The transmission 

for 100eV electrons is twice that for 50eV electrons which is twice the 

transmission for 25eV electrons. As the energy of the electrons 

decrease, the energy increment required to double the throughput of the 
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analyzer decreases as well. Therefore, low energy spectra obtained with 

a CMA are distored quite severely by the ATF/MGF and must be corrected. 

In contrast, transitions at higher energies such as the O(KLL) group 

(~500eV) are not distorted as much, although the throughput change is 

still significant (e.g., from 500-505 eV, the CMA throughput increases 

by 1%). 

Theory of the Electron Multiplier 

The electron multiplier is very similar in principle to the well

known photomultiplier tube (91), except that the incident particle is an 

electron instead of a photon. Therefore, the initial dynode consists of 

the same material as the other dynodes, usually Cu-Be or Ag-Mg alloys 

(88). These materials are chosen because their secondary emission coef

ficient (defined as the number of electrons ejected per incident 

electron) is greater than one, which is essential for current amplifica

tion. 

The reason for characterizing the electron multiplier is that the 

secondary emission of the dynodes and, consequently, the amplification 

are dependent on the surface condition of the dynodes and the incident 

energy. The change in amplification due to the presence of moisture and 

oxygen at atmospheric pressure has been reported to be as high as 107 

(92). Even in the UHV environment, the presence of organic materials at 

low pressures (10-7 Torr) have changed the gain of a Cu-Be multiplier by 

20-30%, either higher or lower depending on the specific compound (93). 

The energy dependence of the multiplier gain has been shown to have a 
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broad maximum at 300-500eV, but drops quickly below 200eV (79). At the 

Li(KVV) energy, the MGF curve is the steepest. 

The equations used to derive the analytic expression of secondary 

emission as a function of energy were determined long ago by Lye and 

Dekker (94). In their derivation, they assumed that the number of 

secondary electrons that reach the surface with sufficient energy to 

escape is proportional to the energy loss of the primary electron per 

unit path length. They further assumed that the probability of secon-

dary electron escape is governed by an exponential term similar to that 

used in determining escape depths (see Chapter 6). 

effects of 

expressions: 

where 

energy straggling, they arrived at 

1-exp(-Zn+1) 
zn 

Including the 

the following 

4-21 

4-22 

In these expressions, 0 is the absolute secondary electron yield, om is 

the maximum value for 0, E is the kinetic energy of the primary 

electron, Em is the maximum value for E and Zm is the value of Z for 

which Equation 4-22 is maximum (computed numerically). The term n 

represents the power law exponential term which is equal to 0.35 for 

most substances. 

As will be shown in a later section, Equations 4-21 and 4-22 can 

be used to characterize a multiplier gain function. By adjusting the 
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parameters om' Em and n in an interactive fashion, an expression can be 

constructed which then reflects the characteristics of an electron 

multiplier if certain experimental data are available. These data must 

represent the absolute current output of the electron multiplier per 

incident electron at a specific energy. Since these data are not 

available, a more practical approach was attempted. 

Experimental Determinations 

To determine the instrument response function of a particular 

analyzer/detector combination such as the CMA/EM, it would be ideal to 

use a monochromatic electron source which could vary in energy without 

varying in intensity. Since this was not available, another source of 

electrons had to be utilized. Two sources of electrons were chosen for 

this study: 1) the O(KLL) transitions from a native oxide on an alumi-

num substrate from which the transition energy could be changed by an 

applied potential to the sample carousel, and 2) the elastically scat-

tered primary beam. In the next sections, both types of experiments 

will be described in detail. The results will then be compared and 

discussed in the following section. 

The two methods used to obtain the ATF/MGF are termed the Applied 

Potential Method and the Primary Beam Method. In the Applied Potential 

Method, a sample of aluminum with its native oxide was exposed to the 

primary beam in the normal experimental setup for AES. Instead of 

grounding the sample, a D.C. power supply was used to change the poten-

tial of the sample with respect to the analyzer. In this manner, the 
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O(KLL) Auger transitions were monitored as a function of applied pot en-

tia!. Because the Auger electrons originate within the solid, the 

energy of the transition was altered by the amount of the applied poten-

tia!. By measuring the peak area of the O( KL2 3L2 3) transition as a , , 

function of its shifted energy, the ATF/MGF could be obtained. 

The success of the Applied Potential Method relied on two assump-

tions: 1) The applied potential merely changes the energy of the tran-

sition and does not affect the electric field within the analyzer; 2) 

the probability of the Auger process remains the same despite the 

applied potential. The first assumption was checked by also observing 

the elastically scattered primary beam as a function of applied poten-

tial. Because the origin of these electrons are external to the solid 

and are analyzed after a large-angle elastic collision, the energy is 

independent of applied potential. Therfore, any deviation in energy 

and amplitude with applied potential would be considered a deviation 

from ideal behavior. The second assumption is presumed to be valid 

since the applied potential is uniform throughout the solid. However, 

since the applied potential has the effect of slowing or accelerating 

the primary electrons, the change in ionization cross section with pri-

mary energy must be accounted for. 

The Primary Beam Method uses the variation in energy of the pri-

mary beam itself to translate the backscattered spectrum. By measuring 

the backscattered primary peak area as a function of primary energy, the 

ATF/MGF is obtained. Unlike the Applied Potential Method, the presence 

of an extra electric field is unequivocally avoided. However, new 
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considerations become important in this method that were not important 

in the Applied Potential Method. These new considerations are: 1) the 

incident beam current does not change with primary energy or that this 

change can readily be measured, and 2) the probability of backscattering 

does not change with primary energy. 

The incident current density from an electron gun is indeed 

affected by the primary beam energy because of the energy distribution 

of the electron,s emi tted from the tungsten filament. This energy 

distribution is the familiar Boltzman distribution which depends on the 

filament material and temperature (90). Therefore, when the electrons 

are extracted and accelerated to their final velocity, the number of 

electrons which reach the correct kinetic energy and impinge on the sur

face will depend on the initial Boltzman distribution of the filament. 

Consequently, it was essential to obtain a measurement of the incident 

beam current for every primary beam energy. There are two methods to do 

this in the AES system described earlier (Chapter 2). The first method 

biases the sample carousel to +165V to recapture the majority of secon

dary electrons, and the incident current is measured through an electro

meter. The second method involves placing a Faraday cup in the path of 

the primary beam and measuring the current without a voltage bias. 

Because the two methods of measuring beam currents differ in principle, 

the difference in current measuring efficiency with energy must be con

sidered. Therefore, additional experiments were conducted comparing the 

two methods. 
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The literature concerning the reflection of low energy electrons 

is scarce. Theoretical work concerning a reflection coefficient of 

electrons as a function of atomic number has been reported (95). In 

this work, Everhart derived an equation for calculating the reflection 

coefficient which is independent of primary beam energy (95). Experi

mentally, this was verified by Sternglass over the range of 0.2 - 4keV 

(96). Based on these results, it was assumed in these experiments that 

the backscattering coefficient is independent of energy. It should be 

noted, however, that the experimental evidence for this energy indepen

dence of the backscattering coefficient exists only down to 200eV and 

that these experiments were not conducted in a UHV environment. 

Furthermore, it should be noted that Sternglass's definition of a 

backscattered electron was that its energy be greater than 50eV, the 

cutoff point below which 90% of the secondary electrons exists. Ther

fore, these results were treated with caution. 

Figure 4-2 illustrates the expected results for the energy depen

dence of both the CMA and the EM. The CMA data was taken from Woodruff 

et al., who analyzed photoelectron spectra of argon and helium using a 

synchrotron radiation source and photon counting (87). The EM data was 

taken from Davies et al. (45). 

Results 

In this section the results of the two methods used to obtain the 

ATF and MGF are presented. In each case, the experimental ATF and MGF 

are plotted and compared to the expected behavior (shown in Fig. 4-2). 
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Figure 4-2. Plots of the Energy Dependence of the Electron Multiplier 
(EM) and eMA. 
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It will be shown that neither experimental approach revealed an ATF/MGF 

which matched the expected behavior throughout the kinetic energy region 

of interest (0-2000eV). The extent of the validity of each experimental 

approach and the reasons for the remaining discrepancy are discussed. 

An alternative theoretical method is then presented which satisfactorily 

fits the expected behavior over the entire energy range. 

Applied Potential Method 

Figure 4-3 illustrates the peak area of the O( KL2 3L2 3) inten-, , 

sity as a function of applied potential over the range from -1000 to 

+380V, which is equivalent to Auger transition energies from 120 to 

1500eV. Figure 4-3 is expected to represent the ATF /MGF of the CMA/EM 

combination, as shown in Figure 4-2. It was obvious from comparing the 

two plots that the ATF was not accurately represented especially in tl..:-

bOO-1500eV range. In this range, the intensity of the O(KLL) transition 

is expected to increase linearly with energy, but the data show an expo-

nential decrease. 

To find the cause of the discrepancy, the backscattered primary 

electron spectrum was examined as a function of applied potential for 

both the 500 and 2000eV primary beam. These spectra appeared very simi-

lar to each other, but upon closer examination, the folloWing trends 

were noted: 1) The peak energy shifted very slightly with applied 

potential and the amount of shift was dependent on the primary" beam 

energy. Figure 4-4 illustrates this peak shift as a function of applied 

potential for both the 500eV and 2keV primary beam. 2) The peak areas 
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of the backscattered primary spectrum also changed as a function of 

applied potential. Figure 4-5 reveals this data in a normalized format. 

Note that for both primary beams there was an increase in peak area for 

applied potentials of -50 to -150eV, but there was a decrease at more 

negative and more positive potentials. 

These results can be explained by an examination of the experi-

mental geometry (Fig. 4-1). Because the electron gun and the CMA are 

coaxial, they must be aligned with respect to'the focal plane of each. 

This requirement plus a geometrical constraint requires the sample to be 

very close to the entrance cone of the analyzer. Applying a potential 

to the sample causes an electric field to be established between the 

analyzer and the sample. This extraneous field is more likely to affect 

the inner cylinder rather than the outer cylinder because of its proxi

mity to the sample. This would, in turn, affect the electric field bet

ween the cylinders. This extraneous field within the analyzer causes a 

slight deflection in the electron paths, creating the apparent peak 

shift. Another effect that the extraneous field may have is the change 

in the focusing properties of both the CMA and the electron gun, causing 

the changes in peak areas. The focusing changes are larger for the 

500eV beam than for the 2keV beam (Fig. 4-5). 

Primary Beam Method 

In this method, the primary beam energy was adjusted from 

10-2000eV, and the peak area of the elastically scattered primary beam 

was measured. Figure 4-6 illustrates the elastically scattered primary 
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beam at Eo = 10, 20, 50 and 100eV. The lower energy spectra have been 

energy-shifted to align with the spectrum at 100eV. In each case the 

primary beam current was adjusted to 0.05 ± .01 pA as registered by 

applying +165V bias to the aluminum sample. These repetitive scans 

showed that the main effect of increasing the energy of the measured 

spectrum was to increase the amplitude but not the Full Width at Half 

Maximum (FWHM or bE). Beyond 100eV, the FWHM became directly propor

tional to the primary energy, as shown in Figure 4-7. It is this region 

where one may characterize the constant resolution, /).E/E, of the CMA. 

Although the CHA was rated at 0.6% resolution (45), Figure 4-8 shows 

that the resolution is closer to 1%. 

If the assumptions listed previously were correct, a plot of the 

elastically primary beam peak area (normalized to beam current) vs. pri

mary electron beam energy should reveal a plot that is the combination 

of the two functions in Figure 4-2. Figure 4-9 illustrates such a plot. 

From 0 - 600eV, the plot is similar to what was expected, but the 

decrease in peak area beyond 600eV was not predicted. 

A change in the backscattering coefficient with energy above 

600eV is not expected because previous theoretical (95) and experimental 

(96) work has shown that the backscattering coefficient is independent 

of energy above 200eV. However, the method of measuring the incident 

beam current remained questionable. Therefore, a set of comparative 

experiments were conducted to determine any differences between the two 

types of beam measurements. 
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Figure 4-10 illustrates the results of measuring the primary beam 

current as a function of primary energy by the Faraday cup and the 

sample bias. From Figure 4-10 it is shown that below ca. 600eV, the 

sample bias method is more efficient at collecting current that the 

Faraday cup. Beyond 600eV, however, the Faraday cup current rises 

steeply to a maximum at ca. 1400eV. The origin of the current peak at 

ca. 180eV is explained below. 

The difference in beam current measurements can be attributed to 

the differences in the types of electrons detected. Biasing the sample 

to +165V does nothing to collect the elastically scattered electrons or 

any electrons with kinetic energy greater than 165eV. Therefore, it is 

less efficient at capturing high energy electrons. By the same token, 

the Faraday cup does little to prevent low energy electrons from 

escaping other than the curved shape reflecting the electrons back into 

the cup. 

electrons. 

Therefore, it is less efficient at capturing low energy 

The current peak at ca. 180eV was discovered to be a function of 

the emission voltage. The emission voltage comes from a small positive 

potential applied in the immediate vicinity of the tungsten source to 

extract the electrons more efficiently into the accelerating voltage 

area where they achieve their final velocity. Figure 4-11 illustrates 

the effect of different emission settings on the current peak. .Since 

the emission settings are not calibrated and are only used to improve 

filament emission, this setting was always set to zero to assure 

constant emission settings in each experiment. 
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The plateau region of the Faraday cup current vs. energy plot 

(Fig. 4-9) is encouraging since this is the expected behaviour of the 

incident current at high energies (97). Although the low energy Faraday 

cup currents were too low, these measurements were first considered the 

"true" incident current. Therefore, the Faraday cup current reading at 

each energy in Figure 4-11 was divided by the corresponding sample-bias 

current reading. In this manner, a beam current correction function was 

obtained. This function was factored into Figure 4-9 to produce the 

results shown in Figure 4-12. 

In Figure 4-12 it is shown that the plateau region of the Faraday 

cup current plot (Fig. 4-10) has the effect of increasing the primary 

peak areas at energies greater than ca. 1400eV. The steeply rising sec

tion of the Faraday cup current plot has the opposite effect, however, 

in that the primary peak areas decrease at a lower energy than before 

and at a much faster rate. Therefore, it was concluded that the 

measurement of beam current was not reflecting the incident current 

throughout the entire energy range. 

The Alternative Method 

In conclusion, both experiments failed to produce the expected 

ATF/MGF over the entire energy range of interest (0-2000eV). The appli

cation of high voltages to the sample in the Applied Potential Method 

changed the electric field gradient within the analyzer. Since this 

changed the operating characteristics of the analyzer, these results had 

little meaning except in the range of applied potential between -50 and 
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It the applied potential can be kept small, the .effect on the 

analyzer is minimal. Low energy transitions (less than SOeV) will 

remain a problem even with the small applied potentials because it is 

precisely that energy range which is most aftected by stray electric and 

magnetic tields (87). 

The Primary Beam Method provided results which seemed to match 

the expected behvaiour at lower energies but also revealed a decrease in 

peak areas at high energies. The difficulty was discovered to be due to 

the measurements of beam current. Because the Faraday cup was shown to 

be the most ett icient current collector at energies above 1400eV, the 

IRF was corrected by a beam current correction function. Since it is 

not possible to perform an AES experiment on a sample while simulta

neously monitoring the primary beam current, an experiment was performed 

which directly compared the current readings from an electron source 

with identical characteristics. The beam current Gorrection function 

was calculated from this data and used to correct the previously 

obtained IRF. Although this improved the IRF behaviour at energies 

above 1400eV as predicted, the overall IRF did not match the expected 

t unction (Fig. 4-2). The Primary Beam Method can be improved if a 

better current collector is constructed (79). However, there remains 

the question of the dependence of the backscattering coefficient depen

dence on energy below 200eV. 

Since these results were not considered valid over the entire 

energy region (O-2000eV), an alternative correction method was adopted. 

To correct for the energy dependence of the CMA, the standard division 
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by energy was adopted. Because of this, experimental results below 20eV 

must be treated with caution (87). To correct for the energy dependence 

of the electron multiplier gain MGF, the published gain function of the 

particular multiplier used in this study was adopted (45). 

The multiplier gain plot published by Davis et a1. (45) was digi-

tized and stored as an X-Y array. This array was then fitted to the 

theoretical eq~ations (Equations 4-21, 22) describing secondary emission 

developed by Lye and Dekker (94). Since this relationship is not linear 

in adjustable coefficients, the Marquardt algorithm was adopted for com

puting the best fit, as shown by Bevington (98). The results of the fit 

are shown in Figure 4-13, which displays the same multiplier gain func

tion trom Figure 4-2 (45) with the analytic fit. The fitted values so 

obtained were om = 2116, ~m = 75UeV and n = 0.001. 

l-igure 4-13 shows some inconsistencies in the analytic fit chosen 

to represent the EM gain from Davis et a1. (45). The analytical fit 

gives lower values at energies less than 75eV, but higher values at 

energies 75-20UeV. Since Lye and Dekker have shown reasonable agreement 

with experimental curves at low energies (94), the cause of this 

deviation is not clear. Nevertheless, it was this fitted function that 

was used to correct all Auger data below 200eV in the ensuing chapters. 

Summary 

The experimental determination of the analyzer transmission func

tion combined with the multiplier gain function were not completely ade-

quate tor the energy range from 0-2000eV. In the Applied Potential 
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Method, peak shitts and area changes of the elastically scattered pri-

mary beam were noted as a function of applied potential. These results 

indicated that the applied potential on the sample carousel was creating 

an extraneous field within the CNA thereby distoring the transmission 

function. This does not preclude the use of the sample-bias method for 

those analyzers which also contain an electron lens (80). This lens 

allows a further separation between the sample and analyzer, in which 

case the extraneous field penetration is much less. The success of this 

method tor these types of analyzers has recently been demonstrated by 

Ebel, Zuba and Ebel (100). 

In the Primary Beam Method, the measurement of the incident beam 

current was necessary to account for the change in beam current with a 

change in primary beam energy. Neither the Faraday cup nor the sample 

bias method accurately measured the i.ncident current throughout the 

0-2000eV range. Therefore, the ATF/MGF obtained by this method was 

valid only at low energies (sample-bias method). The high energy por-

tion of the experimental ATF /MGF was improved by the use of a Faraday 

cup, but the expected linear increase of the ATF/MGF with higher 

energies was not reproduced. 

Because of the uncertainty in the experimental results, a theore

tical approach was adopted. For the remainder of this dissertation, all 

Auger spectra were corrected for the ATF by a simple division by energy, 

~ (97). This allows for a relative peak area measurement to be made on 

the sample but does not allow peak areas of other instruments to 

be compared because the analyzer constant of proportionality was not 
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known (see for example Equation 4-20). The MGF is also corrected by a 

division of Equations 4-21 and 4-22, using the parameters om' Em and n 

calculated previously. In Chapter 6, a special procedure will be deve

loped which incorporates the ATF/MGF correction with the background 

subtraction necessary to extract the Li(KVV) lineshape from the data. 



CHAPTER 5 

DEVELOPMENT OF AN AUGER DATA SYNTHESIS ROUTINE 

A correct analysis of Auger lineshape and peak area requires the 

removal of the background associated with features not related to the 

peak of interest. This background can be conceptually divided into two 

types: the instrument-dependent background and the sample-dependent 

background. The removal of the instrument-dependent background consists 

of removing the energy dependence of the analyzer transmission function 

and the energy dependence of the electron collector efficiency. These 

effects for the C~~ and the electron multiplier operated in the DC mode 

have been studied and the procedures used to remove this background have 

been established in Chapter 4. It is the purpose of this chapter and 

the next to discuss and compare the various methods proposed in the 

literature for removing the remaining sample-dependent background. 

It should be pointed out that the two corrections can be con-

sidered independent and therefore may be done in any order. The most 

popular sequence is that of removing the instrumental background first 

bet ore correcting the sample background. The advantage of this is that 

the equations for the secondary electron cascade are simplified and the 

correction is straight torward. In the low energy regime of the secon

dary electron spectra (E < lOOeV) however, the correction for the 
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instrumental background from a C~~ without retardation, or from a 

hemispherical analyzer operated in the Contant Retard Ratio mode, leads 

to a magnification of noise which sometimes makes further background 

correction impossible. For this energy region, it will be shown 

(Chapter 6) that it is advisable to correct the spectra for the sample 

background before correcting for the instrumental contributions. 

Several methods for removing the sample-dependent background have 

been used to correct Auger spectra (see Chapter 6). To compare and eva-

luate each method's accuracy, reproduci bi li ty, sensiti vi ty to 

signal/noise variations, etc., standard well-characterized Auger spectra 

need to be produced with known peak areas and lineshapes. Standard sur

tace samples for Auger analysis do not yet exist because of the dif

ticulties of reproducing the surface conditions and because of the lack 

of standardizing techniques to characterize them. Therefore, a synthe

sis routine capable of generating Auger data of known characteristics 

was considered necessary for the evaluation process. 

For a meaningful comparison to be made, the synthesized data must 

accurately reflect all of the known attributes of Auger spectra, 

including the distortion resulting from the analyzer (as in Chapter 4). 

Theretore in the next section, all of the factors affecting the 

lineshape and quantity of Auger electrons are discussed individually. 

Thereafter, the synthesis routine SYNAES is presented, and its use

fulness in reproducing each factor discussed earlier is demonstrated. 

The presentation of the specific data file synthesized to evaluate each 

background subtraction/quantitation scheme is postponed to Chapter 6. 
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Factors Affecting Auger Lineshape and Quantitation 

Figure 5-1 illustrated the 6 principal effects which alter the 

Auger lineshape: 1) the creation of the Auger electron at the source 

atom; 2) quantized losses such as plasmon or ionization losses; 3) 

featureless losses which result from several energy loss processes; 4) 

the secondary electron cascade from the primary electron beam upon which, 

the Auger transitions are superimposed; 5) the Analyzer Transmission 

Function (ATF) and 6) the Multiplier Gain Function (MGF). The second, 

third and fo~rth effects comprise the total sample-dependent background, 

while the last two effects represent the instrument-dependent 

background. 

Initial Lineshape 

The first event to occur in XPS or AES is the ejection of a core 

electron. The expected lineshape of a photoelectron spectrum and the 

Auger spectrum resulting from such an ionization is expected to be 

Lorentzian. Assuming an ideal monochromatic source, the minimum 

linewidth of a photoelectron spectrum is limited by the lifetime of the 

excited state. Because this lifetime is ca. 10-16 seconds (42), the 

Heisenberg uncertainty principle limits the linewidth to a few tenths of 

an eVe The actual shapes and natural linewidths can be calculated by a 

procedure outlined by Sevier (l00). In this calculation the emitting 

atom is treated as a damped harmonic oscillator. The frequency distri

bution therefore reveals a Lorentzian lineshape (42,101,102). The Auger 

transition lineshape is also expected to be Lorentzian from the con

volution of the lineshape of the three participating orbitals, the 

resultant halfwidth being the sum of the orbital halfwidths (100). 
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There are many effects which distort the theoretical lineshape of 

an Auger spectrum which include inelastic scattering, plasmon excita

tions, ionization losses, multiple electron events, phonon broadening, 

spin-orbital coupling, interband transition excitations, etc. (100). 

Those effects which are due to the transport of electrons to the surface 

must be removed prior to quantitation because of their depth dependence. 

The depth dependence of these parameters are removed by considering the 

mean free path of the electrons in the general AES quantitation scheme 

(see Chapter 6). If these transport losses are removed, it is expected 

that the remaining lineshape will be nearly symmetric. The remaining 

asymmetry may be due to the emergence of the electron from the Fermi 

sea. This asymmetry has been calculated theoretically, leading to the 

Doniach-Sunjic lineshape (103), which includes an asymmetry index or 

singularity index to account for the rest of the lineshape. Doniach and 

Sunjic include scattering losses in their calculated lineshape of pho

toelectron spectra, therefore the direct application of this lineshape 

is not attempted here except to take into account the possible asymmetry 

due to the energence of the electron from the Fermi sea of the solid. 

It should be further noted that because of the Gaussian shaped energy 

window of the analyzer, the actual experimental line shape will be a 

Boight integral (102), which is the convolution of a Gaussian and a 

Lorentzian. Although there are numerical methods of separating the 

Gaussian lineshape (104,105), this is not attempted here because the 

mixture does not affect the relative lineshape or quantitation. Because 

of the Gaussian window of the analyzer, the lineshape chosen f or this 

initial step is Guassian. 
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Quantized Losses 

As the Auger electron is transported through the solid on its way 

to the solid-vacuum interface, there is a finite probability that the 

electron will lose a quantum of energy to another excitation process. 

This probability changes as a function of depth because of the number of 

other atoms the electrons must traverse. Two common types of excita-

tions to which Auger electrons lose energy are plasmon excitation and 

electron ionization (plasmon losses or ionization losses, respectfully). 

A plasmon is the collective oscillation of conduction or valence band 

electrons in the solid (106). Ionization refers to a low energy ioniza-

tion of a valence level electron in this case. These losses manifest 

themselves in the Auger spectra as extra peaks at a lower energy than 

the Auger transition. The difference between the Auger transition energy 

and the loss peak energy is equal to the energy loss. The shape of the 

loss peak also mimics the shape of the Auger transition. 

Featureless Losses 

These losses refer to those electrons which have experienced two 

or more losses before leaving the solid. Because the possibilities for 

different types of double excitations are many, these losses do not 

represent a lineshape that is related to the Auger transition or origin. 

Instead the lineshape of the featureless losses is expected to resemble 

the featureless losses from the primary peak (discussed below). 

Two expressions were chosen to represent the featureless losses 

in the vicinity of the Auger transition: the Sickafus method (107-110) 
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and an equation suggested by Tougaard and Sigmund (Ill). The relevant 

equations are: 

(Sickafus) N(E) AE-nl 5-1 

(Tougaard-Sigmund) 5-2 

where A = the Sickafus coefficient which controls the intensity of the 

background, m = the curvature of the low energy loss tail (in a log-log 

plot of this background, A corresponds to the y-intercept and m 

corresponds to the slope), a = the Tougaard-Sigmund coefficient which 

controls the maximum intensity of the background, y = broadening expo

nent, which controls the width of the background peak, and e = energy 

exponent which controls the energy value where the background maximum 

occurs. 

The behavior of the two independent equations is as follows. The 

Sickafus background is initially negligible at the Auger transition 

energy, then increases exponentially towards zero energy. The Tougaard

Sigmund background is zero at the Auger-transition energy but rises 

rapidly to a maximum before decaying exponentially. The combination of 

the two backgrounds is reflective of the two types of electrons suf

fering featureless losses. The Tougaard-Sigmund background is analogous 

to re-diffused primaries, Le. those electrons which were initially 

emitted towards the surface and suffer multiple losses. The number of 

these electrons first increases to a maximum at an energy loss where 

multiple losses are most probably, then declines with larger energy 
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loss. The Sickafus background is made of secondary electrons which were 

probably created. deeper into the bulk, suffered large-angle collisions 

and were scattered towards the surface. This process causes more exci

tation at lower energies, producing more electrons, which leads to 

increased intensity with lower energy. 

Secondary Cascade 

The overall shape of the entire electron energy spectrum in N(E) 

form appears in Figure 5-2. This spectrum ,is usually divided into three 

regions: I) a region of elastically scattered primary electrons, II) a 

region of both inelastically scattered primary electrons and secondary 

electrons, and III) a region of "true" secondary electrons. It is 

region III where the Auger transitions of interest in this work lie and 

will therefore be included in the synthesis scheme. It is important in 

the next derivation that regions I and II do not overlap with region III 

during the characterization of the true secondary cascade. This is done 

experimentally by merely assuring that the primary beam is kept at an 

energy as far above the kinetic energy of any Auger transition as 

possible (Eo = 2-5keV). 

The first attempt to characterize the secondary electron distri-

bution in a comprehensive way was Wolff (112). Since then, several 

authors have refined and extended his model, most recently by Schou 

(113). Schou's model incorporates calculations of the transport of 

electrons from bulk excitations and has extended the lower energy limit 

to near vacuum level. Nevertheless, Wolff's power law for the secondary 
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cascade remains essentially intact and has been used to describe the 

general cascade background by Sickafus (107-110). In this chapter, only 

the extensions and modifications introduced by Schou (113) will be 

discussed here. For a complete derivation of the initial equation the 

reader is referred to the original work and the references therein 

(113). 

If one ,ignores anisotropy in the emission from a planar surface 

and integrates over the normal cosine solid emission angle, one obtains 

this general expression for the energy distribution of the secondary 

electron cascade: 

J(E1, E,e) 5-3 

where J emission current 

emitted electron kinetic energy 

E primary electron kinetic energy 

e direction vector for the primary beam 

Gamma function for m 

m exponential dependence from the power law potential 

D surface value (x=O) of the energy distribution deposited 

by an electron of energy E, direction e. 

N number density of target atoms 

Se,e stopping power of electrons by electrons 

Uo surface barrier in energy. 

Since we are not interested in the absolute yield of secondary 

electrons, only those variables which change the shape of the cascade 
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will be considered here. The constants affecting the absolute yield 

will be adjusted to reflect the relative yield as measured by the CMA. 

For a particular spectrum, rm, D(x=O,E,e) and N do not change with El 

and therefore can be incorporated into a general constant K. K will be 

used to define the maximum yield in the secondary cascade. This leaves: 

J 
KEI 

5-4 

The stopping power equations for four possible instances of inci-

dent particle-target combinations which give rise to secondary emission 

have been tabulated (113). For electron-electron interactions, the 

stopping power is given by: 

(El+U
O

)1-2m 
C (l-m) 5-5 

where C is a constant which depends on the masses and charges of the 

interacting particles and m is the exponential dependence, as before. 

Because C does not change with El, it also can be incorporated into K, 

so that from Equations 5-4 and 5-5, we have: 

J 
KEI (l-m) 

(El+Uo )3-2m 
5-6 

A further simplification of this relationship can be realized if 

one makes the assumption that m itself is not a function of El, i.e. 

that the exponential decline of the secondary cascade is the same on 

both sides of the cascade maximum. Therefore, l-m is constant and is 
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also included in K. By combining the exponential terms of E 1 +Do and 

dropping the subscript for E, one has the final form: 

J 5-7 

where mc = 2m-3. 

This general equation should be adequate to describe the secon-

dary cascade in ~ energy region. J decreases to zero where E 

decreases to zero. J possesses a maximum at an energy which is depen-

dent on Do and mc. Beyond this maximum, J decreases slowly to zero as 

well. K can be adjusted to reflect the maximum current and mc can be 

adjusted to reflect the line shape of the cascade. The energy, Emax, 

where J is maximum can be found by differentiating J with respect to E 

and setting it equal to zero: 

Emax 5-8 

Inserting this value of E into Equation 5-7 gives the magnitude of J at 

this maximum: 

-K 5-9 

Equations 5-8 and 5-9 define an upper limit for mc' mc < -1. These two 

equations can be used to define the initial guesses at K and mc, given a 

value of Do and the experimental J max and Emax. The surface barrier is 

defined for metals as Do = Ef + ~, where Ef is the fermi energy and ~ is 

the work function. These values are tabulated (1) and can be used for 
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a first guess at Uo. For non-conductors, Vo is first set equal to the 

first ionization potential of the solid. With the first guess at Vo and 

Emax trom the experimental cascade maximum, one obtains mc from Equation 

5-8. Then, with the value ot J max from the experimental data, one also 

calculates K from Equation 5-9. These initial values are then changed 

in an iterative procedure to fit a region of the secondary cascade where 

no AES transitions lie to minimize the squares of the residuals. This 

can be done as shown by Bevington (98) (see Chapter 6). For the pur-

poses of Auger synthesis, Equation 5-7 is used directly. 

Analyzer Transmission Function, ATF 

This function was introduced in Chapter 4, where the correction 

for the function was chosen to be a division by energy, E. Therefore, 

to mimic the same behavior for the synthesis routine, the following 

single equation described the ATF: 

N(E) kE 5-10 

Multiplier Gain Function, MGF 

This function was also introduced in Chapter 4 as the two rela-

tionships depicted by Equations 4-21 and 4-22. With the calculated 

values of om = 2116, Ern = 750 and n = 0.001 from Chapter 4, Equations 

4-21 and 4-22 reduce to: 

5-11 

5-12 
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A file containing the data points from Equations 5-11 and 5-12 was 

constructed for both the synthesis routine and for data manipulation 

schemes to correct the AES spectra for the MGF. 

Auger Lineshape Synthesis 

The complete Fortran listing of the Auger lineshape synthesis 

program SYNAES is included in Appendix A. The synthesis sequence 

involves the calculation of inherent peak shapes, the convolution of 

quantized and featureless electron energy loss processes, the addition 

of an overall secondary cascade resulting from the primary beam, and the 

introduction of random noise and distortions by the electron analyzer 

and multiplier. In this section the equations for calculating each step 

of the synthetic sequence will be introduced and a simple example of a 

synthetic sequence will be illustrated. 

The first step is the calculation of the Gaussian-Lorentzian peak 

shapes that theoretically comprise the initial 1ineshape. This program 

allows the operator to select the parameters of peak energy, peak 

height, left and right FWHM's and a Gaussian fraction for each peak up 

to twenty peaks in an energy interval previously chosen. The left and 

right FWHM's allow a choice of asymmetry in the peak shape and the 

Gaussian fraction allows for a mixture of Gaussian and Lorentzian 

1ineshapes. The general equations for a Gaussian 1ineshape and a 

Lorentzian 1ineshape are: 

(Gaussian) N(E) 5-13 



(Lorentz ian) N(E) 
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5-14 

where N(E) = intensity as a function of energy E, No = intensity of the 

peak maximum at energy Eo, Wg = a Gaussian width factor which is defined 

as Wg = -2[ln(1/2)]/ (FWHM)2, and Wl = a Lorentzian width factor which 

is defined as Wl = 4/(FWHM)2. Asymmetry is introduced by choosing dif-

ferent FWHM's for each half of the peak. A mixture of Gaussian and 

Lorentzian lineshapes is provided by introducing a Gaussian factor (G) 

into Equation 5-13 and summing the results with (I-G) times Equation 

5-14. Figure 5-3 illustrates a Gaussian peak and a Lorentzian peak 

which have identical values for No, Eo and FWHM. Figure 5-4 illustrates 

the ability of the program to calculate asymmetric peaks. 

To mimic the quantized energy losses a convolution is performed 

with an impulse function that has a value of 1 at the Auger transition 

energy, Eo, a value of F at Eo - E (where 0 ( F ( 1 and E is the quan-

tized energy loss), and a value of 0 everywhere else. Figure 5-5 plots 

an impulse function for an Auger transition at Eo = 500eV with two loss 

peaks at E1 = 10eV and E2 = 20eV with respective intensities of F1 

0.5 and F2 = 0.3. The values of E and F are set by the operator for 

each loss feature. An example of a single asymmetric Gaussian peak with 

three loss features is illustrated in Figure 5-6. Note that the loss 

features reflect the same lineshape as the original peak. 

The featureless losses are next calculated using the Sickafus and 

Tougaard-Sigmund equations developed earlier (Equations 5-1 and 5-2). 

The operator has the choice of using either type of background 
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individually or in combination. The featureless loss function is calcu

lated analagously to the quantized losses. An impulse function is set 

equal to 1 at the Auger peak energy. The rest of the function at higher 

energies is set equal to zero while the function values at the lower 

energies are calculated according to Equations 5-1 and 5-2. The shape 

and magnitude of the loss function is determined from several variables 

input by the operator. In the Sickafus background, the input variables 

are the slope m, and two variables which determine the value of A. 

These variables are the maximum fractional background value and the 

energy at which this maximum occurs. In the Tougaard-Sigmund 

background, the input variables are the broadening exponent y, and two 

variables from which a and f3 are calculated. These variables are the 

maximum fractional background value and the energy at which the maximum 

occurs. These last two variables are the same as those for the Sickafus 

background but are used differently. Figure 5-7 illustrates both types 

of losses separately and combined resulting from a single Gaussian peak. 

As shown in Figure 5-2, the largest contribution to the back

ground is the secondary cascade emanating from the primary electron 

source. Since it is assured that the Auger peaks of interest are in 

region III, this cascade can be modeled by Sickafus's equation (Equation 

5-1). For the energy region of 0-50eV, a complication arises because 

the work function of the solid leads to a cascade maximum at an energy 

not equal to zero. Therefore, Equation 5-7, which includes this cascade 

maximum at energy Vo ' is used to calculate the cascade. 

Equation 5-7 reduces to Equation 5-1 if Vo = 0 and mc + 1 

Note that 

-me This 
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cascade is simply added to the 1ineshapes present. A typical background 

with a Gaussian peak is shown in Figure 5-S. 

The final steps in the synthesis scheme account for the experi

mental errors resulting from an electron spectroscopic measurement. A 

random number generator is used to create white noise which is added to 

the spectrum. The signal/noise ratio can ·be controlled in this fashion 

to test the abilities of the previously described analysis techniques to 

compensate for noisy signals. The distortion of the spectrum because of 

the energy dependence of the analyzer (see Chapter 4) is accounted for 

by a simple multiplication of the spectrum by E in the case of a CMA 

operated in the CRR mode with no retardation or by l/E in the case of a 

CMA operated in the CAE mode (SO). The energy dependence of the 

electron multiplier operated in the DC mode can also be accounted for by 

multiplying the spectrum with another spectrum which contains the energy 

dependence function. The energy dependence function chosen in this 

study was that calculated in Chapter 4. A spectrum before and after the 

correction for the analyzer and multiplier are shown in Figure 5-9. 

Note how much the line shape of the peak changes after the energy depen

dencies are included. 

A typical synthesized AES spectrum is illustrated in Figure 5-10. 

The original spectrum contained only three Gaussian peaks at 500, 475, 

450, 275, and 100eV with a loss peak at -30eV. The background from the 

Auger peaks were a combination of the Sickafus and Tougaard-Sigmund 

backgrounds superimposed on a larger 

signal/noise ratio was established at 

cascade from the primary. A 

ca. 10 for the first main peak. 
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Note how the noise level increases with energy. This is identical to 

the experimental observation of increased noise resulting from increased 

shot noise from the multiplier. 

In Chapter 6, the synthesis routine SYNAES introduced in this 

chapter is used to construct several data files with which to evaluate 

many background subtraction/quantitation schemes which have been 

recently introduced but which have not been quantitatively compared. 



CHAPTER 6 

EFFECTS OF RECENTLY FORMULATED DATA MANIPULATION 
TECHNIQUES ON SYNTHESIZED AES DATA 

In this chapter, the various approaches of determining the zero-

loss Auger lineshape prior to quantitation are discussed. These methods 

are the derivative method, straight line subtraction, Sickafus/Shirley 

method, van Cittert method (which gives a result equivalent to the FFT 

method (76», and the SIBS (Sequential Inelastic Background Subtraction) 

method. Although the classical derivative method does not determine a 

zero-loss lineshape, it is included here for continuity between the 

calculations of the previous chapters and the calculations of the 

following chapters. The SIBS method will be treated only briefly here, 

since it is the subject of another dissertation (49). The object of 

this study was to compare the corrected lineshapes from these methods to 

each other and the original synthetic spectra. The spline method of 

background subtraction (115) is not considered here because of dif-

ficulties relating these line shapes to the true Auger lineshape (116). 

Theory of Data Manipulation Schemes 

Derivative Method 

This method relies on the measurement of the peak-to-peak amplitude 

of the first derivative of the N(E) distribution. This method has 

124 
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historically been the method of choice because the derivative mode was 

the form of the AES spectrum most easily obtained on most commercial 

instruments (45, 9H). In these instruments, a sinusoidal voltage of 

variable amplitude and c.a. 10-20kHz frequency is applied to the ana

lyzer voltage, and a lock-in amplifier is set to analyze the first har

monic of the AC current. This approximates the true first derivative if 

the modulation voltage is small, as shown by a T .. ~ylor-series expansion 

of the time-dependent current function (117). The collected current 

rises linearly with modulation amplitude (A) up to a point where the 

modulation amplitude is comparable to the rms width (W) of a Gaussian 

peak. Bishop and Riviere have shown that the point where the error 

becomes greater than 10% is different for the retarding field analyzer 

(RFA) and the electrostatic deflector analyzer (EDA) (118). This point 

is reached at A=O.5W with the RFA, whereas this same error is manifest 

at A=O.3W with the EDA. The behavior beyond these points is also radi

cally different. 

The relationship between the peak area and the peak-to-peak 

amplitude of the derivative spectrum can be derived by considering their 

relationship in a perfectly Gaussian lineshape. If the Gaussian peak is 

represented by 

y 6-1 

where Y = intensity, Yo = maximum intensity, and ao is a width factor 

related to the full width at half maximum (FWHM) by ao 2 

1n(1/2)/FWHM, and E = energy. By integration, the peak area is calcu

lated to be: 



126 

A 6-2 

The peak-to-peak amplitude is calculated by finding the maximum and 

minimum of the derivative of Equation 6-1: 

(p-p) 6-3 

Therefore, the peak-to-peak amplitude is directly proportional to peak 

area by a factor which is inversely proportional to the square of the 

width factor ao: 

A 6-4 

This relationship is dependent on the assumption of perfect Gaussian 

lineshapes. In practice the integral peaks are superimposed on a 

rapidly changing background which is also included in the peak-to-peak 

amplitude but is not dependent on the Auger current itself. Often 

several peaks are superimposed on each other, the relative strengths 

being dependent on the chemical environment. Although research is con

tinuing on the relationship of peak-to-peak amplitudes to Auger current 

(119-121) these methods are bascally unreliable and most researchers now 

rely on N(E) measurements directly. 

N(E) Straight Line Subtraction 

Direct current measurements (which results in the N(E).E distri

bution) are difficult with the electron multiplier because of the high 

voltage of the last stage, which prevents current-to-voltage conversion 
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as is normally conducted with an operational amplifier at virtual 

ground. Several methods have been used to obtain N(E).E spectra 

directly (45,98), one of which is the use of the isolation amplifier 

(48). To remove the large background, the simplest method is to 

subtract a straight line defined by two points. The two points are cho

sen to represent the boundaries of the peak. The choice of which two 

points are the peak bounds can be somewhat arbitary, especially in the 

lower energy region where the N(E) peaks tend to blend in with the 

rapidly increasing background. Also in many cases, the straight line 

subtraction leads to asymmetric peaks which are usually described by the 

Doniach-Sunjic lineshape (104). Several authors contend that the many 

body effects in electron emission is an intrinsic part of the spectrum 

itself and it is incorrect to subtract a background to make an 

inherently asymmetric peak become symmetric (122). Although these dif

ficulties usually preclude this method for AES quantitation, it is a 

popular method in XPS lineshape analysis. 

Sickafus Method 

In a series of papers (108-111), Sickafus proposed a method of 

background subtraction which used an equation of the form AE-m to 

describe the secondary background, where A and m were constants to be 

determined by a linear least squares analysis of the logarithmic form of 

the data. The supposition that the secondary cascade is linear in log

log form is well founded in the transport theory of electrons in solids, 

as shown in Equation 5-7. Sickafus concluded that the linearized 
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cascade is a valid concept, whether the electron source is external (as 

in the case of the primary beam) or internal (as in the case of an Auger 

event). Thus the Sickafus correction consists of two steps. First, the 

cascade at the high energy side of the Auger peak of interest is charac

terized by the formula AE-m, which is a two-parameter linear fit in log

log form. This function is then extended analytically to lower energies 

and subtracted from the spectrum. The resultant spectrum is a con-

voluted spectrum which contains not only the elastically scattered Auger 

current but also the instrumental broadening and the inelastic scat

tering effects. The deconvolution of this background at the low energy 

side of the peak is approximated by an iterative subtraction of a 

linearized cascade that is characterized by a log-log plot of the 

cas cade below the peak (111). The amount of subtraction of a point 

underneath the peak of interest io controlled by the integrated peak 

area above that point. The correct amount of subtraction is dictated by 

the baseline at the high energy threshold. If the correction allows the 

low energy region to fall below the baseline, too much subtraction of 

the cascade has occurred. If the low energy region does not reach the 

baseline anywhere, more subtraction is necessary. In this correction 

scheme, no de-broadening of the spectrum is done and no quantized energy 

loss processes are removed. Also, the assumption of a linear log-log 

cascade in the vicinity of the peak is crucial. It is also important to 

have Auger-spectral-free regions in the spectrum to characterize the 

linear cascade. 
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Dynamic Background Sub'traction 

The idea of de convolving the observed Auger spectrum with an 

instrument response function that is approximated by an elastically 

backscattered spectrum at the Auger transition energy was introduced by 

Mularie and Peria (123). The actual use of the van Cittert decon-

volution algorithm along with dynamic background subtraction was intro-

duced by Houston and Madden (124,125). The dynamic background 

subtraction technique consists of differentiating the spectrum n times 

followed by re-integration of the same order. This process results in a 

function which is a Taylor-series expansion of the original data minus 

the first n terms, where n is the order of differentiation. Because of 

the difference in convergence of the Taylor series which describes the 

Auger peak and the background, the background is rapidly removed upon 

differentiation a few times, whereas the Auger peak becomes slightly 

broadened. This particular background subtraction' technique has not 

found wide acceptance because of its sensitivity to low frequency noise 

and the difficulty in obtaining multiple derivatives and integrals of 

order n greater than 2. 

Van Cittert 

The van Cittert deconvolution has found more application, espe

cially with the AES spectra of lithium and silicon (73,126). This 

method involves convolving the instrumental (and sample) response "func

tion (IRF) with the original N(E) data. the IRF is obtained experimen

tally by measuring the elastically scattered primary beam whose energy 

is set equal to the Auger transition energy. This convoluted lineshape 
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is compared to the original lineshape and an error function is calcu

lated as the difference between the original lineshape and the con-

voluted lineshape. This error function is a result of an incorrect 

guess at the deconvoluted peak (which is, in the first guess, the origi

nal data). The error function is added to the original data to form a 

second euess at the deconvoluted lineshape. This second guess is again 

convoluted with the IRF to produce a second convoluted lineshape which 

is also compared to the original data. From this comparison, a second 

error function is calculated analagously to the first error function. 

This procedure is repeated until there is little difference in the 

deconvoluted lineshape, i.e. the error function goes to zero. 

There are two difficulties that arise from this treatment. 

First, the noise in the spectrum is enhanced dramatically after only a 

few iterations. This accumulation of noise is a consequence of adding 

the error function, which contains the noise from the previous guess, to 

the previous lineshape, which also contains the same noise. The noise 

buildup can be counteracted somewhat by the application of the Wertheim 

correction (127), which involves subtracting the error function times 

the number of iterations from the new guess. As the deconvolution con

verges, the error function consists mainly of noise, therefore the 

effectiveness of this correction increases with the number of itera

tions. 

The second difficulty arises from the consideration that the ine

lastic loss tail of the IRF is not the same intensity as the loss tail 

of the Auger peak. This is because of the essential difference between 
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an external source of electrons and an internal source. The measured 

IRF is a result of penetration of an external electron beam, an elastic 

scattering event and the transport of the electron back to the surface. 

The Auger electron proceeds directly to the surface as the last step. 

The assumption made here is that only the relative intensity and not the 

overall shape of the loss function is affected by these differences in 

origin. The magnitude of this adjustment factor is set so as to bring 

the low energy region of the Auger peak to baseline as iterations 

proceed. It should also be noted that this correction will only be 

satisfactory if the shapes of the low energy loss tail of the IRF and 

original data have the same shape. This is frequently not the case for 

low energy transitions such as Li(KVV). 

Sequential Inelastic Background Subtraction (SIBS) 

The final method of background correction is also dependent on 

the spectrum of backscattered primary electrons being a good approxima

tion to the IRF and is similar in some respects to the van Cittert 

routine (128). In this instance, however, the elastic portion of the 

measured IRF is subtracted, leaving only that portion of the IRF which 

represents electrons that have suffered losses. Each data point is then 

treated as a delta function Auger source which contributes a finite 

amount of low energy background having the same exact shape as the IRF. 

The subtracted background is a summation of all the contributions to the 

background from each higher energy point in the peak. This technique 

suffers from the same difficulties as the van Cittert deconvolution in 
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that some scaling of the IRF background is necessary to bring the low 

energy region to baseline and that the IRF and Auger data must have the 

same shapes of the loss tails. It is advantageous in one respect in 

that the deconvolution involves only one pass, once the scaling factor 

is calculated by iteration. For a more complete detailed description of 

this technique, the reader is referred to Burrell's dissertation (49). 

Construction of Data Files 

A series of synthesized data files were arranged in three groups. 

Group 1 was designed to test the ability of each data manipulation 

scheme to quantitate peak area ratios and whether or not this ability 

changed with energy. Group 2 was designed to test the ability of each 

data manipulation scheme to discriminate against noise. Finally, 

multiple peaks with energy loss peaks were introduced in Group 3 for the 

purpose of determining resolution capabilities of each scheme. 

Table 6-1 lists the parameters for each peak in each of the three 

groups of synthesized data. Group 1 contains 9 data files, each con-

taining a single Gaussian peak convolved with featureless losses only 

(background). This group spans the energy range of 25-1000eV. In 

addition to the multiplication by E for the analyzer distortion, each 

final spectrum was convolved with a Gaussian whose FWHM = 1% of the peak 

energy prior to multiplication by the multiplier gain function. This 

extra step was taken to more fully acount for the change in the width of 

the analyzer energy window. Multiplication by E is an oversimplifica-

tion for this process. The actual convolution should be done with a 
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Table 6-1: Synthesized Data Characteristics 

Group 1 

pk. energy pk. ht. FWHM area IRF width 

1000eV 1000 cts. 10eV 10,640 10eV 
900 500 10 5,322 9.0 
700 500 10 5,322 7.0 
500 500 10 5,322 5.0 
300 500 10 5,322 3.0 
200 500 10 5,322 2.0 
100 500 10 5,322 1.0 
50 500 10 5,322 0.5 
25 500 10 5,322 0.25 

Group 2 

File /I SiN each with energy 
loss peak at 15eV, 

1 100 .25 intensity 
2 50 
3 20 
4 10 
5 5 
6 2 
7 1 

Group 3 

File II pk. energy pk. ht. FWHM area 

1 994eV 600 cts. 10eV 6,387 
1006 1000 10 10,640 

(each with energy loss - 15eV, .25 intensity) 

2 935eV 250 cts. 12eV 3,193 
915 1000 12 12,774 
845 600 15 9,580 
775 350 15 5,588 
740 25 12 319 
720 50 14 745 

(each with energy loss 15eV, .25 intensity) 
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(Table 6.1 continued) 

File It pk. energy pk. ht. FWHM area 

3 915eV 25 cts. 14eV 373 
895 50 12 639 
860 350 15 5,588 
790 600 15 9,580 
740 250 12 3,193 
720 1000 12 12,774 

(each with energy loss 15eV, .25 intensity) 
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function that is the shape of the energy window of' the analyzer which is 

recalculated for each point, reflecting the change in width with energy~ 

Because of the magnitude of calculations required for such a con

volution, the simpler method is employed here. 

The second group contains seven data files. Each file consists of 

a peak at 1000eV with a peak height of 1000 cts and a FWHM of 10eV. 

Each file also contains one energy loss peak with a maximum intensity of 

250 cts at an energy loss of 15eV. The signal/noise ratio is altered 

for each file from a SIN of 100 to a SiN of 1 (see Table 6-1). 

Groups 3 contains three data files, each of which contains more 

than one AES transition. In the first file, two transitions of unequal 

magnitude are placed within 12eV of each other to test the ability of 

the van Cittert and SIBS routine to distinguis the two peaks. The 

second and third data files each contain six transitions which either 

increase (File 113) or decrease (File 112) with decreasing energy. The 

purpose of these two files was to study the ability of the van Cittert 

and SIBS routines to quantitate multiple transitions and the magnitude 

of propagation error, if any. 

The imput parameters used by SYNAES for each data file is listed 

in Table 6-1. Representative plots of each group are presented in the 

next section. 

Results 

In this section, each data group is treated separately. The 

results of the application of each of the five data manipulation schemes 
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on Group 1 are presented. Based on these results, only the van Cittert 

and SIBS routines were considered further. The results of the applica

tion of both the van Cittert and SIBS routines on data Groups 2 and 3 

are presented also. 

Group 1: Energy Dependence 

The corrected peak areas and derivative peak-to-peak heights are 

listed in Table 6-2 from the application of each data man.ipulation 

scheme to the data files in Group 1. Because the amplification factor 

for real data analysis is not usually known precisely, the results are 

often reported as atomic ratios. The peak area ratios relative to the 

1000eV peak are also given in Table 6-2. A plot of this ratio versus 

peak energy is given in Figure 6-1 for each data manipulation scheme. 

One can easily see that an energy dependence exists for each scheme but 

the magnitudes differ. The next few sections will discuss the results 

from the application of each data manipulation scheme on Group 1. 

Derivative method. To properly test this method of data manipu

lation, the derivation of each data file in Group 1 was calculated by a 

Savitzky-Golay smoothing routine (129-132). This method is superior to 

the simple differences method of digital differentation because of its 

smoothing properties. A disadvantage is that the peak-to-peak amplitude 

is related to the number of points used in the smoothing. Figure 6-2 

shows that as long as the number of smoothing points is not greater than 

the number of points in the peak, little distortion of the derivative 

spectrum occurs. 
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Table 6.2. Intensity Measurements of Synthes~zed Data 

Values in parentheses are relative peak area ratios to 
the 1000eV peak area. 

Energy Derivative Straight line Sickafus van Cittert SIBS 
1000 712.04 124,140 129,830 133,558 178,999 

900 378.58 60,342 59,744 66,853 79,610 
(·.53) (.49) (.46) (.50) (.44 ) 

700 426.70 58,826 57,497 64,495 73,214 
(.60) (.47) (.44 ) (.48) ( .41) 

500 474.77 53,358 53,704 64,752 60,095 
(.67) (.43) (.41) (.49) (.34) 

300 516.10 50,590 50,447 63,841 55,904 
(.72) ( .41) (.39 ) ( .48) (.31) 

200 530.91 50,643 50,219 63,624 54,509 
(.75) (.41 ) (.39) (.48) (.30) 

100 540.45 49,702 49,890 63,470 53,534 
(.76) (.40) (.38) (.48 ) (.30) 

50 542.98 46,986 49,069 63,429 53,186 
(.76) (.38) (.38) (.47) (.30) 

25 539.66 48,147 47,432 62,099 50,789 
(.76) (.39 ) (.36) (.47) (.28) 
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Figure 6-3 illustrates the derivative of the uncorrected peak at 

lOOOeV. It was noted that the asymmetry caused by the rising background 

at lower energies created a negative lobe in the spectrum which was 

larger than the positive lobe, a common experimental observation which 

lead early AES researchers to catalogue Auger transition energies as the 

energy of the negative lobe apex. Because the derivative peak includes 

electrons which have suffered loss, this quantization scheme is subject 

to energy and depth dependencies. Figure 6-1 shows that the derivative 

method is the most susceptible to this energy dependence. Presumably, 

one may use standards which greatly increases the accuracy of the deri

vative method, but the lack of controllable reproducible surface stan

dards preclude this scheme from further consideration here. 

N(E) Straight Line Subtraction. Figure 6-4 shows the uncorrected 

lOOOeV spectrum along with two possibilities for the line boundaries, 

the first being the minimum data point at the low energy side of the 

peak and the second being an inflection point at the low energy side. 

Both lines use the peak bound at high energies where the only require

ment is that the subtraction does not lead to any negative values within 

the energy range of the line. The results of both subtraction are also 

illustrated in Figure 6-4. The first subtraction includes a substantial 

amount of loss electrons, but the experimentalist may not have any prior 

knowledge that this is the case. The choice of the second line may seem 

more plausible, but the steepness of the low energy background makes the 

choice for the lower peak bound difficult. Also, the steepness of the 

line requires a lower high energy bound to prevent negative values. That 



Figure 6-4. Uncorrected Synthesis Peak at 1000eV (minus cascade) 
With Two Choices for the Low Energy Bound for Straight
Line Subtraction: (A) original peak (minus cascade), 
(B) after subtraction of Line 2, and (C) after subtrac
tion of Line 1. 
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result shows a more Gaussian-like profile, however, and it is these peak 

areas that are plotted in Figure 6-1. 

In the case of a low energy transition such as at 50eV (Fig. 

6-5), the low energy minimum no longer exists because of the decrease in 

the overall background at low energies. Again, the selection of the 

exact peak boundaries becomes difficult, and a comparison between this 

result and the one at 1000eV is not easy because of the dramatic dif-

ferences in background. From these results it is clear that a more 

sophisticated method of background correction which allows for these 

differences in background is needed. 

Sickafus Method. The next three methods divide the background 

subtraction into two parts: the high energy subtraction and the low 

energy subtraction. The methods differ only in their correction for the 

low energy background, the high energy background usually being calcu

lated by the Sickafus method. Therefore, the consequence of using the 

Sickafus method for subtracting the high energy cascade alone is con-

sidered first. The errors detected here will be common to all of the 

three remaining data manipulation schemes. 

As shown previously, Equation 5-7 was used to model the overall 

secondary cascade generated from the primary beam. It was also shown 

that Equation 5-7 reduced to the formula J = AE-m if E was much greater 

than Uo ' the secondary cascade maximum. Consequently, the Sickafus 

correction is strictly valid only at E »Uo • Figure 6-6 illustrates 

the extent of the extrapolation error for a transition at 100eV. 

Beginning at ca. 65eV, the extrapolated background values exceed that of 
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the data, creating a negative background that decreases towards lower 

energies. Because the next three schemes depend on a lower energy 

background that is higher than the high energy baseline (as according to 

secondary electron formation theory) the incorrect high energy subtrac

tion voids any further data reduction. This error is difficult to catch 

in experimental data because, as shown in Figure 6-6, the high energy 

background function is quite adequate and there is no a priori infor

mation as to what the low energy region should look like. This error in 

background subtraction manifests itself somewhat even at E » Do, as 

seen in Figure 6-7 for E = 1000eV. Nevertheless, the error is negli

gible in the peak area integration. Therefore, the Sickafus approxima

tion is used for all high energy background subtractions for transitions 

greater than 100eV. The problem of background transitions for tran-

sitions less than 100eV is treated in a subsequent section. 

For the low energy background subtraction, the Sickafus method 

requires a choice of peak bounds and the slope of the low energy 

cascade. Because of the additional Tougaard-Sigrnund background, the 

Sickafus approximation is not a good one in this case, therefore the 

decisions are difficult. In this case, three choices were made. First 

the low energy bound was chosen to be the data minimum, slope = 0, shown 

in Figure 6-8. Secondly, the low energy bound was chosen to be the 

inflection point, slope = 0 (Figure 6-9). Finally, a linear least 

squares analysis of the low energy cascade provided a slope with which 

to alter the subtraction. This is shown in Figure 6-10. As can be 

easily seen, all three approximations still leave a significant amount 
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of distortion. The greatest error results from the oversimplification 

of the functional form of the cascade, although there is a marked impro

vement over the straight line subtraction (see Fig. 6-1). 

Van Cittert. Figures 6-11 and 6-12 show the results of the van 

Cittert deconvolution scheme on the peaks at 1000 and 100eV respec

tively, along with the original Gaussians for comparison. The van Cit

tert method reproduces the original Gaussian lineshape except for the 

peak height. In this deconvolution technique, there is a need for a 

normalization factor to prevent a dependence on the number of itera-

tions. Here, a normalization factor was chosen so that the corrected 

and original data had the same maximum. This introduces some error in 

the peak area because the data maximum is enhanced by the low energy 

background. The relative error is quite small, however (Fig 6-1). An 

exact solution would be possible if a better normalization procedure 

was discovered. 

The van Cittert method is the only technique considered here 

which increases the noise level. Even in noise-free theoretical data, 

damped oscillatory waves were introduced. Since the first guess is a 

convolution of the data with the IRF, the resulting error function 

overcompensates for this extra width. Every subsequent convolution 

result also overcompensates, but in the opposite direction, hence 

creating the oscillations. These oscillations decrease in amplitude as 

the number of iterations increase, approaching the exact solution at 

infinity. In practice the signal/noise ratio usually limits the maximum 

number of iterations. 
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SIBS Method. Figures 6-13 and 6-14 illustrate the SIBS method of 

data manipulation at 1000 and 100eV. In each figure the convoluted 

data, the SIBS corrected data and the original Gaussian are drawn to 

scale for comparison. AT 1000eV, one notes that the subtraction is 

almost complete, but the width of the finished product is too wide and 

there ,is a small increase in slope on the low energy side. AT 100eV the 

corrected data matches the original Gaussian. Although the SIBS method 

is an approximation to the deconvolution process, it is evidently just 

as accurate as the van Cittert method for background subtraction in this 

case. SIBS does not take into account the width of the IRF. This is 

the reason for the presence of residual background at the 1000eV peak 

and the absence of background at 100eV. The width of the IRF at 1000eV 

was 10eV (FWHM) , while the width at 100eV was only 1 eV. Since both 

Gaussian peaks were originally lOeV wide, it is obvious that the leV 

convolution had minimal effect on the background a~d lineshape at 100eV. 

Therefore, it is expected that SIBS accurately reflects the lineshape if 

the Auger linewidth is at least twice the IRF linewidth. 

Because of the lack of correction for the different widths of 

the IRF's, the peak areas were too large at higher energies. This 

causes the deceptive deterioration of the SIBS method to lower energies 

in Fig. 6-1. If the peaks are divided by the halfwidth of the IRF the 

peak area ratios vary then by only 25% over the entire energy range, and 

by less than 1% up to 500eV. At present, there is no consideration given 

to the width of the IRF, except for correcting the data by dividing by 

E. This assumes that the energy window of the analyzer is a boxcar 
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function which changes width in energy. Dividing by E in this case will 

give the correct peak areas, but not the exact functional dependence at 

each point. It is expected that greater accuracy could be obtained if 

one would deconvolve with the elastic portion of the IRF first before 

using SIBS (133). One should finally note that the precision of the 

SIBS method increases going to lower spectral energies (Table 6-2), 

where the width of the IRF is negligible. 

Group 2: Signal/Noise Considerations 

Because of the preceding results, only the van Cittert and SIBS 

methods were considered further. In this section, the spectra at 1000eV 

in Group 1 was modified with a random number generator to produce random 

noises at signal/noise ratios ranging from 100 1. Figu re 6-15 

illustrates three of these spectra at SIN = 50, 10, and 2. 

As before, the van Cittert deconvolution routine added a great 

deJl of noise to the final result. Figure 6-16 illustrates the spectra 

with a SIN = 50 before and after the correction. The third spectrum 

indicates the same corrected spectrum with a reduction of noise by the 

Wertheim correction (see previous van Cittert introduction). The 

Wertheim correction was found to be absolutely necessary for every 

spectrum. In some cases, the Wertheim correction had to be applied 

several times during the deconvolution to prevent a washout of the ori-

ginal peak by the error function. In the worst SIN cases, it was not 

possible to apply the Wertheim correction often enough to prevent the 

wash out. In these cases, a Savitzky-Golay 31-point smooth was applied 
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to the data prior to deconvolution (Fig. 6-17). The spectra with SIN < 

2 could not be deconvoluted under any circumstances. 

The SIBS method does not increase noise. Figures 6-18, 6-19, and 

6-20 compare the results of SIBS and van Cittert for SIN = 50, 20, and 

5. At a SIN = 50, the results are similar (Fig 6-18). For SIN = 20, 

the repetitive use of the Wertheim correction in the Van Cittert 

deconvolution at the same iteration interval (5) causing constructive 

interference of the low energy oscillations, allowing the background to 

rise steeply (Fig. 6-19). This error did not significantly alter the 

lineshape of the deconvoluted peak, however. The van Cittert results in 

Fig 6-20 shows the formation of large random peaks resulting from the 

Savitzky-Golay smoothing routine and the repetitive Wertheim correc

tions. Again, the lineshape of the main peak is only slightly affected, 

but the additional peaks are a nuisance. 

Table 6-3 lists the peak area integrations for the various SIN 

ratios. Two different types of integration are listed for SIBS. The 

first type was the direct integration of the corrected SIBS results. 

The second was the integration of the SIBS results following an adjust

ment of the high energy baseline to zero. The precision was dramati

cally improved over the first type and became comparable to the van 

Cittert results. The adjustment on the high energy side of the peak was 

necessary because the SIBS routine does not allow any negative numbers 

in the spectrum. Since in this data group the SIN ratio was decreasing, 

the negative noise pulses at the high energy baseline because larger, 

hence the higher zero level (also listed in parentheses in Table 6-3). 
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Table 6-3. Corrected Peak Area Intensities From Peaks with Various SIN 

SIN SIBS Van Cittert 
Type 1 Type 2 (zero) 

100 182,949 180,220 (44.6) 136,063 

50 185,680 179,478 (98.4) 137,379 

20 201,264 189,716 (195.5) 131,521 

.10 227,475 193,564 (495.7) 139,060 

5 258,688 190,174 (1072.5) 130,148 

2 386,718 259,012 (1531.2) 

1 675,540 161,971 (5487.6) 
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Therefore, a correction must be made after the SIBS result to allow the 

high energy baseline to average around zero. It should be noted that 

the noisy spectra makes the choices of the peak bound very critical. If 

one selects a data point which is lower than average and a data point 

which is higher than average, the SIBS correction will yield a dif

ference in low energy and high energy background. This appears to have 

happened for the result with SIN = 2. Fortunately, this result is 

usually easily detected and corrected with better peak bound selections. 

Group 3: Test of Resolution 

Figure 6-21 illustrates two Gaussian peaks which are separated 

by 12eV. The top spectrum contains the final spectrum which included a 

15eV loss peak. The distorted data disguised the correct peak inten-

sities and even the correct number of peaks. The middle two spectra 

show the results of the van Cittert deconvolution and the SIBS correc-

tion. As shown, the SIBS method fails to separate the two peaks or 

decrease the widths to the original values. The van Ci ttert method is 

clearly superior in resolving power. As far as removing the 15eV loss 

peak (small shoulder in Fig 6-21, top), both techniques appear equally 

efficient. 

Figures 6-22 and 6-23 represent a typical complex spectrum one 

might expect from a transition metal (e.g., Cu(LMM)). In both figures 

the type of background added was the same as in previous spectra. Both 

figures also show the background functions alone as well as the 

background function from the most dominant peak. Because the spectrum 
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in Figure 6-22 is dominated by a large transition at 915eV, the 

background at 600eV consists primarily of the Sickafus portion of the 

background from the 915eV peak. It is therefore perfectly appropriate 

to use the simple Sickafus technique for this spectrum. If the relative 

intensities of the transitions were reversed (as in Fig. 6-23 for tran

sitions such as Ti(LMM)), the background at 600-650eV now includes an 

appreciable contribution from the Tougaard-Sigmund portion of the 

background. In this case, the Sickafus correction would lead to erro

neous results. 

Such a large cluster of peaks becomes problematic for SIBS and 

van Cittert because there are no energy regions to characterize the 

background between peaks. The SIBS method has an advantage in this 

case, because different IRF's may be used for each major transition and 

treated separately. The van Cittert method would be difficult to apply 

in this case, because the deconvolution must be done on the entire 

energy region for quantitation to be accurate. Figure 6-24 compares the 

results of the two techniques applied to the spectrum in Figure 6-22, 

along with the original Gaussians. Again note that the van Cittert 

routine is superior in resolution while the SIBS method more accurately 

reflects the correct intensities. Also noted is that the low energy 

baseline in the SIBS method shows the accumulated error after four IRF 

subtractions. Each subtraction, being dependent on the previous result, 

will shift the baseline progressively. This effect seems to cancel the 

error caused by the lack of deconvolution of the elastic portion of the 

IRF, leading to more accurate peak shapes at lower energies! It should 
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finally be noted that the background chosen for each peak was precisely 

the same. If that were not the case (as in transitions below 500eV), 

the van Cittert method would reveal greater error. 

Conclusion 

The van Cittert and SIBS methods are clearly superior to the 

other quantitation methods described. The Sickafus method has been 

shown to be appropriate in only a few special cases, and even then the 

quantitative accuracy is questionable because of the lack of removal of 

the quantized energy losses. The van Ci ttert and SIBS methods were 

shown to be comparable in precision and accuracy. The SIBS methods 

reconstructs the original peak shape well if the IRF width is less than 

one half of the AES linewidth (E < 600eV). The van Cittert method is 

superior in resolving power, especially at higher energies, but does not 

reflect the true maximum intensities at any energy. However, this error 

is due to a normalization error and is quite small, as shown in Figure 

6-1. 

The van Cittert method is very difficult to apply to spectra with 

SIN < 20 and impossible for SIN < 2. The increasing noise in the 

spectra can cause a systematic error in the SIBS correction that 

increases with noise magnitude, unless special precautions are taken. 

These precautions are a judicious choice of peak bounds and zeroing the 

high energy baseline before integration. For each of these spectra, the 

amount of time spent by each algorithm was approximately the same (ca. 

10 iterations for SIBS and 15 iterations for van Cittert). However, the 
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scaling factors were known prior to van Cittert deconvolution, therefore 

no time was spent searching for the scaling factor. In practice, the 

scaling factor is not known, requiring several trial deconvo1utions 

before the correction can be completed. The SIBS method spends all of 

its time searching for the factor only, the subtraction occurring in one 

pass. Therefore, SIBS must be considered more efficient by at least a 

factor of 2 or 3. 

The high energy background subtraction was found to be critical 

for both techniques. The Sickafus correction was shown not to be 

appropriate for transitions less than 100eV because of the over

compensation for the background at lower energies. Even at 1000eV, the 

Sickafus subtraction led to a noticeable difference between the 

corrected data and the original data with no cascade. These results 

have shown that the largest cause of inaccurate peak area measurements 

is probably due to the high energy background subtraction. 

The choice of using the van Cittert or the SIBS techniques became 

clearer after consideration of these results. Many li thium compounds 

were noted to be highly susceptible to electron beam damage (see Chapter 

3). Therefore, it was imperative to limit the exposure of lithium com

pounds to the electron beam. This meant low beam currents, no signal 

averaging and, consequently, a poor SiN ratio. Furthermore, as will be 

shown in Chapter 8, recording of time dependent phenomena such as 

lithium-gas reactions also precluded spectra with high SIN ratios. 

Therefore, the SIBS method was the method of choice for subsequent 

deconvolution of the corrected spectra. 
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In relation to general AES lineshape analysis and quantitation, 

the SIBS technique offers a fast, reliable method for Auger analysis, 

especially for transitions between 100-600eV in energy. It is much 

faster than the van Cittert routine and therefore may be more 

appropriate to routine analysis. The quantitation is accurate as long 

as the IRF linewidth is much narrower than the Auger linewidth. The 

SIBS method offers no deconvolutions of closely-spaced transitions, but 

this may be calculated later by de convoluting the SIBS results with the 

elastic portion of the IRF. This information would be valuable in 

lineshape analysis where subtle changes is lineshape can be attributed 

to chemical changes of the surface environment. 

The results of these syntheses experiments provided a basis for a 

decision on an appropriate background substraction and deconvolution 

technique for the low energy Li(KVV) transitions and a means for esti

mating the expected error from this application. Because the background 

is changing so rapidly in the vicinity of the Li(KVV) transitions, the 

Sickafus background subtraction was deemed inappropriate for low energy 

transitions. Therefore, a more accurate curve fitting procedure was 

invoked which modeled the low energy background according to theoretical 

considerations. This procedure will be developed in the next section. 

Lithium Background Subtraction 

The traditional approach to background correction of AES data 

begins with a correction for the energy dependence of the analyzer and 

the gain function of the multiplier. Figure 6-25 and 6-26 illustrates 
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the difficulties of applying this approach to low energy Auger transac-

tions. The top spectrum in Figure 6-25 represents a typical Li(KVV) 

lineshape from freshly-scraped lithium metal. The two large features 

centered at 47eV and 25eV are assigned to Li and Na. The sloping 

background is indicative of both the secondary cascade emission from 

lithium and the decreasing sensitivity of the analyzer/detector com

bination. This background is not representative of the true secondary 

cascade (see Fig. 5-2), thereby demonstrating the effect of analyz~r 

distortion on the spectral data. The middle spectrum represents the 

same data after a correction for the energy dependence of the analyzer 

(f E) while the bottom spectrum represents the same data after an addi

tional correction for the electron multiplier gain. The bottom spectrum 

reveals a cascade background that is similar to that expected from 

theoretical considerations, but with a large enhancement of the spec~ral 

noise at low energies. In this case, the noise level at 0-10eV is com

parable in magnitude to the AES transitions. 

By ignoring the first 5eV of the spectrum, one can enhance the 

spectral features of interest, as shown in Figure 6-26. However, this 

does not rid the spectrum of the enhanced noise manifest at the valley 

between the lowest energy transition and the true secondary cascade. 

This noise is also enhanced in the IRF (Fig. 6-26), which must also 

undergo the same energy and multiplier correction as the data. This 

noise level precludes the use of the van Cittert algorithm for decon

volution of line shape analysis and makes the use of the SIBS algorithm 

difficult. The exact choice of the low energy criterion point is 
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cri'tical in this case because of the large variations of intensity in 

the valley region. A change of one data point can change the final peak 

area by as much at 50%! 

A critical point that is often overlooked in applying both the 

van Cittert and SIBS techniques is the determination of the "correct" 

amount of deconvolution. In both cases, the low energy baseline is used 

to calculate a scaling factor which controls the magnitude of the ine

lastic portions of the IRF. This criterion for the goodness of fit of 

the low energy baseline depends on two assumptions: 1) The differences 

between the low energy lineshape of the IRF and the Auger peaks lie only 

in relative magnitude and not in the shape itself (i.e., the loss pro

cesses are similar for internal and external electron sources). 2) The 

IRF is an accurate representation of the actual loss function over the 

entire spectral range of the AES transitions. The first point has been 

questioned by some (135) but is generally accepted because there is no 

other alternative that improves on this assumption. The second point is 

especially critical in lithium Auger analysis because those transitions 

occur in the region where the background changes most dramatically. 

Consequently, the IRF can only be expected to represent the energy-loss 

lineshape for a small energy region which decreases in width as the IRF 

energy is lowered. Figure 6-27 shows an IRF at 50eV and an IRF taken at 

40eV that has been energy-shifted to align with the final IRF. The 

arrows show a region of each IRF where the N(E) intensity drops. If the 

energy-shifted IRF was used instead of the 50eV IRF, the data below ca. 

16eV would be suspect because of the differences in background. Because 
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the Li(KVV) Auger transitions often span the energy window of 25-50eV, 

the IRF taken to represent the background function at 50eV could not be 

accurate throughout this range. 

Because of these difficulties and those outlined in previous sec-

tiona, a new background subtraction routine was developed to subtract 

the secondary cascade from low energy transitions. The FORTRAN listing 

of this program LOWBCK is given in Appendix B. This fitting routine 

uses the Marquardt algorithm which combines a gradient search with a 

linear least squares analysis of a Taylor expansion of the fitting func-

tion, as given by Bevington (99). The fitting function is a combination 

of the functions used to calculate the secondary cascade, the multiplier 

gain function and a multiplication by E: 

y 6-5 

6-6 

-Emax (m+ 1 ) 6-7 

where Y intensity 

m cascade slope 

cascade maximum intensity 

energy of cascade maximum 

multiplier gain maximum at energy Em,o 

shape factor for multiplier gain 
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The adjustable parameters used to make the fit are m, Yo, and Emax' The 

parameters used to describe the multiplier gain function, Zn and Ern,o' 

were determined in Chapter 4. The adjustment of on had the same effect 

as the adjustment of Yo' therefore it was incorporated into Yo' 

The advantage of using Equations 6-5, 6-6 and 6-7 over using a 

polynomial fit with the same number of parameters is that the equations 

were derived from theoretical considerations. Each parameter has phy

sical significance. Each equation was derived from specific theoretical 

results describing three separate phenomena occurring at low energy, 

i.e., the increase in secondary emission at lower energies, the decrease 

in the effective energy window of the analyzer, and the decrease in the 

multiplier gain. 

A typical result is shown in Figure 6-28, representing an 

attempted fit to a Li Auger spectrum from Li2C03. Three major discre-

pancies are obvious: 1) The width of the fitted cascade is much wider 

than the actual cascade width. This is a typical difficulty which 

results from the use of only one shape parameter (m). Although the 

width could be decreased at the high energy side of the cascade if m is 

increased, this does not affect the low energy side equally. Also, 

increasing m is dubious since it is already apparent that m (which is 

also responsible for the lineshape at 50-100eV) is too large. 2) The 

high energy background of the data begins to increase at ca. 70eV. 

There is no provision in Equation 6-5 for this increase. Therefore, the 

addi tional background suggests another source of emission is present. 

In this case, the source is a C(KLL) transition at ca. 260eV. 3) From 
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0-3 eV, the data displays zero values while the fitted equation does 

not. This is a result of sample charging, which has the effect of 

shifting the reference point of the solid (OeV) with respect to the 

reference point of the analyzer and multiplier. 

the same reference level for both. 

Equation 6-5 assumes 

Two additional fitting parameters were introduced to remove these 

discrepancies, namely a baseline parameter and a charging parameter. 

y 6-8 

where Bo is the baseline parameter and ~E is the charging parameter. A 

constant baseline Bo is only an approximation to the more probable base

line which increases with energy. An additional parameter for this was 

deemed unnecessary for these low energy transitions. The addi tional 

fitting parameters increase the complexity and elapsed time of the 

fitting procedure, but the greater accuracy demands of low energy 

background subtraction require these additional calculations. 

Figure 6-29 illustrates the result of applying Equation 6-8 to 

the experimental spectrum of Figure 6-28. In this spectrum one can see 

that the discrepancies of charging and additional background have been 

solved with the use of the additional parameters. However, the fit is 

s till not accurate. The cause of this remaining discrepancy is the 

steepness of the secondary cascade near the maximum (0-14eV), followed 

by a slowly varying background at 50-100eV. Again the fitted lineshape 

is primarily govered by the value of m and, to some extent Bo. These 

simple lineshape parameters could not account for the entire spectral 
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region. Therefore, the slope and baseline parameters were used to 

adjust the fit for the high energy background (SO-100eV) and an addi

tional Gaussian lineshape was summed for the steep cascade (O-14eV). 

The additional Gaussian lineshape brought the total number of 

adjustable parameters to eight.' In Figure 6-30, the improvement in 

accuracy is demonstrated with the addition of the Gaussian lineshape. 

The success of this fit suggests that the theoretical secondary cascade 

equation does not adequately describe the near-maximum region or that 

the ATF or MGF are not adequately represented. The large number of fit 

parameters creates a new problem for background subtraction. The usual 

method of extrapolating the fit determined by the high energy background 

is not sufficient in this case because the large number of variables 

which have a large effect on the low energy shape of the cascade. In 

particular, the locations of the additional Guassian lineshape and the 

cascade maximum can vary significantly even when the high energy cascade 

does not. Therefore, the fit had to be confined to the energy regions 

immediately above and below the Li(KVV) Auger transitions. 

The procedure developed for the background subtraction of Li(KVV) 

transitions is the following: First, the entire 8-parameter fit is 

attempted for both a low and high energy region bracketing the Li tran

sitions. Secondly, the Gaussian portion of the fit is removed. The fit 

is then fine-tuned over the high energy side with a few points from the 

low energy side. The low energy points are necessary to prevent the fit 

from departing radically from the first fit. Only a few points are 

used, since more would require the additional Gaussian parameters. 
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Since the exact reason for the necessity of an addition Gaussian 

lineshape for the cascade is not known, it was only used as a basis for 

the initial fitting attempt. Finally, the fitted equation is inter-

polated and extrapolated where needed to subtract the fitted lineshape 

from the data. 

Several attempts were sometimes necessary to find an appropriate 

set of parameters. Even in the relatively short energy region of the Li 

transition (25-50eV), the fit had a tendency to go above the data 

points, creating negative numbers. The linearization of the fit para

meter only works in the parameter space where the reduced sum of resi

dual squares is parabolic in shape, i.e., near the minimum. The 

gradient search is, therefore necessary outside of this region, which 

sometimes leads the adjustable parameters to unreasonable values. 

Therefore, a judicious choice of beginning parameters is necessary for 

success. It should be ponted out that this method doesn't use the IRF 

and doesn't remove plasmons. 

Although the accuracy of the high energy background subtaction 

has been improved by this method for the Li(KVV) Auger transitions, this 

method also prevents the use of the SIBS or van Cittert routines for 

removing the quantized and featureless losses. The reason for this is 

the additional removal of all vestiges of the low energy background. 

Therefore, there is no criterion pont for either the SIBS or van Cittert 

routine with which to judge the "correct" amount of background removal. 

Consequently, it must presumed that the quantitation of the Li(KVV) 

transitions by this method is overestimated. 
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This estimate should be compared, however, to what might result from a 

Sickafus-type background subtraction demonstrated earlier (Figure 6-6). 

Although this method does lead to a low energy background which can be 

corrected by the SIBS and van Cit tert routines, there is undoubtedly 

considerable error in the criterion point. Consequently, it was decided 

that this new method of background subtraction was more accurate than 

the use of the Sickfus background subtraction followed by SIBS. There

fore, this method was applied to all subsequent lithium Auger analyses 

while the SIBS method was applied to the rest of the Auger transitions 

(above lOOeV). 



CHAPTER 7 

AES N(E) LINESHAPE ANALYSIS OF LITHIUM STANDARDS 

In the previous three chapters, methodologies were developed 

tor extracting the proper zero-energy loss lineshape of low kinetic 

energy Auger transitions (E < 100eV). Chapter 4 discussed the lineshape 

distortions caused by the CHA analyzer and the electron multiplier, 

while Chapters 5 and 6 reviewed background substraction and decon-

volution techniques for removal of electron losses. In this chapter 

these methods are specifically applied to high-purity lithium compounds. 

Previous XPS or AES analyses of lithium compounds have been 

reported. The analysis of several lithium compounds by XPS has been 

presented by Povey and Sherwood (69) and related to the covalency of the 

lithium-anion bond. However, based on the results ot Chapter 3, Povey 

and Sherwood's conclusions are believed to be incorrect. Other smaller 

groups of lithium compounds have also been analyzed by XPS (62,63, 

135-137). Several results have appeared which contain XPS of lithium 

salts with the emphasis on the anion spectra (138-141). Several papers 

have also dealt with the theoretical aspects of the photoelectron 

emission of lithium (142-145), while other authors have applied XPS to 

technologically important compounds such as LiNb03 (146,147) and 

lithium metal immersed in organic electrolyte (148). Other individual 

lithium compounds have been studied separately (149-153). 

189 



190 

Few publications exist on the Auger spectra of many lithium com

pounds, and most of those that have appeared offer only derivative AES 

spectra and qualitative conclusions (154,155). Much of the rest of the 

AES publications deal with derivative Auger spectra of lithium halides 

(156-158) or lithium hydride (159-160). AES of lithium metal has been 

reported in several papers (32,161-163) including those with oxidation 

results (33,73) and theoretical results (164-166). AES spectra of 

several oxyanions of lithium has been reported as well (64). It should 

be noted that only three of these papers present corrected N(E) data of 

lithium metal and oxidized lithium (32,73,166). 

To prepare the reader for the AES results for lithium compounds, 

the theoretical aspects of Auger analysis are first presented. 

Lineshape Analysis Theory 

Lineshape analysis in this chapter refers to the analysis of 

fully corrected AES transitions in terms of energy, peak width, peak 

shape and amplitude. The amplitude refers only to the transition proba

bility as governed by orbital overlaps. Other solid-state effects such 

as escape probability are discussed in the next section. It should be 

noted that a Gaussian distribution has been chosen to represent the 

Auger energy distribution even though it was shown in Chapter 5 that the 

theoretical lineshape is Lorentzian. The Gaussian distribution is more 

reflective of actual data because of the convolution of the energy win

dow ot the analyzer (see Chapter 4). 
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Transition Energy 

A first approximation of an Auger transition (WXY) energy of a 

single atom can be written as (41): 

c(WXY) EW - EX - Ey 7-1 

where E for each term is equal to the binding energy of that particular 

level. Binding energies for all atomic orbitals have been tabulated 

(42,101,167). Equation 7-1 gives values within ±20eV. The remai ni ng 

inaccuracy is a result of an incorrect estimate for the binding energy, 

Ey. This binding energy should actually be equal to that of the binding 

energy of the y core level with a hole existing at the X core level. In 

the special case where the X and Y levels contain the two highest energy 

electrons (e.g., the Be(2s) electrons), the final two terms are equal to 

the first and second ionization potentials, which are tabulated (1,168). 

Fo.r other situations, a semi -empiri cal approach has l;>een established in 

which Ey is replaced by Ey (Z + 1), where Z is the atomic number of the 

element of interest. This approximates the increased binding energy of 

the Y level by assuming it to be equivalent to the y-level of an atom of 

the next atomic number. A complete compilation of these theoretical 

results are available (169). 

To avoid many-particle calculations of the exact initial and 

final states, Shirley has proposed a method of calculating Auger 

energies within the framework of the three step process (Eq. 7-1) with 

the addition of correction terms to account for the many-body effects 

(170,171). In this case the final term of Eq. 7-1, Ey, is replaced by: 



Ey Ey + F(X,Y,S) - Ra(X,y) 
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7-2 

where F(X,Y,S) is the unscreened interaction energy of the two holes X 

and Y in the final spectroscopic state S (accounts 

coupling), and Ra(X,y) is a static relaxation energy. 

calculation F and Ra are given by Shirly (170). 

for spin-orbit 

Methods for 

To calculate the energy of an Auger transition from a solid, one 

must account for the general relaxation of atomic orbital energies in a 

crystalline environment (172). 

terms: 

This correction includes the following 

E(WXY)sol + E(WXY)gas + ~Esol + Re + e~ 7-3 

where ~Esol is the relaxation energy of the corresponding orbitals, Re 

is an additional relaxation energy analogous to Re, and e~ is the work 

tunction of the solid. If experimental photoelectron energies are used 

reterenced to the Fermi level of the solid, then the following 

expression applies: 

E(WXY)sol EW - EX - Ey - F(X,Y,S) + Ra(X,Y) + Re 7-4 

where F(X,Y,S) - Ra(X,Y) - Re is also known as Deff (176), which repre

sents the effective interaction energy of the final two-hole state. For 

CVV (core-valence-valence) transitions such as Li(KVV), Deff ~ 0 because 

ot a fortuitous cancellation of terms. Therefore, the calculations of 

Li(KVV) transitions are based on XPS binding energy levels only, along 
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with X-ray emission results of the valence bonds of lithium compounds, 

when available, or theoretical density of states. 

Because an isolated lithium atom cannot undergo an Auger tran

sition, interatomic transitions are the only possibilities (174-176). 

The valence band energies used to calculate the interatomic transitions 

may be derived from a pure ionic bond model (177). In this model the 

anion energy levels are considered completely full, the ref ore, the XPS 

binding energies of the isolated anion are used to calculate the inter~ 

atomic transition energies. Because lithium salts are the least ionic 

of the alkali salts, some measure of the bond covalency might be con

sidered necessary to compare AES energies from compounds with bonds of 

diL:erent ionicities (e.g., Li20 with LiCI). In such cases the LCAO 

(Linear Combination of Atomic Orbitals) approach has been used to 

construct appropriate molecular orbitals (154), however, this was not 

within the scope of this work. 

Auger Intensity 

Some qualitative observations of the factors responsible for 

changing the Auger probability in the lithium atom are outlined. It has 

been shown that the matrix elements calculated from the ionic bond model 

predict an interatomic Auger intensity which is too low (177). Better 

agreement with experiment was found when molecular orbitals were 

constructed from an LeAO model. In the case of lithium, this particular 

problem is not important because it only affects those ionic compounds 

which may have both inter- and intra-atomic transition. From theoretical 
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calculations of interatomic Auger transitions probabilities, it has been 

shown that the probability decreases as 1 /R3, where R is the distance 

between atoms (154). Therefore, only those transitions occurring be-

tween Li and its nearest neighbors are considered. It is also known 

that the number of electrons in degenerate orbitals affect the theoreti

cal probability. The degeneracy of specific valence orbitals may change 

depending on the specific chemical bond. To account for differences in 

valence orbital populations due to variances in ionicity, Pauling's 

electronegativity values are used (70). 

Lineshape 

A simple convolution of the valence band density of states (DOS) 

predicts the width of a CVV Auger transition in most cases, but not the 

lineshape. For lithium it has been determined that the Auger lineshape 

is more reflective of the self-convolution of the soft X-ray K-emission 

spectrum of lithium (166). This result suggests that the Auger matrix 

elements for valence band transitions are higher for the valence bands 

with p-like symmetry than those with s-like symmetry, since soft X-ray 

emission reflects the same relative intensities because of optical 

selection rules (17t:l). The agreement of the two techniques is also 

encouraging in that many-body effects appear to be negligible or cancel. 

Therefore, the simple three-electron Auger model is readily applicable 

to lithium and has been used to analyze the Li(KVV) data presented 

below. 
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AES Quantitation Theory 

There have been many extensive reviews of AES quantitation 

(179-186). This section reviews each factor that affects quantitation 

and the assumption made for calculating each of them. The overall quan-

titation equation is primarily from Seah (179): 

1A 10(seca) cr(Ep) {l+r(EA, Ep, a)}(l-w)~RJJJ T(EA, X, Y, n) 
n 

D(EA, Q)J NA(X,Y,Z)exp{-z/Am(EA)COse}dzdQdxdy 7-5 
z 

where Auger electron current 

10 primary electron beam current 

a angle of incidence of primary beam from surface 

normal 

ionization cross section for initial core electron 

(a function of primary beam energy Ep) 

{l+r(EA, Ep, a)} = backscattering factor (a function of the detected 

Auger energy EA, Ep, and a) 

(l-w) 1 - X-ray fluorescence probability 

Auger transition probability 

R surface roughness factor 

transmission function of the analyzer (a function 

of EA, the X and Y coordinate of the source on the 

surface plane, and the solid acceptance angle of 

the analyzer, Q) 

electron detector efficiency (a function of EA, Q) 
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number density of Auger emitters in the X-Y plane 

of the surface and depth z from the surface 

attentuation of electrons escaping from the solid 

(a function of depth z, the inelastic mean free 

path (IMFP), which is dependent on Ea and the 

matrix, and angle of emission with respect to the 

surface normal, 0) 

Each of these terms will be discussed in terms of Li quantitation by 

AES. 

Auger Electron Current, IA 

The measurement of the corrected peak area is assumed to be a 

measurement of the Auger electron current. The specific techniques used 

to obtain the corrected peak areas were introduced in Chapter 6. It 

should be noted that there is some uncertainty in the amount of amplifi

caton by the electron multiplier to produce the measured current. 

Theretore, only peak ~ ratios (e.g., oxygen-to-lithium) are used to 

determine relative Auger currents and, from Eq. 7-S, relative atomic 

ratios. 

Primary Electron Current, 10 

The primary beam current was measured by either biasing the 

sample to +16SV and recording the current or by use of the Faraday cup. 

The experimental arrangement was discussed in Chapter 1 and the effects 

of different beam current measurement procedures were discussed in 

Chapter 4. 
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Angle of Incidence, a 

This term is necessary to account for the increase in the analy

sis volume as a increases. As the incident beam moves more parallel to 

the surface, more of the primary electrons are directed towards surface 

atoms which are capable of emitting Auger electrons from the surface. 

As the incident beam moves more perpendicular to the surface, more of 

the primary electrons are. injected deeper into the bulk where Auger 

electrons cannot escape. Because atomic ratios are considered from the 

same sample with the same experimental geometry in the study, this term 

is ignored. 

Ionization Cross Section, o(Ep) 

The calculation of this term has been studied by several authors 

(187-190). Several experimental values are available for Li K-shell 

ionization by electrons (191-193). Calculations based on Gryzinski's 

theory (188) had been successfully applied to AES results (194), and 

have been applied here: 

7-6 

where 00 = ne4 z2 = 6.56 x 10_14eV2 cm2 for electrons, Ui is the binding 

energy of the core electron and gi (X) is a function defined as follows: 

-} ~~~ 3/2 {1 + 2/3(1- ~x)ln[ 2. 7+(X-l) 1/2]} 7-7 

where X is the reduced voltage ratio of the primary electron beam energy 

over the binding energy (X = Ep/Ui). 
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The ionization of the low energy L core level (for critical ele-

ments such as Si L2 3) is not predicted accurately by this method, as , 

shown in Chapter 9 and by Vrakking and Meyer (189). For the Si L2, 3 

ionization cross section, the experimental values obtained by Vrakking 

and Meyer for trichloromethylsilane in the gas phase were extrapolated 

to the experimental primary electron energy by the power law: 

o 
16U _1.56 cm2 

4.2 x 10- i 
7-8 

It should also be pointed out that these cross sections must be 

multiplied by the number of electrons in each level. 

Backscattering Factor, 1+r(EA, Ep, a) 

Most backscattering caculations are based on equations developed 

by Jablpnski (198,199) or Ichimura et ale (197,198). The simplicity of 

the calculation and its previous successful uSe made Ichimura's empiri-

cal fit to Monte Carlo calculations the choice for this work. 

l+r 7-9 

for a = 45° incidence. Here, z is the atomic number and U = Ep/Ui 

(equivalent to X in Eq. 7-7). Because the total variation of r with 

angle a is less than 10%, Eq. 7-8 is applied to the experimental results 

where a _ 60 0
• This f actor is a minor one, especially in the atomic 

ratio calculations. 
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Auger Probability, (l-w) 

For the energies of all AES transitions used in this study (E < 

lOOOeV), the X-ray fluorescence probability is considered negligible 

(41). Therefore, w is set equal to zero. 

Auger Transition Probability, ~ 

This is related to the degree of overlap of the participating 

orbitals. It' is only accounted for in a qualitative sense, and only 

when necessary. 

discussion) • 

Otherwise it is generally ignored (see previous 

Surface Roughness Factor, R 

This term is difficult to calculate with any degree of certainty. 

This term accounts for different surface areas exposed to vacuum, which 

can only be estimated by a knowledge of the surface morphology. Since 

this was not known in most cases, and since atomic ratios for the same 

sample were considered only, this term is ignored. 

Transmission Function of the Analyzer and Multiplier Gain Function, 

T and D 

Both of these terms have been examined in Chapter 4. Generally, 

the energy dependence of D is ignored if all transitions are above 

lOOeV. The transmission function T is usually simply corrected for by 

dividing by E. The correction for T and D is included in the background 

subtraction routine developed in Chapter 6 for the Li(KVV) transitions. 
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Inelastic Mean Free Path, exp{-z/Am(EA)cos0} 

This factor has received the most attention both experimentally 

and theoretically (41,183,199-204). For all calculations done here, 

Penn's formulas are used (204). Although several assumptions used in 

deriving the theory makes the calculations questionable for electrons 

with energy less than 200eV, experience with Si(LVV) transitions (E '" 

YOeV) have not indicated any need to further modify this approach (see 

Chapter 9). Although Seah and Dench's empirical formula was designed to 

overcome this deficiency below 200eV (202), the Si results noted in 

Chapter 9 were not improved by these calculations. 

Penn's method f or calculating inelastic mean free paths invokes 

several calculations: 

7-10 

where £ is the emitted electron energy and a, b are quantities which 

depend on the materiaL The quantities a and b may be calculated by 

dividing the inelastic collisions which govern the mean free path of an 

electron in a solid into 2 types: those involving valence electrons and 

those involving core electrons. Both a and b are divided into 2 parame

ters as well: 

7-11 

b 7-12 

where the v and c subscripts refer to valence and core processes, 



201 

respectively. The quantities av and bv have been plotted as a function 

of rs (204) where: 

7-13 

In this equation, ao is the Bohr radius and ne is the number of valence 

electrons: 

6.02 x 1023Zp /A. 7-14 

Z is the number of valence electrons in one molecule, p is the density 

in g/cm3 and A is the molecular weight. 

To find a c and bc ' the following equations are used: 

7-15 

- E i [ (N i / b. E i ) In ( 1/4 b. E i ) ] E i (N i / b. E i ) 7-16 

In these equations, Ni refers to the number of core electrons in the 

highest core level i and b.Ei is the excitation energy of that level. 

The procedure to calculate A is to calculate a c and bc first, 

using Equations 7-15 and 7-16 with a value of b.Ei chosen as shown by 

Penn (204). Next, one must calculate rs to find the appropriate values 

of av and bv f rom the plot given by Penn (204). From these values, a 

and b are easily calculated from Equations 7-11 and 7-12, and inserted 

into Eq. 7-9 along with the energy of the AES transition for the final 

value of A. 
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Lithium Auger Results 

In this section, the corrected AES spectrum of lithium metal and 

the oxide, hydroxide, hydride, nitride, sulfate and carbonate salts of 

lithium are presented. In each case, assignments of transitions are 

made and quantitative peak area ratios were determined using Equation 

7-5. Contamination of oxygen was a major problem in these compounds, 

therefore the concentration of impurities present is also given. In the 

case of lithium salts with bulky anions, the Li(KVV) spectra were very 

weak and varied with electron beam exposure. These results are given 

assuming that the first spectrum is the most representative of the true 

lithium lineshape. A complete listing of Auger energies and peak widths 

of the lithium compounds are given in Table 7-1. 

Lithium Metal 

The corrected Li(KVV) spectrum of clean lithium is shown in 

Figure 7-1. This corrected spectrum was the only spectrum of the stan-

dards which could not be fit by a simple sum of symmetric Gaussians. 

The reason for this is a result of the plasmon loss spectral features 

which are not adequately subtracted in the scheme introduced in Chapter 

6. A comparison of this spectrum with that obtained by Madden and 

Houston, corrected by the van Cittert algorithm (73), indicates an 

agreement in peak position of the two main features of the Li(KVV) 

spectrum, i.e., Li(KVV) at 48.8eV and Na(L2 3VV) at 24.4eV (peaks I and , 

II as labeled in Fig. 7-13). The region between 30-42eV can be 

accounted for a broad asymmetric peak centered at 42eV with a left FWHM 
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Table 7-1: Peak Energies, FWHM's and 

Relative Peak Areas of Lithium Compounds. 

Peak Energies 

pk.l a pk.2 b pk.3c pk.4d 

Li metal 48.8 ± O.leV 42.2 ± 0.4eV 24.4 ± O.leV e 
Li20 35.3 ± 0.2 18.8 ± 0.2 29.4 ± 0.5 45.0 ± 0.6eV 
LiOH" 34.5 ± 0.2 18.4 ± 0.2 28.6 ± 0.2 43.8 ± 0.5 
LiH 48.6 ± 0.7 e 42.6 ± 0.6 56.8 ± 0.5 
Li3N 34.4 ± 1.0 18.3 ± 0.5 28.6 ± 1.2 44.0 ± 0.6 
Li2S04 3U.8 ± 5.0 19.6"± 1.1 e e 
Li2C03 32.5 ± 1.0 20.5 ± 0.3 e e 

FWHM and Relative Peak Areas f 

Li metal 5.5eV [ 1 ] leftg-17.7eV [2.9] 8.2eV [1 .0] e 
right-l0.3 

LiZO 5.3 [ 1 ] 5.7 [ .34] 5.2 [ .32] 5.7 [ . 12] 
LiOH 5.4 [ 1 ] 5.1 [ .30] 5.0 [ .28] 6.7 [ .14] 
LiH 5.6 [ 1 ] e 4.8 [.28] 6.6 [ .18] 
Li3N 5.3 [1 ] 4.7 [1. 4] 5.3 [3.7] 5.3 [5.0] 
Li2S04 6.7 h 10.9 h e e 
Li2C03 14.6 [ 1 ] 8.5 [ .93] e e 

Other Energies 

Li metal 0( KL2,3L2,3) C(KLL) S(LMM) 
Li20 
LiOH -------- ------ ------
LiH 503.9 ± 0.3eV ------ ------
Li3N 502.8 ± 0.4 ------ ------
Li2S04 517.2 ± 0.7 ------ ------

502.4 ± 0.7 ------ ------

502.7 ± 0.6 ------ 138.3 ± 0.5eV 
Li2C03 503.1 ± 0.4 257.7 ± 0.7eV ------

aLi metal transition or Li(K)0(L2 3)0(L2 3). bLi plasmons or Li(K)O 
(Ll)0(L2,3). CNa(~) or Li(K)O(L2,3)0'(L2,3). dLi(K)0*(L2,3)0*(L2,3). 
eNo peak observed. fRelative to peak 1 in each series. gAsymmetric 
peak. hToo irreproducible to measure. 
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of I8.2eV and a right FWHH of 8.geV. Because this type of transition is 

not seen in the deconvolved Li spectrum from Hadden and Houston (73) 

and due to its radical asymmetry, this transition was assigned to 

plasmon losses. Because the number and lineshape of the loss peaks are 

not known, one peak was chosen to describe their contribution to the 

total spectrum, which could then be subtracted when possible. 

The spectrum of lithium is time dependent because of the reaction 

of lithium with minute traces of H20 or 02 in the UHV environment 

(~10-10Torr). As will be shown in the next chapter, the effects of this 

reaction is an increase in the low energy broadening of the Li (KVV) 

transition. The smallest peak area ratio obtained for Li plasmons/peak 

I was 0.7. Typically a ratio of 3.0 was obtained prior to the exposure 

of freshly-scraped lithium to 02, H20 and C02. It is difficult to 

distinguish between that broadening which is due to the oxidation of 

lithium and that which is due to plasmons. The plasmon loss magnitude 

decreased in intensity much faster than the corresponding lithium metal 

transition during oxidation. 

Because there are no other Auger transitions besides the impurity 

sodium, a verification of the quantization procedure could not be made 

in this case. However, peak area ratios were calculated for Na/Li. 

These calculations were based on Equation 7-5 and the methods outlined 

for the ionization cross sections, inelastic mean-free paths, etc. 

These results along with the values used for the calculations are listed 

in Table 7-2. The amount of Na impurity found at the surface of lithium 

was estimated to be approximately 8%, based on these calculations. 
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Table 7-2: Corrected Peak Areas, Ratios and Calculated 

Quantitation Parameters. 

aa l+R A E M Li/O 

Li20 Li 130. 1.31 2.3A 35.3eV 927 2.0c 
0 5. 1.13 10.1 503.9 2099 

LiOH Li 130. 1.27 2.3 34.5 917 1.8 
0 5. 1.10 10.3 502.8 2099 

LiH Li 130. 1.0~ 3.0 48.6 1073 1.9 
0 5. 1.00 14.5 517.2 2095 

Li3N Li 130. 1.27 2.3 b 34.4 911 1.9-2.4b 
0 5. 1.10 13.4b 502.4 2099 

Li2S04 Li 60. 1.51 4.1 30.8 900 
0 4. 1.33 10.7 502.7 2099 
8 lb. 1.42 4.~ 138.3 1717 .05(8/0) 

Li2C03 Li 60. 1.43 2.3 32.5 889 1.4 
0 4. 1.27 9.5 503.1 2099 .29(C/0) 
C 8. 1.32 5.9 257.7 2045 

alonization cross section x 10-2O cm2 /electron. 
bNo density data available. Guess at 1 g/cm2 • 
cPresumed, leading to an additional matrix-dependent factor 2.94. 

Legend: a ionization cross section. 
l+R backscattering factor. 

/. inelastic mean free path. 
E energy of transition. 
M multiplier gain factor. 
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Lithium Oxide 

The Li(KVV) Auger spectrum of Li20 consists of four transitions, 

in order of decreasing magnitude: 35.4, 18.8, 29.4 and 45.0eV (peaks I, 

II, Ill, and IV, in Fig. 7-2). The largest peak (I) is expected to be 

from the interatomic transition Li[(K)0(L2 3)O(L2 3)], given the number , , 
of electrons and the energies of the 2s and 2p levels of oxygen. Use of 

the X-ray emission levels for Li and 0 predict a value of ca. 42eV, 

indicating a great deal of relaxation in the final state. Peak II at 

1e.8eV is assigned to Li[(K)O(Ll)O(L23)], since the difference in , 

energy between peak I and peak II is approximately equal to the dif-

ference between the 2p and 2s levels of oxygen (ca. 17eV). The expected 

relative intensity due to electron populations is 1/3 that of the 35.4eV 

peak, which is consistent with the peak areas measured. 

Peak III at 29. 4eV has been assigned previously by Madden and 

Houston (166) to involve the 2p electrons from the same oxygen atom 

while peak I involves 2p electrons from 2 oxygens. The peak area ratio 

indicate that the 3-atom Auger transition (peak I) is favored over the 

2-atom Auger transition (peak Ill) in probability and energy. Madden 

and Houston suggest that the difference in energy is due to the dif-

ference in magnitudes of the hole-hole repulsion energies between the 

two types of final states. The probability difference is likely the 

result of the contraction of the oxygen valence levels in response to 

the removal of a 2p electron to fill the Li core hole. This presumably 

decreases the orbi tal overlap between Li and 0 atoms, which lengthens 

the ionic distance. Therefore, the three other 0 atoms tetrahedrally 
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surrounding the Li atom are now more capable of transferring the excess 

energy to a valence electron. 

Peak III at 45.0eV was also noted by Madden and Houston (73) but 

not assigned. However, they did note that lithium metal with a light 

oxygen content exhibited this transition prominantly. This transition 

dominated the region of 40-47eV until the lithium became fully oxidized, 

where the broad peak became a small shoulder. This transition can be 

assigned to Li[(K)0'(L2 3)0'(L2 3)], where 0' is in a different chemical , , 

state. It should be noted that it is not high enough in energy to be 

assigned to reduced lithium. A speculative chemical state may be LiO. 

In this case, the 2p levels of the oxygen are not filled, and con-

sequently not as contracted as in Li20, thereby releasing the Auger 

electron at a higher kinetic energy. This intermediate chemical state 

seems possible at the Li20-vacuum interface as well, since the ter-

mination of the crystal lattice necessarily leads to ? surface depletion 

of oxygen. 

The LilO ratio was calculated with the correction factors listed 

in Table 7-2. This ratio was 0.68, which is about one third of the 

expected ratio of 2. Based on the results of Chapter 3, electron beam 

damage was not considered a problem. Lithium oxide is the most 

resistant to beam damage of the compounds studied, and the incident beam 

current was below the beam damage threshold of the most sensitive com-

pounds. Beam damage also usually leads to desorption of the anion, 

which would increase the LilO ratio. Therefore, the remaining aberra-

tion is assumed to be a difference in Auger transition probabilities. 
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This difference arises primarily from the difference in transition rates 

between inter- and intra-atomic transitions (174). Since both the Li 

and ° Auger transition sample the same valence levels, it is reasonable 

to expect the transitions occurring in the same atom would be more pro

bable. 

It must, therefore, be assumed that the Li/O ratio is 2.0 at the 

surface of Li20. Although there is some depeletion of ° expected at the 

surface, this was considered to be characteristic of the compound itself 

and that this same ratio would persist on unknown lithium surfaces which 

contain fully oxidized lithium. Therefore, the additional matrix-

dependent factor becomes 2.94. This same factor was used for subsequent 

quantitation of all oxygen-containing lithium compounds. 

Lithium Hydroxide 

A corrected AES spectrum is shown in Figure 7-3. It is similar 

to the Li20 spectrum in all respects. Although there is a difference in 

the overall charging energy, the transition energies are equivalent to 

those from Li20 within experimental error (generally ± .3eV). The rela

tive peak areas of the Li(KVV) group were also equivalent to those of 

Li20 (see Table 7-1). The Li/O ratio in this compound averaged to be 

1.8, from the tabulated values in Table 7-2. The surface is, therefore, 

considered to be almos t completely oxidized to Li20. Although special 

precautions were always taken by loading these samples under Ar, some 

contamination was inevitable. As was the case with all of the compacted 

powders, sputtering proved to be futile in removing the oxide layer. 
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If there were much of a difference in the transition energies of 

LiOH and Li20, there would be at least an expected broadening of the 

transitions due to the existence of two chemical states. As shown in 

Table 7-2, this was not the case for the LiOH spectra; all FWHH's agreed 

within experimental error. The expected deviation is small in this case 

because of the small difference in the bond strengths, given by the heat 

o 
of formation of the two compounds. Since the ~Hf of LiOH is higher than 

Li20, it is expected that the Li(KVV) transitions should increase in 

kinetic energy, if a simple 3-electron model can be employed with no 

many-body effects. This could not be measured in this spectra. There-

fore, LiOH and Li20 cannot be distinguished from each other with this 

data. This has important ramifications in the Li-H20 reactions in 

Chapter 8. 

Lithium Hydride 

A corrected spectrum of LiH appears in Figure 7-4. This par-

ticular compound charged up to 14eV, therefore the energy values and 

peak areas should be judged with caution. The LiH pellet surface was 

the only lithium surface to charge severely under identical experimental 

conditions. Again, the spectrum has the same general features of the 

oxide spectrum except that the lower energy transition expected at ca. 

33eV is not visible due to the magnitude of the secondary cascade, a 

consequence of the charging effect. Two of the three peaks also showed 

broadening because of the charging effect. The random error of the 

transition energies were larger because of the charging effect con-

tinuing during the data acquisition. 
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The large amount of oxygen on the surface indicated a high degree 

of contamination. Sputtering did not reduce the amount of oxygen on the 

compacted surface. The corrected Li/O ratio was 1.94, which represents 

a nearly fully-oxidized surface. The only other distinguishing feature 

of this spectrum besides the suscepti bili ty to charging, was the peak 

area ratio of peak II/peak I (see Fig. 7-4). However, this may be due 

to the movement of the entire Li (KVV) region of the spectrum to where 

the relative sensitivity of the multiplier 'has enhanced the higher 

energy peak. Therefore, it was concluded that the spectrum was not 

indicative of LiH. 

Lithium Nitride 

A corrected spectrum of Li3N appears in Figure 7-5. The most 

outstanding features of the overall spectrum of Li3N (not shown) is the 

large amount of oxygen contamination and the complete absence of nitro

gen. Lithium nitride is a ruby-red crystal which turns to a white 

powder when exposed to air due to the reaction of the nitride with H20 

to form lithium oxide and ammonia. In this case, the sample was a 

crystalline block that was cleaved under Ar and inserted into the UHV 

chamber without exposure to air, thus preserving the red crystalline 

face. But, oxygen contamination could not be avoided, even with these 

precautions. Long doses of sputtering did not change the spectra appre

ciably, even though the sample form was crystalline instead of a com

pacted powder. The absence of nitrogen in electron-irradiated Li3N has 

recently been confirmed (155). 
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The energies and relative peak areas are again indicative of 

Li20. The corrected peak area ratio for Li/O was 2.4-1.9. The uncer-

tainty is due to the uncertainty in the inelastic mean free path calcu-

lation. As shown in Equation 7-14, the mean free path calculation 

depends on knowledge of the density of Li3N, which is not known at the 

present time (1). Nevertheless, the corrected peak area ratio -does 

indicate nearly complete oxidation of the lithum surface, with possible 

extreme susceptibility to electron beam damage, deduced from the lack of 

nitrogen in the AES spectrum. 

Lithium Sulfate 

This compound along with Li2C03 demonstrated a most unique Li 

Auger spectrum (Fig. 7-6). Becuase of the bulky anions, the Li Auger 

spectrum is very low in intensity, compared to the other lithium salts. 

These compounds were also susceptible to beam damage, as shown in 

Chapter 3. In this section, the attempt is made to characterize the 

unusual broad Auger features that initially appear in Li2S04 and Li2C03 

before desorption has taken place. 

The S/O ratio was calculated to be 0.07, using Gryzinski's method 

of calculating ionization cross section (188). If the ionization cross 

section calculated by Vrakking and Meyer's method (189) is used for the 

sulfur L2 3 core hole, the S/O ratio decreases even further. It seems , 

unreasonable that enough sulfur could desorb to create such a sU'lfur-

deficient surface. One is tempted to again invoke the argument of 

varying Auger transition rates to explain this discrepancy especially in 
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light of previous work confirming a similar difference in S(L2 3VV) tran-, 
sitions rates in S042 - and S2- (74). Because of the rapid desorption 

of the anion in this salt .and the results indicated below, this was not 

attempted here. 

The lithium lineshapes were unusual and quite unstable. Figure 

7-6 illustrates three separate Li(KVV) spectra from Li2S04 after only a 

few seconds o~ electron irradiation. Each spectrum was taken from a 

separate sample. The energies of the two low energy transitions varied 

by more than an eV and their relative peak area ratios ranged from 

.24-10.8. Li2S04 was the only compound not to show reproducibility in 

the Li(KVV) spectra. 

Lithium Carbonate 

In contrast to lithium sulphate, lithium carbonate did reveal a 

reproducible Li(KVV) spectrum, shown in Figure 7-7. Again the intensity 

of the Li(KVV) transitions were low compared to the other lithium com-

pounds because of the bulky C032- anion. The C/O ratio reveals 

stoichiometric C032- on the surface, but the Li/O ratio indicates a 

lithium-rich suface (Li/O = 1.4, instead of the stoichiometric Li/O 

.67). These results indicated some electron beam induced desorption may 

have occurred. 

Two broad transitions occur at ca. 32.5eV and 20.5eV (peaks I and 

II in Fig. 7-7). Peak II transition showed an uncertainty in energy of 

± leV while peak I had an uncertainty of ± .3eV. The FWHM's of both 

transitions were much larger than usual, up to 15eV for peak II. This 
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is probably a result of more than one transition at each energy, but the 

SiN ratio and the lack of any identifiable shoulder makes another peak 

assignment highly speculative. 

The assignments of the two transitions are the same as that in 

LiZO. Peak II is assigned to Li [(K)O(LZ 3)0(LZ 3)] while peak I is , , 
assigned to Li[(K)0(Ll)0(LZ,3)]. Compared to LiZO, peak II occurs at a 

lower kinetic energy than can be accounted for by differences in 

charging. This must be due to the addition stabilization of the ° Zp 

levels in the C032- anion compared to the 0 2- anion. Peak I is slightly 

higher in kinetic energy than the corresponding one in LiZO, but still 

within experimental error. This fact leads to the conclusion that the ° 
Zs orbital energies are about the same in LiZC03 and LiZO. 

The relative peak areas of the two transitions in LiZC03 are dif-

terent from that of LiZO in that the KLILZ,3 transition is higher in 

relative intensity than the KLILZ,3 transition in LiZO. This apparently 

reflects a real change in the Auger transition probability between the 

two compounds, although the exact reason for this is not clear. 

Nevertheless, this lineshape information can be readily used to 

distinguish between the formation of LiZC03 or the existence of car-

bonaceous material on LiZO. 

Conclusion 

Lithium Auger analysis is difficult to interpret because of its 

low intenaity, its appearance at an energy where the analyzer is least 

sensitive, its chemical reactivity with components of the atmosphere, 
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its susceptibility to electron beam damage at room temperature and the 

apparent mobility of several ionic species in their compounds. Despite 

these difficulties, Li20, Li metal and Li2C03 can be unambiguously iden

tified by the Li(KVV) spectra alone. The other compounds can be ten

tatively identified by other elements in the spectrum (e.g. sulfur) and 

by their response to electrical charging and beam damage. 

Lithium compounds with oxyanions are most prone to anion desorp

tion and corresponding changes in the- Li(KVV) spectra. Distinguishing 

the Li species bonded to the oxyanion prior to beam damage was success

ful only with Li2C03, since the virgin Li2S04 surface did not yield 

reproducible results. The shape of the Li(KVV) spectrum was similar to 

that of Li2C03, in that only two very broad peaks could be 

distinguished. The relative peak areas and peak energies varied too 

much, however, to make any assignments. 

Oxygen contamination is a major contribution to the Auger spectra 

of many lithium compounds. Despite the extra precautions taken to avoid 

atmospheric exposure, these compounds were able to absorb oxygen or 

water from the UHV environment or the impurities in the argon glove box. 

Although it was not possible to assign any Auger transition to species 

such as LiOH or LiH, these results stipulate that the existence of these 

compounds on the surface of unknown lithium samples is unlikely. Any 

normal atmospheric sample handling produces a fully oxidized (Li20) sur

face. 



CHAPTER 8 

APPLICATIONS OF QUANTITATIVE AES 
TO LITHIUM-GAS REACTION PRODUCTS 

As discussed in Chapter 1, the reactions of lithium metal with 

gaseous components of the atmosphere are important in understanding the 

interfacial chemistry of lithium in. lithium high energy density bat-

teries. The products of such reactions are formed on the lithium sur-

face providing a barrier between the metallic lithium and the 

environment. In particular, the Li/S02 battery exhibits a voltage delay 

phenomenon which has been attributed to the comsumption or rearrangement 

of a semi-passive surface barrier. It was also shown in previous chap-

ters that the Li (Si) alloy surface contained mostly lithium, in which 

case the lithium-gas reaction products would also be expected to be the 

main constituent of the Li(Si) surface barrier. The required energy to 

decompose or solvate this barrier depends on the chemical components and 

the thickness of the film. Therefore, the chemical analysis of this 

barrier and the kinetics of its formation are essential for a fuller 

understanding of these lithium interfaces. 

In this chapter, the results of AES analysis of freshly-scraped 

lithium exposed to 02, H20 and C02 are presented. The lithium, carbon 

and oxygen Auger spectra were corrected according to the methods deve-

loped in Chapter 6. In the case of Li(KVV) spectra, background 
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tions were made according to the 5-parameter fitting approach also 

introduced in Chapter 6. The corrected peak areas were then quan

titatively analyzed by the equations developed in Chapter 7 and compared 

to the lithium standards. In this manner, isotherms were constructed 

which compared the relative rates of coverage. 

The analysis of the lithium-nitrogen reactions was not attempted 

here, because it was previously determined that the formation of lithium 

nitride was slow compared to the reactions of Li with 02 and H20 

(Chapter 1). Also, a temperature dependence study of these reactions 

was not attempted because it was considered that the activation energy 

necessary for the above reactions is small (76). 

The next section describes the Fehlner-Mott (FM) theory of low 

temperature oxidation and a brief survey of previous experimental work 

on lithium-gas reactions. Following that is the presentation of the 

experimental results of the exposure of lithium to 02, H20 and C02 and 

the isotherms generated for each reaction. The relative rates of 

coverage are considered and the final products are discussed in the last 

section. 

Theory of Oxidation 

The Fehlner-Mott model for room temperature oxidation is a well

established theoretical basis for describing mechanisms and rates of 

reaction for metal oxidation (205). It is an extension of an earlier 

theory presented by Cabrera and Mott (206) with the additional possibi

lities of anionic migration and place exchange instead of only cationic 
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migration. Because lithium is a good reducing agent, this theory can be 

extended to all three lithium-gas reactions considered here, since the 

final products are strongly polarized (ionic). 

The Fehlner-Mott theory divides the oxidation reaction into two 

kinetic regimes: (1) the initial fast oxidation where the rate of reac

tion is proportional to the partial pressure of oxygen raised to some 

fractional power, and 2) the slow oxidation where the logarithm rate law 

applies, which is dependent on the rate of diffusion of anions or 

cations through the oxide film for further reaction. The initial fast 

oxidation reaction includes the initial physiosorption and dissociative 

chemisoprtion of the gas molecules on the metal surface. It is believed 

that these initial steps are unactivated and occur with a 100% sticking 

probability on most metals (207). If an equilibrium is established at a 

monolayer coverage, the well-known Langmuir isotherm is appropriate 

(208,209). For many metals (e. g., Fe, Ti), place exchange may occur 

which interchanges the positions of the oxygen and metal atoms, thereby 

creating new sites for further adsorption. Thus, during the fast kine

tic stage of metal oxidation, several monolayers may be formed. 

At some oxide thickness, the activation energy for place exchange 

becomes much higher as the three-dimensional oxide structure is formed. 

For further reaction to occur, either the metal atom or gaseous atom 

must migrate through the oxide to the other interface. Which species 

migrates and at what rate is highly dependent on the oxide or product 

being formed. Fehlner and Mott have classified the oxide products into 

two categories: 1) glass formers such as Si02 and 2) network modifiers 



such as Li20 which do not form glasses (206). 
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In glass formers, the 

network is random, and the network bridges provide large holes through 

which anionic migration is facile. Ti02 has been documented to be such 

a case (49). In the case of network modifiers, a more crystalline oxide 

phase is established where the anions are close-packed, thereby making 

cationic migration facile. In the intermediate cases, both cationic and 

anionic migration may contribute, such as in B20 3. 

If cationic migration is dominant, then the inverse logarithmic 

law applies, as shown by Cabrera and Mott (206): 

I/X A - B 1n t 8-1 

where X is the oxide thickness as a function of time, t and A and Bare 

constants depending on the particular oxide formed. The rate at which 

the thickness grows is dependent on the rate at which cations may 

migrate through the oxide. The driving force for ionic migration is the 

formation of an electric field as a result of the dissociative 

adsorption of the oxygen molecules. This voltage is constant for 

cationic migration; therefore, the electric field diminishes as the 

oxide film grows. At a limiting oxide thickness, the electric field is 

no longer a sufficient force for the migration of cations, and the reac

tion ceases. Further reaction can only occur if another chemical reac

tion may take place which creates strain and crack propagation in the 

metallic lattice or if the electric field strength is increased (see 

below) • 
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The reaction of lithium with the component gases of the 

atmosphere has been studied with non-UHV techniques such as hydrolysis 

wi th tritration, gravimetric analysis and thermal methods (4,210-212). 

The results of these bulk analyses provide the final kinetics and reac

tion products with which to compare the UHV results of the surface reac-

tions. Several cursory XPS and AES studies of lithium-gas reactions 

have appeared. Lindfors and Black reported XPS results of lithium reac

tions with N2, C02, 02 and H20 (213), although no isotherm data or 

reasons for their chemical assignments were given. AES spectra of 

lithium after exposure to 02, C02 and N2 have also been reported (214), 

but no comparisons to standard lithium compounds and no adsorption 

isotherm information was given. The reaction product of Li and C02 

reported by David et ale (214) has been disputed by Christie (215). A 

more comprehensive treatment of the XPS spectra of lithium reactions 

with H20 and 02 has been given by Hoenigman and Keil (216). They report 

the final reaction products as being Li20 and LiOH and give Langmuir's 

exposure necessary for formation of a monolayer. UPS studies of lithium 

with H20 and 02 have shown that H20 clusters can exist on the surface 

wi thout forming the hydroxide (217, 218). Schultz et a1. have also 

studied the reaction of methanol with lithium revealing methoxide for

mation (219). The results reported in the chapter is the first collec

tion of quantitative AES and lineshape analysis of these same or similar 

lithium-gas reactions. 
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AES Results 

Lithium and Oxygen 

Figure 8-1 illustrates the corrected Li(KVV) spectra of freshly-

scraped lithium at three different stages of oxidation. The bottom 

spectrum represents freshly-scraped metal prior to oxygen exposure. 

Some light oxidation had taken place in this instance by reaction with 

the UHV residual oxygen or water because the time required to scrape the 

sample and locate it in position for AES analysis. The Li/O ratio- in 

this case was calculated to be 22.8. The existence of this sub-

monolayer film did not significantly alter the exposure results or the 

final product. This conclusion was based on a comparison with cleaner 

lithium results (see Li/O ratio for Li + H20 and Li + C02) and the fact 

that the maximum possible oxygen exposure to freshly-scraped lithium at 

less than 5 x 10-10 Torr 02 is less than .01 Langmuir (10-10 Torr-sec). 

The middle and top spectra of Figure 8-1 represents oxygen expo

sures of 0.34L and 64.0L, respectively. A least squares simulation of 

the top spectrum appears in Figure 8-2 (220) and a comparison of this 

fit with that of Li20 is shown in Figure 8-3. As one proceeds to higher 

oxygen exposure, several distinct changes manifest themselves in the 

Li(KVV) spectra. The first modification of the KVV spectrum of lithium 

upon exposure to oxygen is the broadening and increased intensity of the 

spectrum between ca. 35-45eV. This has been observed previously by Mad

den and Houston (73) and attributed to the formation of the first mono

layer of lithium oxide. As described previously (Chapter 6), these 
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Figure 8-1. Corrected Li AES of Lithium Metal (A) freshly scraped in UHV, 
(B) after exposure to 0.34 Langmuirs Oxygen and (C) after 
exposure to 64 Langmuirs Oxygen. 
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transitions may originate from a lithium atom which does not have a 

complete cell of oxygen atoms surrounding it. 

As oxidation proceeds (middle spectrum, Fig. 8-1), the spectrum 

takes on the appearance of lithium oxide while still retaining a strong 

Li O transition. The energy region between the Li(K(0)L2 3(0)L2 3) tran-, , 
sition at 37.5eV and the LiO(KVV) at 48.8eV is completely filled by 

Auger electrons from partial Li-O cluster and the remaining plasmon 

structure from metallic lithium. This broad region is difficult to 

curve fit because of the proximity in transition energies. Therefore, 

this region was not fitted to any assumed peak stage, and the total peak 

areas were integrated. The inclusion of the plasmon features in the 

peak area for Li leads to an overestimate of the Li concentration (see 

below) • 

The top spectrum represents full oxidation of the lithium up to 

the Auger analysis sampling depth. This spectrum resembles the Li(KVV) 

spectrum of Li20, as shown in Figure 8-3. The maximum peak in each 

spectrum was matched in energy and normalized for the relative com-

parison seen in Figure 8-3. The energy positions, FWHM's and relative 

peak areas of peak I at 35.3eV and the peak II at 29.4eV from Li20 and 

the Li + 02 product agree within experimental error. The other two 

transitions differ in some manner between Li20 and Li + 02. Both 

samples reveal the Li(K(0)Ll(0)L2,3) transition at 18.8eV, but differ in 

amplitude. This difference can be attributed to the presence of Na in 

the oxidized Li (ca. 8%) where none was present in the Li20 standard. 

The differences in energy and relative magnitude of the 



232 

Li(K(0*)L2 3(0*)L2 3) transition at ca. 45.0eV can likewise be attri-, , 
buted to contribution from Li atoms in a more reduced state on the oxi-

dized surface which are not present in the Li20 standards. The energy 

difference between the 0(KL2,3L2,3) transition and the Li(K(0)L2 3) , 

(0' )L2, 3) are equivalent in both samples, further substantiating the 

assignment of the Li + 02 surface product to LiZO. 

Lithium and Water 

The reaction of lithium and water is demonstrated in Figure 8-4, 

which shows from bottom to top the freshly-scraped lithium surface (Li/O 

= 73), lithium after exposure to O.26L of H20, and the same sample after 

exposure to 309L of H20. The changes in line shape upon oxidation by 

water are very similar to the lineshape due to lithium reactions with 

02' Again the energy region between 38 and 48eV is filled first during 

the initial stages of reactions, followed by the appearance of the Li-O 

cross transition doublet at 36.8eV and 31.2eV. 

The five peak fit for the Li + H20 product is given in Figure 

8-5, and a comparison of the lineshape of this product is compared to 

LiOH in Figure 8-6. One outstanding feature which is different than any 

of the lithium standards on lithium-gas reaction products is the 

appearance of a new transition at 11. 7eV. The possibility that this 

transition is a Coster-Kronig type transition involving the 2s and 2p 

electrons of oxygen is discounted by the facts that the energy is too 

high and the width is much too narrow. The origin of this transition 

is unknown and has never been reported in the literature. Nevertheless, 
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Figure 8-4. Corrected Li AES Spectra of Lithium Metal (A) freshly scraped in UHV, 
(B) after exposure to 0.26 Langmuirs of water and (C) after exposure 
to 309 Langmuirs of water. 
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this transition is well-defined exclusively in the Li + HZO product, 

although it may be present in the secondary cascade of the Li + Oz 

spectra (Fig. 8-1). 

The comparison between spectra from LiOH and Li + HZO shown in 

Figure 8-6 show an exact equality in energies of transitions with some 

minor differences in relative magnitude. The transitions at 11.7eV was 

not seen in LiOH because of the formation of a thick LiZO surface layer. 

Therefore, no comparisons can be made regarding that transition. The 

inverse relative intensity of the Li(K(0)LZ,3(0)LZ,3) at Z8.6eV over 

that of the Li(K(O)LZ 3(O')LZ 3) seems to reflect a lower probability of , , 

the 3 atom transition compared to the Z atom transition. This effect, 

however, is very small. 

Lithium and Carbon Dioxide 

Figure 8-7 illustrates the progress of the lithium + COZ reac-

tion. In this case, the bottom spectrum originates from freshly scraped 

lithium (Li/O = 481), the middle spectrum is from lithium exposed to 

8.3L of COZ, and the top spectrum originates from lithium exposed to 

975L of COZ. This reaction proceeds essentially as the others in terms 

of Li(KVV) lineshape, but requires higher pressures of COZ to affect a 

similar lineshape. The lineshape at ca. ZO-Z4eV broadens considerably 

upon exposure to C02. In this case, the Na(LVV) transition does not 

decrease as much as in the lithium-oxygen and lithium-water products, 

implying a more prominent role for Na in the formation of this layer. 
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FigurE 8-7. Corrected Li AES Spectra of Lithium Metal (A) freshly scraped in UHV, 
(B) after exposure to 8.3 Langmuirs of carbon dioxide and (C) after 
exposure to 975 Langmuirs of carbon dioxide. 
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Figure 8-8 displays the 4-peak fit to the Li-C02 reaction product 

and Figure 8-9 compares this fit with that of Li2C03. Figure 8-8 indi

cates the fitted width of the transition at 21.3eV which exceeds the 

expected width of any single Auger transition. The comparison of the Li 

+ C02 product with that of Li2C03 shows substantial differences between 

the two spectra, although it is similar to a Li2C03 sample that has 

undergone beam damage (Chapter 3). 

Figure 8-10 illustrates the C(KLL) spectra from the Li + C02 

reaction product compared to Li2C03. Only subtle changes in the FWHM's 

can be seen. Also included are the expected energies for a carbide 

C(KLL) transition (45). Although the formation of Li2C03 has been 

reported from the reaction of Li with C02 (219), the usual formation of 

Li2C03 involves LiOH and C02 (213), as might be expected from a reac

tion of Li with moist C02. For this reason and because the Li(KVV) 

spectrum did not attain any resemblance to the Li(KVV) spectrum from 

Li2C03, it was concluded that the reaction product was not Li2C03. 

Instead, since the Li(KVV) spectrum resembled Li20 and the C(KLL) did 

not resemble a carbide, the Li + C02 reaction product was considered to 

be Li20 and hydrocarbons. 

Discussion 

Reaction Products 

The limiting Li/O ratios calculated from the AES spectra of the 

lithium-gas reaction products were: 
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Li + 02 Li/O 1.1 

Li + H20 Li/O 1.1 

Li + C02 Li/O 2.5 

The expected stoichiometries for Li20, LiOH and Li2C03 are 2.0, 1.0 and 

0.67, respectively. In neither case was the expected stoichiometry of 

the expected or previously reported products achieved. 

The Liio ratio for the Li + 02 products is less than that 

obtained for the Li20 pellet (Chapter 6). It should be pointed out that 

the effect of including the plasmons in the Li (KVV) peak area is not 

expected to affect the limiting Li/O ratios because of the decrease in 

the plasmon peak intensity during oxidation. If the Li concentration 

was severely overestimated by this inclusion, the Li/O ratio would 

reflect an increase over the expected stoichiometry instead of the 

observed decrease. The lineshape analysis of both the Li(KVV) and 

O(KLL) line shape indicate Li20 formation. The stoichiometry suggests 

the formation of the hydroxide, LiOH or the peroxide Li202. The for-

mation of the hydroxide is unlikely because of the lack of hydrogen or 

water. Although the presence of hydrogen cannot be detected by AES 

directly, the lack of a transition at 11. 7eV, as observed on the Li + 

H20 product, argues against the formation of the hydroxide. The 

existence of dissolved hydrogen in the metal is unlikely because of the 

o 
thermodynamically favored reaction to form lithium hydride (~Gf = -16 

kcal/mole) (4). Under UHV conditions, the surface of LiH is likely to 

decompose since the vapor pressure of LiH has been measured to be 23 
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mTorr at 23°C (221). This does not preclude the possibility of hydrogen 

in the subsurface region. 

The formation of peroxides and other oxides occur readily with 

the alkali metals at room temperature, but the stability decreases with 

lower molecular weights (222). Extreme oxidation conditions are 

necessary to synthesize Li202 in solution and it is believed that the 

decreased stability of this compund is due to the small size of the Li+ 

cation (222). The O(KLL) spectrum is also expected to change due to the 

presence of the peroxide ion (72), although no AES spectrum of Li202 has 

been reported. Again, the stability of Li202 under UHV conditions is 

questionable (223). 

The sensitivity factors used in calculation Li/O ratios were 

derived from the Li20 standard. The expected errors in the parameters 

used to calculate sensitivity factors will decrease when an atomic ratio 

is calculated. Therefore, none of the parameters are expected to 

deviate from that calculated from the standard. There is a difference 

in structure. The Li20 standard was in the form of a pressed pellet 

while the Li + 02 product was formed on a scraped ribbon of li thium. 

The surface roughness factor is far greater on the scraped Li than on 

the pressed pellet of Li20. If the oxygen groups point outward from the 

surface of the lithium ribbon, a greater proportion of oxygen will be 

measured in the same analysis volume. The densities of the two 

materials are also substantially different (Li20 p = 2.0 g/cm3 ; Li metal 

p = 0.53 g/ cm3 ) (1). Therefore, the Li atomic density in Li20 (8.0 x 

1022 Li/cm3 ) is much higher than in Li metal (4.6 x 1022 Li/cm3 ). This 
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is a result of the large difference between the atomic radius (1.5A) and 

the ionic radius (O.78A) of lithium (224). Therefore, if the oxygen 

reacts with Li to form Li20 without extensive rearrangement, more oxygen 

will be incorporated in the sample volume of the Li + 02 product than in 

the polycrystalline Li20. 

The Li + H20 product produces the expected stoichiometry of 1.0, 

indicating a complete reaction in the Auger sampling volume. The tran

sition at 1l.8eV is a new feature which may be attributed to LiOH. 

Lithium with excess water is known to form LiOH in a vigorous reaction 

(225). After such a reaction, the product is crystallized in the mono

hydrate form (LiOH. H20) which can then be converted to the anhydrous 

form by heating (225). It is also known that LiOH can decompose to Li20 

and H20 in a reversible reaction (225). 

The UPS data of McLean et ale (217) show rather conclusively 

that H20 clusters which form on the Li surface retain their electronic 

structure. The reaction beyound this initial coverage was not con-

sidered, and it has been shown by XPS that LiOH does form (216). 

The Li/O for Li + C02 indicates an unusual, full dissociation of 

C02 rather than the formation of Li2C03, considered the final product 

in other tests (215). Although the C(KVV) spectra of the Li + C02 pro

duct is similar to the Li2C03 C(KVV) spectrum (Fig. 8-10), the Li(KVV) 

spectrum and the Li/O ratio were not. Christie's examination (215) of 

the C(KVV) spectrum reported previously by David et ale (214) and his 

own XPS results indicate Li2C03 has been formed. David's interpretation 

was the formation of a mixture of Li2C2 and Li20 (214). 
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If Li2C2 and Li20 were the only products formed from exposure of 

Li to C02, the following stoichiometry would be reached upon completion 

of the reaction: 

10Li + 2C02 + Li2C2 + 4Li20 8-2 

It is interesting to note that the LilO ratio expected for this mixture 

is the same as experimentally determined (2.5). The C/o ratio was 

calculated to be 0.46 for the Li + C02 reaction product. This 

stoichiometry agrees with Reaction 8-2 or the formation of Li20 and 

hydrocarbons. 

The reaction of C02 or CO with Li at red heat forms Li2C2 in a 

bulk reaction (225). Another consideration is the possible formation of 

lithium oxalate, Li2C204, which is known to form when dry C02 is passed 

over a lithium amalgam (225). The stability of this compound under UHV 

conditions is unknown and, in the presence of trace amounts of H20 or 

02, will convert to a mixture of carbonate and elemental carbon (225). 

Heating lithium oxalate will also produce Li2C03 and CO. In conclusion, 

the available experimental evidence indicates the formation of Li20 and 

hydrocarbons or Li2C2. 

is the lack of a 

The only evidence against the formation of Li2C2 

carbide-like C(KLL) spectrum (see Fig. 8-10). 

Likewise, the only evidence against the formation of Li20 and hydrocar

bons may be the experimental Lilo ratio (expected to be 2.0 instead of 

the observed 2.5). 
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Isotherms 

A plot of the normalized isotherms is shown in Figure 8-11. Each 

isotherm is normalized to its maximum O/Li ratio, indicated in the pre-

vious section and in the figure caption. The three reactions reveal 

large differences in their isotherm profiles. Li + 02 and Li + H20 show 

similar extents of reaction during the first 3 Langmuirs of exposure. 

After this point, the profiles diverge with the Li + 02 proceeding to a 

much higher coverage per Langmuir "exposure. The Li + 02 reaction 

quickly reaches a maximum after ca. 20L of exposure, indicating a 

complete reaction within the AES sampling volume. 

The Li + H20 reaction shows decreased reactivity after the ini

tial surface layer is formed, indicating a change in reaction mechanism. 

The increase in Li/O ratio is also linear in this region with increasing 

Langmuirs of exposure. In this region, the rate of reaction was inde-

pendent of partial pressure of H20. This reaction never achieved a 

limiting coverage within the time frame of the experiment (310L of H20 

exposure) • The initial Li + C02 reaction proceeds to a much lower 

extent than either the water or oxygen reactions, but does reach a 

limiting coverage at exposures of up to IDOL of C02 (not seen in Fig. 

8-11). 

These results are explained by the following mechanisms (see Fig. 

8-12). We postulate that the Li + 02 reaction initially proceeds via a 

dissociative absorption obeying the linear oxidation rate law. This 

reaction may proceed at this rate for several monolayers by the non

activated place exchange mechanism (205). Because of this consideration, 
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it is probably incorrect to assign monolayer coverage at the Langmuir 

coverage where the coverage rate is no longer linear with time (216). 

Beyond this initial oxide growth, the film thickness proceeds by the 

migration of cations through the oxide film to the Li20 - 02 interface. 

The electric field created by the formation of oxide ions at the surface 

diminishes with increasing film thickness. Since there is no alter-

native mechanism to provide further reaction, the reaction ceases at a 

limiting thickness which is dependent on the electric field strength. 

At this limiting thickness, the field strength is no longer sufficient 

to drive Li+ cations to the surface for further reaction. Because the 

electric field is also dependent on the partial pressure of oxygen, the 

limiting thickness can be controlled, therefore, by this partial 

pressure. 

The Li + H20 reactions proceeds to a similar extent up to 3L of 

H20 exposure, where another linear region begins. The linear region 

breakoff point reported here is less than the 6L reported by Hoenigman 

and Keil (216). In light of the UPS results of McLean et al. (217), the 

first linear region is considered to result from the fast adsorption of 

H20 molecules without dissociation (Fig. 8-13). The second linear 

region involves the conversion of the Li-H20 complexes to LiOH by the 

reaction: 

8-3 

This reaction proceeds at a much slower rate than the Li + 02 reaction, 

as shown in Figure 8-11. This reaction may be independent of H2 0 
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pressure because enough water has been adsorbed during the initial fast 

reaction. 

It was observed that the Li + H20 reaction did not cease after 

310L of H20 exposure. Although the extent of the reaction was 

decreasing with increasing H20 exposures, the Auger Li/O ratios indi-

cated a continuing reaction. It is known that in excess water, LiOH 

will react further to form the monohydrate of LiOH (214). This reaction 

was observed to form cracks which propagated into the solid because of 

the forced expansion of the LiOH crystal lattice by the inclusion of H20 

(210). The lattice expansion also explains the earlier observations 

that bulk lithium and dry oxygen does not react up to lOODC, but wet 

oxygen does react with lithium at room temperature (211). It is clear 

from previous results and the Auger results obtained here that the Li + 

H20 reaction does not form a limiting product layer of LiOH but instead 

continues to react forming LiOHoH20 which not only propagates cracks in 

the LiOH crystal but also provides more H20 molecules at the reaction 

interface. 

The mechanism of the Li + C02 reaction is more difficult to 

discern because of the ambiguity in the indentification of the final 

products (Fig. 8-14). The four possible products from the Li + C02 

reaction discussed previously are Li2C03, LiO + Li2C2, Li20 + hydrocar

bons, or LiC2040 Bulk analyses of alkali metal + C02 reactions indicate 

that all four may form, depending on the experimental conditions (225). 

Li thium oxalate is not considered the final product because of its 

instability in UHV, decomposing to Li2C03 and CO. The Li(KVV) lineshape 



o=c=o 
j 

co- O-CO-
2 i 

Li+ Li+ Li+ 

Li 
\ 
I 

Li + CO 2 

0-0-

Lit Lit ~~ 

Li 

Figure 8-14. Schematic of Li + CO2 Reaction Mechanism. 

" I 

Li2 0 CH? 

Li 

N 
lJ1 
N 



253 

and the Lilo ratio suggest the formation of Li20 and Li2C2 while the 

C(KLL) lineshape suggests the formation fo Li2C03 or hydrocarbon (see 

Fig. 8-10). 

The Li + C02 reaction is energetically less favorable than either 

Li + 02 or Li + H20, but the extent of reaction does reach a limit after 

ca. 100L of C02 exposure. These results suggest a film formation on the 

basis of cation migration as suggested in the Li + 02 reaction. This 

reaction halts after the electric field diminishes to a value which no 

longer supports cation migration. 

Therefore, the overall conclusions of this work are the 

following: 1) Lithium reacts with oxygen to form a protective film of 

This reaction is the most energetically favorable of the three 

and forms a Langmlir-type isotherm for the initial film formation. 2) 

Lithium reacts with H20 in a 2-step process. The initial fast reaction 

involves the adsorption of H20 to form Li-H20 complexes. The energetics 

of the reaction compares favorably with that of Li + 02. The second 

step involves the formation of LiOH which reacts further to form the 

monohydrate. This reaction does not form a limiting film thickness and 

will continue until the metal is consumed. 3) Lithium reacts with C02 

to form most likely Li20 and saturated or unsaturated hydrocarbons. It 

is possible that the reaction may involve carbon free radical formation 

which reacts with the available hydrogen in lithium. In any case, the 

reaction is the least favored of the three lithium-gas reactions and 

does produce a film which prevents further reaction. Surface analysis 

of the more reactive Li compounds Li2CZ and LiZC204 must be done before 
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unambigous mechanisms and products can be formulated for the Li + C02 

reaction. The implications of these results in relation to the expected 

electrochemical performance of the lithium high energy density batteries 

are presented in Chapter 10. 



CHAPTER 9 

QUANTITATIVE AUGER ELECTRON SPECTROSCOPY AND 
RUTHERFORD BACKSCATTERING OF POTASSIUM-I~lPLANTED SILICON, 

SILICA AND SODIUM TRISILICATE 

The preceding chapters have described the procedures and results 

of detailed quantitative analysis of Li Auger and photoelectron spectra. 

In the development of such procedures, many assumptions had to be made 

(e.g., the Li/O ratio of the Li20 surface in Chapter 7). To confirm 

such assumptions, an independent method of verifying surface concentra-

tions was needed. Rutherford Backscattering Spectrometry (RBS) along 

with ion implantation fulfilled this need. This chapter describes the 

application of RBS/ion implantation with AES/depth profiling in the 

study of alkali metal corrosion of glasses. Potassium was chosen over 

the other alkali metals for the implantation ion because of its large 

Auger yield. Previous experiments with lithium implants were not suc-

cessful because the concentration of the implant was too low and too 

deep into the bulk for the AES experiments. Increasing the Li imp1an-

tation flux led to aggregation of the Li atoms, forming separate 

colloidal particles which created a non-unif orm implant (226). The 

large mass of potassium prevents large penetration depths as well as 

high sensitivity for ion backscattering. Potassium is also well 

resolved from the scattering profiles of the other components Na, Si and 

o in glass. 

255 
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Glass was chosen for the target material because of the interest 

in alkali metal attack on glasses used to separate the alkali metal 

anode from the cathode in lithium ambient temperature batteries, as 

noted in Chapter 1 (26). Corrosion of this glass proceeds from the 

anode to the cathode thereby reducing the effective life of the battery. 

The rate of corrosion is dependent on the particular type of glass used 

(227). Silicon metal was used as a control to contrast the effects of a 

semiconductor with that of an insulator and because of the simplicity of 

both the RBS and AES spectra. 

The organization of this chapter is different from previous chap

ters because of the introduction of a new technique. First the theory 

of RBS and ion implantation will be introduced with emphasis on basic 

principles and those aspects which pertain to glass analysis and potas

sium implantation in particular. Following this is a brief discussion 

of the structure of the substrate materials. The experimental section 

is confined to a description of the accelerators, experimental chamber 

and the detectors for the RBS analysis and ion implantation only, the 

rest having been described previously (See Chapter 1). The results of 

the RBS and AES experiments are discussed last and related to alkali

silicon and alkali-silica chemistry. 

RBS Theory 

The theory and methods of RBS have been organized in a book (47) 

and in a recent review article (228). This technique takes advantage of 

the elastic collisions between high energy ions and the target atoms 
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which conserve energy and momentum. After the elastic collisions, the 

backscattered ions are measured in terms of number, kinetic energy and 

direction which provides then the mass of the target atoms (hence its 

identity), the concentration and the depth of the atoms from the sur-

face. This is accomplished because of three major effects which are 

consequences of elastic atomic collisions and the movement of ions 

through solid media. These three effects are quantifiable and are 

defined mathematically as the kinematic factor, the scattering cross 

section and the stopping cross section. 

The kinematic factor is defined as the ratio of the final kinetic 

energy of the scattered ion over its initial kinetic energy before 

collision, and it is a function of the masses of the colliding atoms and 

the scattering angle: 

K 

where K 

El 

EO 

Ml 

M2 

e 

[1-(MI/M2)2 s in2e] 1/2 + (MI/M2)cOSe 

1 + (M!lM2) 

kinematic factor 

kinetic energy of backscattered icm 

initial kinetic energy of incident ion 

atomic mass of incident ion 

atomic mass of ta.rget atom 

backscattering angle, as defined in Figure 9-1. 

9-1 

The derivation of the kinematic factor (47) comes from three equations 

of classical physics that evolve from the conservation of energy and the 

conservation of momentum in the X and Y directions (the X-Y plane being 
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defined by the initial and final velocity vectors). These equations 

contain three unkowns which are the mass of the target atom, its final 

recoil energy and its final recoil angle. Two of the equations are used 

to eliminate the final energy and recoil angle of the target atom, which 

leaves the mass of the target atom as the only unknown. Given the ini

tial kinetic energy, mass and direction of the impinging ion as well as 

the kinetic energy and direction of the backscattered ion, the mass of 

the target atom is given by Equation 9-1. The kinematic factor, there

fore, provides qualitative identification of atomic species. 

The assumption of a classical 2-body elastic collision puts 

several restrictions on the experimental parameters to be used. The 

energy of the incoming ion must be much larger than the energy of bond 

f ormation between the target atom and its neighbors (E » 50eV). The 

energy must also be less than that required for any nuclear reactions or 

resonance energies (E < several MeV, depending on ion and target 

combination). Equation 9-1 also points out several trends. The energy 

resolution ~E, limits the ability to distinguish between similar masses, 

M2, and is ultimately limited by the energy resolution of the detector. 

The resolution can be improved with a judicious choice of experimental 

parameters as well. The energy resolution is greatest for e = 180 0
• 

Equation 9-1 also shows that the mass resolution improves with larger 

values of initial ion energy and larger ion mass. The mass resolution 

also improves for lighter mass target atoms as M2-2. 

The scattering cross section accounts for the probability of a 

backscattering event to occur and be detected. Also known as the average 
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differential scattering cross section, it is defined precisely as the 

probability of a successful backscattering event per unit solid angle of 

detection in the following equations: 

where a 

dO'/dQ 

where Nt 

a l r (dO'/dQ)dQ 
QJn 

~cattering cross section 

solid angle of detection 

differential scattering cross section in cm2 , 

do/dQ (l/Nt)[(dQ/dQ)/Q] 

areal density of target atoms/cm2 

dQ no. of backscattered ions detected in solid angle d 

Q no. of incident ions. 

9-2 

9-3 

The above two equations can be rearranged and combined to calculate the 

areal density Nt, given the experimentally determined values for A = 

J(dQ/dn)dQ = number of detected particles, Q and a: 

Nt A/O'QQ 9-4 

Typical values of a are in units of barns = 10-24cm2/sr • 

The derivation of the equation to calculate the differential 

scattering cross section depends again on the conservation of energy and 

momentum as well as a specific model for the scattering event. The 

usual model gives Rutherford's formula (228), which describes the func-

tional dependence of a on the atomic numbers and masses of the colliding 
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a toms, the energy of the impinging ion immediately bef ore collision, 

(this may not equal the initial kinetic energy of the impinging ion 

because of energy losses that occur during the ionic travel through the 

solid -- see below) and the scattering angle. From this formula, 

several functional trends can be noted, as outlined by Chu et a1. 

(228). 

1.) The differential cross section increases with the square of 

the atomic numbers of both atoms. To increase the sensitivity, 

an ion with a higher atomic number can be used for MI. However, 

this decreases the sensitivity towards target atoms of low atomic 

number since it is not possible for a scattering event to occur 

ifM2<Ml· 

2.) The cross section increases with i.e. , the sensi-

tivity increases rapidly for decreasing incident energies. 

3.) The cross section increases rapidly for decreasing scat

tering angles as sin-4e/2. 

The application of Rutherford's formula places a restriction on the 

backscattering angle, for as this angle approaches 0, the scattering 

becomes inelastic and Rutherford's formula is not obeyed. 

The energy loss of an ion as it travels through the solid gives 

RBS its depth sensitivity. The mechanism for this energy loss is 

divided into two categories -- energy loss due to small angle collisions 

with the nuclei of the target atoms and energy loss due to electronic 

excitation of the target atoms. The electronic stopping is much more 

prevalent than the nuclear stopping which becomes important only at low 
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kinetic energies. Because of the importance of electronic excitations, 

the exact calculation of the energy loss of the ion is dependent on the 

detailed electronic structure of the target matrix. Several models have 

been developed which predict the energy losses in close approximation to 

the actual data. The most successful theory, named the LSS theory (from 

the names of the original advocates of the theory - Lindhard, Scharff 

and Schiott) is based on a Thomas-Fermi approximation to the average 

electronic structure. This will be described in the next section on ion 

implantation. Because the energy loss dE/dX, where dE is in keV and dX 

is in angstroms, is density dependent, another term is defined as the 

stopping cross section E! 

1 
E = ,&<dE/dX) 9-5 

where N = atomic density. A compilation of experimental values with 

theoretical interpolations for the rest of the elements have been 

assembled by Chu (47,228). Because the mechanism for energy loss of 

the impinging ion is considered a sum of individual interactions from 

each atom, Bragg's rule applies, which states that the total stopping 

cross section for a solid which contains more than one type of atom is 

simply the sum of the stopping cross sections from each different type 

of atom. This allows the stopping cross section for compounds to be 

easily calculated. The application of Bragg's rule has been successful 

with alloys but some deviations appear in metallic oxides. 
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The interpretation of RBS spectra therefore involves three steps. 

First, the surface edge of each mass in the solid is identified by 

applying the kinematic factor appropriate to the backscattering angle 

and impinging ion. Multiplying this factor by the incident ion energy 

will give the location of the surface edge for the element with that 

specific mass. For a thick sample (greater than the escape depth of the 

helium ions = several thousand angstroms), the number of counts at KEo 

for that specific element will rise to a height which is determined by 

the areal density of the surface atoms. As one proceeds to lower 

energies, this height will increase because of the increase in scat

tering cross section as the energy of the incoming ion is lowered. If 

another component of a lighter mass is also present, these scattering 

events will add onto those already occurring for the heavier atom, 

revealing another step at the surface energy given by a different K 

value. In the case of a thin film or an implant region within the bulk, 

the RBS spectrum will not show a steady increase below the surface edge 

as for the thick sample, but rather a peak shape that is reflective 

mainly of the concentration profile of that element in the sample as 

well as the energy straggling and limited detector resolution. 

The next step involves calibrating the energy axis for depth for 

each different mass. This requires a knowledge of the stopping cross 

section of the sample. This stopping cross section is not constant with 

energy, therefore as the impinging ion decreases its velocity during its 

trip into the solid, the effectiveness of the material to slow down the 

ion will change. Consequently, knowledge of the exact energy of the ion 
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at each depth is required for an exact calibration of the depth scale. 

This is not known directly, but several approximations are used. Two 

that are simplest to use are the surface energy approximation and the 

mean energy approximation. Both assume that the stopping cross section 

is constant with energy, but the energy is chosen to accurately reflect 

the energy loss in the region of interest. Both give linear depth 

scales. The surface energy approximation uses the stopping cross sec-

tions for the initial energy of the incoming ion at the surface. This 

approximation is good for near-surface depth profiles of thin films. In 

this case the energy of the ion is not changed appreciably over the 

first several hundred angstroms. The mean energy approximation chooses 

an intermediate energy between the initial kinetic energy of the ion and 

the final kinetic energy of the backscattered ion. This intermediate 

energy can be chosen to be exactly halfway between the initial and final 

energies. This approximation is useful only when the incoming angle of 

the ion with respect to the surface normal is equal to the backscat-

tering angle with the surface normal. For other experimental 

geometries, there are other simple approximations (47). The mean energy 

approximation is useful for a specific depth into the sample and is 

exact for a particular depth. The accuracy of this approach is limited 

to that depth. 

The final step in RBS interpretation requires the conversion of 

ion counts or the height of the spectrum to atomic concentration. This 

depends on knowledge of both the scattering cross section and the 

stopping cross section. The scattering cross section is very sensitive 
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to the change in energy of the impinging ion as it progresses deeper 

into the solid, hence the dependence of concentration on the stopping 

cross section as well. The exact equation for concentration is not 

given here (see 47,228), but several functional dependencies will be 

pointed out. For obvious reasons the yield is directly proportional to 

the scattering cross section, the acceptance angle of the detector and 

the number of incident ions. It is also proportional to the energy 

width 'of each channel which corresponds to the thickness of a slab from 

which all of the backscattering events occur as detected by that chan

nel. It is inversely proportional to the product of the stopping cross 

section and the cosine of the incoming angle -- both of which relate to 

the effective thickness of the slab. It should be noted that the actual 

height of the RBS spectrum is independent of density. A concentration 

vs. depth plot can only be made if the density of the solid is already 

known. The height of the spectrum is related to areal density --

atoms/cm2 • 

Ion Implantation Theory 

The vast majority of high energy ions impinging on a solid sample 

are implanted. Advantage can be taken of this fact to control the con

centration and depth of any atomic species in a solid (229,230). In 

this manner standards can be easily obtained and used to calibrate both 

RBS spectra and AES depth profiles. In this section, a method of calcu

lating the ion range and concentration will be presented. 



266 

The energy exchange processes which an ion undergoes as it tra-

ve1s through the solid can be divided into three categories: nuclear 

collisions, electronic excitations and electron exchange. The electron 

exchange process accounts for only a few percent of the total energy 

losses and will not be further considered here. As stated before, the 

electronic excitation of the electrons in the solid account for the vast 

majority of the energy losses of high energy ions used in RBS. In the 

energy range of interest for ion implantation (5-500keV), nuclear co11i-

sions become much more important. Therefore, the cross section for both 

nuclear scattering and electronic excitation must be considered. LSS 

theory (231) provides a method of calculating the range of an implanted 

ion in the solid by consideration of the two primary effects of energy 

loss. 

At low kinetic energies, nuclear collisions become the dominant 

energy loss mechanism for implanted ions. To account for collisions 

other than single on-line collisions, a potential function must be cho-

sen to account for off-axis co11sions. LSS theory uses a screened 

Coulomb potential with a Thomas-Fermi function being the screening func-

tion: 

V(r) r 
a 

where ~TF is the Thomas-Fermi screening function: 

r 
a 

1- r 
a 

9-6 

9-7 



267 

and a, defined as the particle size, is 

9-8 

VCr) potential between atoms on a collision course 

Z1 atomic number of projectile ion 

Z2 atomic number of target atom 

e electronic charge 

r distance between nuclear centers 

a effective particle size 

a o Bohr radius. 

The use of a simple screening function such as the Thomas-Fermi function 

does not take into account the detailed electronic structure of either 

atom and it also overestimates the potential for large ions. Therefore, 

for larger ions, LSS predictions for ion ranges will be in error. 

The actual cross sections for nuclear scattering is calculated with 

the use of dimensionless energy and range parameters, as defined below 

for practical units of implantation energy in keV and range in ~g/cm2: 

9-9 

p 
9-10 

9-11 

where E dimensionless energy parameter 



p 

M2 

E 

R 

(de: /dp )nu 

a 

dimensionless range parameter 

mass of projectile ion 

mass of target atom 

implant energy (keV) 

range (~g/cm2) (To obtain the range in units 
of length, this term must be divided by the 
density of the solid 

energy loss due to nuclear scattering 

nuclear scattering cross section 
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Values of e:/E and p/R have been tabulated for several ion-target com

binations (229,230). The universal curve of de:/dp vs e: 1/ 2 also reveals 

that the e: value for which de:/dp is a maximum occurs at e: 1 = 1/3 and 

where the energy loss from electron excitation becomes equivalent to 

nuclear scattering occurs at e: 2 = 3e:. 

Because of the complexity and variety of the electronic struc-

tures of solids, there is no comparable universal curve for electronic 

excitation. LSS theory proposes a rather complex, albeit approximate 

relationship between electronic energy loss and ion energy as: 

(de:/dp)e1 ke: 1/2 9-12 

where 

9-13 

This equation predicts that electronic energy loss is directly prop or-

tiona1 to the square root of implant energy, with the proportionality 

constant being a function of each ion-target combination. Again 
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tabulation of k values for various ion-target combinations are available 

(228,230). 

To calculate the projected experimental range, one may calculate c, 

p and k for the specific ion-target combination used, convert to E and 

x, and use the equation: 

where Rt 1 ota 

Rt a t al = 10 

-,;r;-r.,-..;:cdE __ -
(dE/dx) 1 a tota 

total ion range 

implant energy 

(dE/dx)total = (dE/dx)nu + (dE/dx)el 

9-14 

To compare this value with the experimental results, one needs the pro-

jected range, Rp which is defined as that range which is perpendicular 

to the surface plane. Several empirical equations and numerical methods 

have been developed to calculate this projected range. The quantities c 

+ P for many ion-target combinations have been calculated and tabulated 

(229,230). Alternatively, one may use several approximate empirical 

relationships: 

for c < 0.1 ~ '" C 
M2 (Z l l/3 + Z22/3)E 2/3 

Ml M2 Zl Z2 

for 0.1 " 100 (Z1 2/ 3 + Z22/3)1/2 
2122 

a correction function that changes for each mass 
combination 

Cl(M2/Ml) = a different correction function 

9-15 

9-16 

Both C(M2/Ml) and Cl(M2/Ml) have been plotted as a function of M2/Ml and 
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are readily available (229,230). For compounds and alloys, the pro-

jected range can be calculated in an analogous fashion by using the 

average projected range for each element separately, weighted to the 

atomic fraction of each. 

Radiation damage is primarily caused by displacement of atoms 

from their equilibrium positions. The amount of damage depends on the 

energy and flux of the ion beam as well as the target matrix. If an 

impinging ion imparts an energy ED greater than the bonding energy of 

the target atom, displacement will occur. If the energy is greater than 

2ED, then a cascade of collisions may occur which may reach areas of the 

solid much further away from the implanted area. A detailed analysis of 

the damage created by the ion implantation depends on the detailed 

structure and concentration and type of defects present in the solid 

target. However, some general statements can be made. Monte Carlo 

simulations of implant damage (232) have shown that the region of maxi

mum atomic displacements is closer to the surface than the region of 

maximum implanted ion concentration (RD < Rp). Also as the ratio of 

M2/Ml decreases, the damage profile broadens; a heavier ion distributes 

its energy over a much broader range than a lighter ion. Finally 

although there is a great deal of defect structure that has been 

observed and a larger nuwber proposed, most of the defects that remain 

after thermal annealing, either at room or elevated temperatures, of an 

implanted substrate are simple vacancies, since the enthalpy of for

mation for the other defects are too high to exist thermodynamically at 

room temperature for a solid at equilibrium. Whether or not a solid 
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attains equilibrium at room temperature depends on the substrate, but 

amorphous materials will attain equilibrium faster than crystalline 

materials. 

Glass Structure and Properties 

A two-dimensional representation of crystalline Si02, Si02 glass 

and Na20.3Si02 glass are compared in Figure 9-2. Si02 consists of Si04 

tetrahedra which are linked with each other by oxygen bridges; each Si 

atom is surrounded by 4 oxygen atoms each of which is in turn surrounded 

by 8 Si atoms. Quartz Si04 tetrahedra arrange themselves in a perfect 

hexagonal lattice, but vitreous Si02 does not have this long-range 

order. In the case of inclusion of an alkali salt into the Si04 lat-

tice, some of the Si-o bonds are broken, creating electronegative sites 

for the alkali ions to attach to. Alkali ions are classified as network 

modifiers for this reason and generally have the coordination number of 

6 (233,234). 

The modification of certain glass properties can be done by 

increasing the relative concentration of the network modifiers in the 

fusion melt. In general, higher concentrations of alkali oxides cause 

lower viscosities, lower temperatures of fusion, and higher electrical 

conductivities. These changes can be explained by the structure theory 

of network expansion and ionic sites for ionic conductivity. It has 

been shown that the structural integrity and susceptibility to devitri

fication changes dramatically with the addition of less than 1% of 

alkali oxide as the network modifier (234). The random network model of 
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Figure 9-2. Two Dimensional Structures of Quartz, Silica Glass and 
Sodium Trisilicate Glass. 
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alkali oxides in silica, as shown in Figure 9-2, has been questioned by 

some researchers whose results show more fluctuation in concentration of 

alkali ions than would be expected for a random distribution (235). 

Experimental 

Simple model materials were used in this initial study. The 

three materials chosen were polished, single crystal silicon, silica 

glass, Si02, and sodium trisilicate glass, Na20. 3Si02. Potassium was 

implanted into the three samples by an Accelerators, Inc. 300kV Acce

lerator using a plasma source and K2C03 as the potassium source. The 

implantation energy was 45keV to give a profile approximately 500A below 

the surface. The ion current fluctuated between 0.5lJA - 3.0lJA because 

of instability of the plasma, with an average of 1.5lJA. The total 

number of counts detected were recorded and converted to total ion flux. 

The following ion fluxes were calculated for Si (3.5 x 10 16 K+Jcm2 ), 

Si02 (4.0 x 1016 K+Jcm2 and Na20.3Si02 (3.0 x 1016 K+Jcm2 ). 

The Rutherford Backscattering experiment was conducted with a 

2.8MeV 4He ion beam from a tandem Van de Graaff accelerator at Sandia 

National Laboratories impinging at an angle of 55° to the surface nor

mal. The surface barrier detector was located at 10° off the surface 

plane; the backscattering angle was 155°. Using standard values for the 

kinematic factors, stopping cross sections and the scattering cross sec

tions, the energy axis of the RBS spectra was calibrated in Angstroms 

and the scattered ion counts axis was calibrated to concentration (47). 

The surface energy approximation was used because the implants were 

shallow. 
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AES was conducted with an incident electron beam of 2.0 keV and a 

current of 200nA (nominal beam diameter was less than 0.1mm). The data 

manipulation was as explained previously. Ion sputtering/depth pro

filing of the samples was done with an ion gun mounted in the AES 

chamber. The Ar+ ions were accelerated to 2kV with an emission current 

of 25mA in a background Ar pressure of 3 x 10-5 Torr. The incident 

current ion density was ca. 5-50~A/cm2. Sputtering rates for all three 

samples were calibrated using the K implant maximum indicated in the RBS 

data, subject to the conditions outlined in the Results section. 

Results 

Rutherford Backscattering Spectra 

The RBS spectra for Si, Si02 and Na20.3Si02 are shown in Figures 

9-3, 9-5 and 9-7. The calculated depth and concentration scales for 

each element are shown at the top and right repectively. A blow-up of 

the K-implant region is also shown. Figures 9-4, 9-6 and 9-8 illustrate 

the RES spectra of the unimplanted substrates. 

A nearly Gaussian K-implant (Figure 9-3) was revealed for silicon 

metal, as expected for a high mass ion impinging on low mass target 

atoms. The silicon surface edge was diffuse compared to unimplanted Si 

(Figure 9-4), reflecting the damage caused by the implantation ions. The 

RBS spectrum of unimplanted Si revealed a small silicon surface peak 

because of ion channelling. There was also oxygen present in the RBS 

spectrum for K-implanted Si where none was seen for unimplanted Si. The 

silicon surface edge of silica (Figure 9-5) showed a dip in 
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concentration before reaching the bulk concentration. This dip occurred 

at c.a. 100-300A deeper in the solid than the K-implant maximum, and the 

amount of depletion was roughly equal to the maximum in concentration of 

the K implant. This behavior was not seen in the unimplanted silica 

(Figure 9-6) or the K-implanted sodium trisilicate RBS spectra (Figure 

9-7). The effect of the implant in sodium trisilicate was seen rather 

in the Na surface edge, where a nearly complete depletion of Na took 

place at c.a. 100-300A more shallow than the bulk K-implant maximum. 

Also noted was the fact that the Na concentration did not reach its bulk 

value until well beyond the implant (c.a. 1200A). This depletion of Na 

atoms from the near-surface region was also detected in the RBS spectrum 

of unimplanted sodium trisilicate (Figure 9-8). 

The silica and sodium trisilicate glasses revealed a remarkably 

different K-implant profile, highlighted by two maxima -- the first at 

the surface and the other at ca. 700A below the surface. The total 

potassium ion ranges in Si, Si02 and Na20.3Si02 are predicted by LSS 

theory (Equation 9-16, E = 0.6) to be 560A, 720A and 790A respectively. 

A simple correction was applied to the total ion range of K in Si by 

(240) which agreed favorably with the experimental range in the RBS data 

(Figure 9-3). Corrections were not applied for K in Si02 and Na20.3Si02 

because the total ion ranges for K in these materials agreed reasonably 

well with the experimental measurements, implying that the corrections 

would be small in these cases. If it is assumed that the implant pro

file is originally Gaussian in shape (229,23-), the width of the implant 

can also be calculated from LSS theory. For an elemental substrate such 
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as Si metal, a simple expression is given by Mayer, Eriksson and Davies 

(230). For compounds such as Si02, an approximation for the energy 

straggling can be made using the calculated values of energy straggling 

in the components of the compound (Si and 02). For this calculation, 

the estimation by Schiott was used as by Townsend, Kelly and Hartley 

(229). This approach has been successfully applied to Al203 (237). 

These estimates of the expected implant profiles of K in silica and 

sodium trisilicate provided a means with which to estimate the percen

tage of diffusion to the surface. If a Gaussian implant is assumed for 

silica and sodium trisilicate with the above characteristics and an asy

metric Gaussian is assumed for the surface potassium, the percentage of 

surface-diffused K in silica was estimated to h~ ca. 40% of the total, 

while for sodium trisilicate, the amount diffused was estimated at ca. 

60%. It should also be noted that, in the case of K-implanted silica, 

the integrated K-implant peak area (2.6 x 1016 K/cm2 ) was substantially 

lower than the integrated implant ion density impinging on the target (4 

x 1016 K/cm2) (see discussion below). In the other two cases, both 

parameters agreed with each other within experimental error. 

Auger Electron Spectra 

The Auger spectra of K-implanted Si, Si02, Na20.3Si02 are shown 

in Figures 9-9, 9-10 and 9-11 respectively. Figure 9-9 shows the 

Si(LVV), the K(LMM) and C(KLL), and the O(KLL) regions of the spectra 

for three different points of the ion beam depth profile of Si. Figure 

9-10 shows the surface region of K-implanted silica and Figure 9-11 
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shows a typical bulk spectrum from sodium trisilicate. Three major 

observations were made from the AES results. 1.) In the subsurface 

regions of Si metal, a noticeable change in the Si(L2 3VV) lineshapes , 
were accompanied by an increase in the O(KLL) signal concomitant with an 

increase in the K(LMM) signal intensity. This is illustrated in Figure 

9-9 as the depth profile proceeds from the surface (a) through the K 

implant (b) to the bulk silicon (c). 2.) A large amount of potassium 

accumulated on the silica surface (Figure 9-9). This potassium AES 

signal was the largest for potassium on any of the samples. 3.) There 

was a large depletion of all alkali ions from the sodium trisilicate 

glass as seen from the Auger spectra for both surface and bulk. 

Potassium was barely detected in all instances while sodium was not 

detected at all. 

The K(LMM) spectra overlapped the C(KVV) transitions. Sputtering 

reduced the amount of adventitious carbon for each surface but did not 

remove it entirely. To get a peak area measurement of potassium, it was 

necessary to subtract the C(KLL) lineshape from each spectrum. The 

lineshape that was used for subtraction was a one-peak asymmetric 

Gaussian distribution calculated to fit the C(KLL) transition in the 

reference materials (eg., pure silicon without the K-implant). The 

smooth reference C(KLL) spectrum was then scaled and energy shifted to 

align with the C(KLL) peak maximum in the ion-implanted AES spectr~. T~e 

original corrected K(LMM) spectrum before and after the subtraction is 

illustrated in all of the K(LMM) spectra in Figures 9-9, 9-10 and 9-11. 

The treated spectra were over-corrected for C at the low end of the 
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energy region (probably because the implantation altered the low energy 

features of the carbon lineshape relative to C in pure Si). The base

line however was adjusted to reflect that change and a peak area 

measurement was made from the remaining potassium peak. 

The Auger/depth profiles were calculated and appear in Figures 

9-12, 9-13 and 9-14 for the three materials. Without reference to the 

actual concentrations, several features can be seen in these depth pro

files. For the silicon sample it can be seen that the surface is oxygen 

rich as might be expected for any silicon surface. The oxygen level 

drops in the subsurface region and then rises again along with the 

increase in potassium level (consistent with lineshapes above). In the 

silica sample, the enhancement of potassium at the surface is confirmed 

in the depth profile. In the silicate sample, the potassium level was 

so low as to make concentration determination very difficult. Obser-

vation of the expected subsurface concentration of potassium was barely 

possible. These differences between the AES and RBS profiles have impor

tant implications for the quantitation of composition by AES/depth pro

filing in these materials. 

Quantitation of Surface Concentrations 

It can be assumed that the oxygen-to-silicon ratio observed in 

the RBS spectra of the silica is very near that expected for Si02, 

whether potassium had been implanted or not. As a test of. our quan-

titation procedures for AES, the RBS spectra can be used as a standar

dizing procedure which does not alter the composition of the samples. 
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The relative atomic ratios of silicon and oxygen were calculated 

according to the following expression (developed in Chapter 7: 

NSi lSi ° 0 Ao l+Ro Eo Mo 9-17 

No ~ °Si ASi l+RSi ESi MSi 

where I = the peak area of the AES signal, C1 is the ionization cross 

section for that Auger transition, A is the mean electron escape depth 

for an electron at that kinetic energy, l+R is equal to the backscatter 

prQbability, E is the energy transmission correction for the CMA and M 

is the electron multiplier gain at the Auger kinetic energy. As shown 

previously, the AES SilO ratio was computed from the calculations of 

cross sections, escape depths and backscattering factors in the litera-

ture (188,198,204). Electron escape depths were computed from the for-

malisms of Penn (204), backscattering factors from the formalisms of 

lchimura, et al (198), and ionization cross sections from the formalisms 

of Gryzinski (188). Calculated values of these parameters for silicon, 

oxygen and potassium were determined and appear in Table 9-1. These 

values lead to a determination from Equation 9-17 of NSi/NO = 0.25, 

exactly half that expected. 

The cross section calculations of Gryzinski have come under scru-

tiny by Vrakking and Meyer (189) who maintain that the energy depen

dence of cross sections for the L2 3 level follow an E-1.56 dependence , 
rather than the E-2 (where E is the energy of the ionizing source) 

dependence seen for K-shell ionizations (188). The ionization cross 

sections for the Si L2 3 level determined in the gas phase by Vrakking , 
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Table 9-1. Calculated sensitivity factors 

AES transition aa l+R E M R.S.F.b 

Si(LVV) 37c 3.0A 1.48 71 1284 7e 
18d 

K(LMM) 8.6 6.0A 1.37 240 2021 34 

O(KLL) 1.0 10.1A 1.28 505 2099 14 

a x 1O-19 cm2 

bRelative Sensitivity Factor, for use in calculating atomic ratios only 
cCalculated according to Gryzinski (188). 
dCalculated according to Vrakking and Meyer (189). 
eCalculated using the cor.rected value for aSi. 
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and Meyer (189) and scaled by E-1.56 (to account for the 2 keV ioniza-

tion energies used in this study) yield the cross sections 0Si 1.8 x 

10-18 cm2 and 00 = 1.0 x 10-19 cm2 for the silicon and oxygen tran-

sitions. The oxygen cross section is virtually unchanged from the pre-

vious estimate. Using these new cross sections, the NSi/NO ratio was 

computed to be 0.48, which agrees very favorably with the RBS results 

and the expected stoichiometry. It might be argued that the energy 

range of the Si L2 3 electrons is such (70-100eV) that the material-, 

independent equations of Penn are suspect in their determination of 

escape depths. Use of the escape depth formalism of Seah and Dench 

(203) produced atomic ratios that were even more in error than the first 

attempts using Equation 9-17 above. While the escape depths of 

electrons at low kinetic energies are the least well known and 

understood, we found no reason to discard the use of Penn's formalisms 

for this energy region. Potential errors in backscattering factors were 

smaller than errors for the other terms and are likely to be made still 

smaller when the relative atomic ratios of silicon and oxygen are com-

puted. 

For purposes of computing the AES/depth profiles, sensitivity 

factors for Si and a were computed using the Si02 AES spectra discussed 

above and assuming that both the RBS and the AES data produced spectra 

reflective of the true SilO ratio without undue damage to the sample. 

The sensitivity factors for these elements are listed in Table 9-1. In 

the case of potassium, surface diHusion and electric-field enhanced 

diffusion processes (see below) preclu~ed the direct comparison of the 
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AES and RBS spectra. The sensitivity factor used for potassium was com-

puted using the formalisms described above. Since the Auger transition 

for potassium is in a higher kinetic energy region than for silicon, it 

is expected to be less subject to some of the problems referred to 

earlier. The sensitivity factor for K is also listed in Table 9-1. The 

resultant AES/depth profiles for Si, Si02 and Na20.3Si02 were calculated 

using these s.ensitivity factors (Figures 9-12, 9-13 and 9-14). The 

depth scale for these profiles was calculated by assuming that, in the 

case of the K-implant in Si, the maximum K concentration in the AES pro

files correlated with the maximum in the K concentration in the RBS 

data, whose depth was known with some confidence. Subsequent depth pro

files were scaled using the sputtering rates determined for the profile 

in Figure 9-12. 

In the case of the K-implant in Si the AES data agree substan

tially with the RBS results. The surface of the sample reflects some 

accumulation of potassium to which the RBS data is not sensitive. In 

t he subsurface region it is clear that the presence of the potassium 

correlates with the oxidation of the silicon. The origin of the oxygen 

is still not clear since the RBS data did not reveal such an accumula

tion. The scattering edge for oxygen however is at low energy and low 

concentrations are difficult to spatially resolve from the RBS spectrum. 

It should be noted that the minimum in the SilO profile at ca. 480A 

does not correspond directly to the region which showed an AES lineshape 

that reflected maximal oxidation of the silicon. These results suggest 

that some of the broadening of the Si(LVV) spectrum that was attributed 
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to oxide formation could also be due to some radiation damage and charge 

broadening. 

The AES and RBS depth profiles for Si02 are quite different in 

that the potassium profile seems to be concentrated entirely in the near 

surface region. No evidence for the subsurface maximum in concentration 

was observed. Consistent with the RBS data, the presence of high con

centrations of potassium in the near surface region coincides with the 

loss of silicon, leading us to speculate that the potassium is present 

principally as K20 in this region. It should also be noted that the 

potassium concentration is considerably less than that observed in the 

Si samples and expected from the RBS data. In the case of the silicate 

samples, the AES depth profiles do reveal potassium in the bulk as 

expected from the RBS data, however once again the K levels are con

siderably diminished with respect to the implanted levels and the RBS 

data. 

Discussion 

The silica and silicate glasses exhibited notable differences in 

their behavior to the K-implant. The AES depth profile revealed the 

complete diffusion of K to the surface, very little being present in the 

bulk and no implant maximum discernible. The Auger results may explain 

why the integrated RBS area of the K-implant in silica was lower than 

the integrated ion current indicated during the implantation. If the 

out-diffusion of K+ ions was occurring immediately following implan

tation, sputtering and loss of K could easily occur during RBS analysis 
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(238). RBS would also not be sensitive to the outermost layers of K in 

the profile. The silicate shows some K in the bulk and some at the sur

face. Also, no Na was observed. These observations can be explained by 

the fact that the sodium silicate glass has ion exchange sites available 

for the migration of K+ ions and Na+ ions through the silica tetrahedra 

(see Figure 9-2). Because K+ has a larger radius and a lower field 

strength, the migration of this ion is retarded compared to the migra

tion of the Na+ ion. The ion migration is enhanced by an electric field 

present because of either an electrochemical potential difference bet

ween two battery electrodes or because of an incident electron beam used 

to initiate the Auger process. Alkali ion migration under the presence 

of an electric field has been previously noted (239-245). Other 

researchers have noted the difficulty in observing alkali ions in 

glasses by AES and have attributed this phenomenon to electric field 

migration by the Lineweaver mechanism (246). This mechanism proposes 

that an electron beam impinging on a glass surface will cause some accu

mulated charge to deposit at some average depth below the surface. This 

electric field then causes the alkali ions to migrate away from the 

Auger sampling region. An alternative explanation is the buildup of a 

positive charge at the surface due to the inability of the bulk material 

to conduct electrons to the surface to replenish those electrons that 

have been ejected. In either case the electric field vector is the 

same. To avoid this problem, Pantano recommends alkali glass analysis 

at liquid nitrogen temperature and a minimal beam current (239,241). 

Minimal beam current was applied in this case but cooling of the 
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Therefore, the cooling of the substrate 

seems to be the most important step to avoid alkali ion migration. 

Pantano (239,241) has shown that the surfaces of alkali silicate 

glasses are enriched in tha alkali oxide and the subsurface (lOO-250A) 

is depleted of alkali ions. RBS of sodium trisilicate standards have 

confirmed this depletion of sodium in the near-surface region. Because 

RBS is not particularly sensitive to the first 100A, the accumulation of 

alkali atoms at the surface could not be confirmed. These results along 

with those of others (240,242-245) lead to a description of alkali ion 

migration in glasses which occurs to some extent at room temperature at 

the surf ace of the glass. This diffusion of alkali ions is enhanced 

dramatically by an impinging charged particle beam. The high energy 

(2.8MeV) He+ ion used in RBS does not produce as much diffusion as the 

much lower energy (2keV) electron beam or (2keV) argon ion beam used for 

the depth profile. In the case of silica, there are no broken Si-O bonds 

except for those caused by the implantation. During the annealing which 

occurs at room temperature, the Si-O bonds reform the Si04 network and 

the K ions are forced to the surface where they are readily coordinated 

by excess surface oxygen. These K ions do not show a tendency to 

migrate back through the silica, even under the driving force of an 

electric field because the ionic sites are no longer available. Glasses 

which already contain alkali ions show much greater diffusion rates, and 

it may be problematic to use these glasses in applications requiring 

uniformity of composition for long periods of time under high electric 

field strengths. 



CHAPTER 10 

CONCLUSION 

This chapter summarizes the results of this work and expands the 

discussion of its significance. Suggestions for future direction in 

these areas are included. The goal of this research was two-fold: 1) 

to examine the surfaces of lithium metal, lithium/silicon alloys and 

lithium salts to determine the surface chemistry of the initially ~

pared lithium interfaces in high energy density batteries, and 2) to 

develop further the quantitative AES techniques available and extend 

these techniques to lower kinetic energies. 

discussed below. 

Thermal Batteries 

Both of these areas are 

The response of Li( Si) alloys used in the Li (Si) /FeS 2 thermal 

battery system to atmospheric exposure and thermal shock was examined by 

AES and XPS in Chapter 1. It was discovered that the alloy surface was 

completely segregated with oxidized lithium completely covering the sur

face. A calculation using Somorjai's method of predicting alloy segre

gation (247) proves that the lithium migration was the result 0'£ the 

minimization of the surf ace free energy. Further experiments revealed 

that the lithium migration was enhanced by atmospheric exposure and 

heat. XPS analysis of atmosphere-exposed Li/Si alloys indicated the 

298 
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formation of Li2C03 and Li20. The migration of lithium to the surface 

is considered beneficial in the migration of reactive species to the 

anode/electrolyte interface but detrimental in the increased exchange 

reaction rate with KCI in the electrolyte producing potassium vapor. 

Dissolution of the oxidized lithium products from atmospheric exposure 

is presumed to increase the melting point of the electrolyte, thereby 

shortening the activated lifetime of the battery. The signif icance of 

Li-gas reaction in the performance of both thermal and ambient tem

perature batteries is discussed in a subsequent section. 

Electron Beam Damage 

Analysis of XPS spectra from lithium salts revealed beam damage 

caused by the escape of high-energy electrons from the X-ray source. 

The application of a thin polymer film to the Al window and an XPS 

spectrum of Li2C03 from an alternative X-ray source confirmed the source 

of damage as electrons from the X-ray source. Electron beam damage of 

Li2C03, Li2S04 and Li20 was monitored by AES and a beam damage threshold 

was calculated for each compound. The thresholds were then used to set 

the upper limit for electron beam exposure in further AES analyses. The 

mechanism of beam damage was reasonsed to be either a solid state reduc

tion of the anion by the electron beam induced reduction of Li + or a 

"coulombic explosion" initiated by an interatomic Auger transition, as 

proposed by Knotek and Feibelman for other ionic oxides (53). 

The susceptibility of lithium compounds to electron beam damage 

has important ramifications in the Auger analysis of lithium compounds. 
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the extent of beam damage incurred is directly related to the total 

coulombs of charge to which the sample is exposed. This is the product 

of time and beam current, both of which needs to be increased to improve 

the signal/noise ratio. As shown in Chapters 6 and 7, the SiN ratio 

precluded the use of the van Cittert routine for lineshape analysis and 

made the data analysis by the SIBS routine difficult. In order to 

improve the curve decomposition and quantitative reproducibility of the 

results in Chapter 7 and 8, an enhancement of the SiN was vital and yet 

impossible for the given instrumentation because of the beam damage 

threshold limitations. An improvement of the results presented in this 

dissertation can only corne about with either an improvement in the 

instrumental SIN or with the use of an X-ray source for XPS which does 

not release electrons of sufficient energy to damage those surfaces. 

Low Energy Auger Analysis 

Quantitative Auger analysis necessitates several simplifying 

assumptions, as shown by the complexity of Equation 7-5 and the accom-

panying discussions. Several factors affecting the quantitation are 

unknown, and therefore must be calculated theoretically. In addition, 

differences in instrument design and measurements of beam current, 

focusing, etc. among laboratories make experimental comparisons dif

ficult. The comparison of unknown spectra to that of standard compounds 

within the laboratory is useful only if the samples are similar. 

Despite these enormous difficulties, progress has been made in quan

titative AES (49,76). 
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The Auger analysis of lithium is made more difficult by the addi

tion of other considerations. The chemical reactivity of lithium 

precludes exposures to normal atmosphere during sample preparation and 

loading. Even in the UHV environment, clean lithium is sufficiently 

reactive to form a monolayer of product in fifteen minutes. Therefore, 

the Auger spectra of lithium is always time dependent. "Clean lithium" 

spectra should always be treated with caution. 

Like all insulators, lithium salts cause a charging of the Auger 

spectrum which shifts all transitions in energy. Because of the small 

size of the cations, ion migration can be induced by the charging 

electric field (see discussion below). Additionally, it was shown in 

Chapter 3 that lithium salts are easily damaged by the electron source, 

creating another time-dependent phenomenon. These changes in the 

spectrum can be avoided with minimal electron beam exposure and an 

ultra-clean UHV environment. However, a poor signal/noise ratio results 

from the combination of minimum primary beam current and low transition 

probability due to the small size of the lithium orbitals. 

A further instrumental consideration for the lithium transitions 

is their low kinetic energy. In the case of an electron multiplier 

operated in the D.C. mode, the amplification of the Auger current is 

dependent on the Auger energy. The change in amplification is greatest 

at the Li (KVV) energy. In the case of all analyzers, stray electric or 

magnetic fields affect the Li(KVV) electrons more than any other tran

sition. 
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This dissertation has presented improved techniques for the Auger 

analysis of lithium compounds. Exposures of clean metallic lithium to 

reactive atmospheric gases were minimized by the construction of an 

argon glove box and ultra high vacuum transfer system. Beam damage 

thresholds were calculated in Chapter 3. By exposing the lithium sur

face to fewer electrons than the beam damage threshold, 90% of the 

spectrum was indicative of undamaged lithium. The energy dependence of 

both the CMA and EM were investigated by two methods, both 'of which 

failed to yield the desired IRF over the entire spectral range 

(0-2000eV). An analytical expression was derived in Chapter 4, however, 

that corrected the Auger spectra for the analyzer distortions. A survey 

of several AES quantitation schemes was conducted in Chapter 5. As a 

result, the SIBS method was chosen to quantitate all Auger results. 

The lithium transitions of several lithium compounds were re

examined with the methods developed in Chapters 4 and 5. Because of the 

tremendous noise enhancement caused by the analyzer correction, a new 

background subtraction technique was introduced based on the algorithm 

of Marquardt (99). This method had the advantage of correcting for the 

analyzer distortions and the secondary background without noise enhan

cement. The technique did suffer from the lack of removal of the struc

tured low energy losses produced by the Li(KVV) electrons, but as shown 

in Chapter 8, the results were not severely distorted. 

Lithium Surface Chemistry 

The Auger analysis of lithium compounds revealed that only Li20 

and possibly LiOH were stable in UHV under an electron beam. The Lila 
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ratios of LiOH indicated a nearly fully-oxidized surface of Li20. Li3N 

and LiB also revealed Li(KVV) Auger spectra which resembled Li20. The 

complete absence of nitrogen in the Auger spectrum of Li3N and the 

severe charging of the LiH spectra was noted as possible indications of 

the existence of these compounds on unknown lithium surfaces. The 

spectra of Li2S04 and Li2C03 were unique in that the Li Auger intensity 

was diminished by the coverage of the bulky anions or by the decrease in 

the interatomic transition probability. Only after beam dama~e occurred 

did a spectrum appear resembling that of the other lithium salts. 

The reaction of clean lithium and oxygen produced lithium oxide. 

The Li/O ratio of the product indicated an enhancement of oxygen 

possibly due to a surface roughness effect. Lithium and water reacted 

in a two-step process. The first process was the formation of lithium

water clusters, as according to McLean et ale (217). This resulted in a 

coverage at the same total exposure times as oxygen. The second process 

was the apparent formation of LiOH and LiOH-H20, which acted to expand 

the product lattice exposing fresh lithium. This reaction was not 

observed to reach a limiting value. The lithium and carbon dioxide pro

duced a product at a slower rate than Li + 02 or Li + H20. The products 

of this reaction was tentatively established to be hydrocarbons and Li20 

which may slowly convert further to Li2C03. The C(KLL) Auger spectrum 

did not resemble carbide Auger spectra, although the AES spectrum of 

Li2C2 has never been reported. 
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AES and RBS 

The alternative quantitation technique of RBS was applied to 

potassium-implated silicon and silicon based glasses. The combination 

of RBS and AES revealed a discrepancy in the atomic silO ratios of Si02. 

This discrepancy was resolved by recalculating the Si L2 3 ionization , 
cross sections according to published experimental results (189). These 

results illustrated the collaborative results available from RBS which 

could be used to validate quantitative AES results. Some insight into 

alkali metal-glass corrosion was gained by observing the ionic migration 

in glasses in Chapter 7. These results indicated that the migration of 

alkali ions through the glass matrix was an important factor in propa-

gating the corrosion reaction. 

The Consequences of Li-Gas Reactions in Lithium Batteries 

The comparisons of the absorption isotherms p~esented in Chapter 

8 revealed that the coverage of oxygen on lithium is similar for both 02 

and H20 exposures during the first 3L. Therefore, it is deduced that in 

a normal atmosphere, a cleaved surface of lithium will react with both 

H20 and 02, which C02 and N2 will not absorb to the same extent. Based 

on the results of McLean (217), the water is initially expected to exist 

as chemisorbed water while the 02 will convert to Li20. Because of the 

continued propagation of the Li + H20 reaction through the Li solid, the 

cleaved Li is expected to become completely oxidized. This f act has 

necessitated the construction of "dry rooms" for battery assembly (216). 

These rooms keep only the H20 content low and does not affect the com-

position of the remaining atmosphere. 
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Based on the results of Chapter 8 and the construction of water-

free environments for battery assembly, the formation ~ Li20 from the 

reaction of Li and 02 is considered the dominant film on Li prior to 

battery construction. The RBS results from Chapter 1 for porous, rough 

Li(Si) alloy indicates this thickness may reach 1000A. On a smooth sur

f ace this thickness is likely to be less than 100A. It is this layer 

that passivates the lithium surface from further oxidative attack. 

To examine the possible effect of the passive layer on the 

electrochemical behavior of the Li/S02 battery system as an example, the 

Fehlner-Mott theory of oxidation must be re-introduced. Steps 1, 2 and 

3 in Figure 10-1 represent the steps of the Li + 02 reaction. The first 

step involves the chemisorption of oxygen molecules which involves 

electron transfer from the electropositive lithium to the electronega-

tive oxygen. This initial step is also a dissociative step leaving 

oxide anions on the surface. Although several monolayers can be pro-

duced by the equally fast place exchange mechanisms, the Fehlner-Mott 

model states that the further propagation of the oxide film is dependent 

on Li+ migration to the surface. This is accomplished with the 

assistance of an electric field gradient established by the separation 

of charge produced by the electron transfer (Fig. 10-1, Step 2). As the 

oxide growth continues, the distance between the charges becomes 

greater. Hence, the electric field weakens and the Li+ migration to the 

surface is halted (Fig. 10-1, Step 3). 

It is worthwhile at this point to consider the properties of this 

passive film from the standpoint of previous work on mechanisms of 
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passivation. Previous studies of forced corrosion through potentiostatic 

means have revealed changes in the corrosion current as a function of 

potential (Fig. 10-2) (248). These experiments along with light-

scattering results indicate that the passive film is electronically ~

ductive, thereby decreasing its resistance and decreasing the electric 

field strength which then prevents cationic migration. These two pro

perties of electronic mobility with retarded cationic mobility are cru

cial to the behavior of the lithium anode in contact with S02. 

When this passive layer is in contact with S02 in an acetonitrile 

solution, it has been shown to form Li2S204 (76). This indicates that 

the passive Li20 layer is still reactive to S02. We postulate that 

since S02 is a stronger oxidizing agent than 02 this reaction will 

proceed on the "passive" surface. Because electron transfer is still 

facile, more negative charge is built up on the Li20 surface (Fig. 10-1, 

Step 4). Now the electric field is strengthened, allowing Li+ migration 

once again. This reaction would likely be slowed or halted, however, 

when the buildup of the dithionite layer diminishes the electric field 

as before (Fig. 10-1, Step 5). It is this structure that we propose to 

exist on the anode surface prior to discharge in the Li/S02 battery. 

Upon applying a load to the Li/S02 battery, it has been noted 

that the voltage drops suddenly and then slowly rises to a steady state 

voltage (the voltage delay phenomenon mentioned in Chapter 1). The 

reason for this voltage delay is considered by examining Step 6 of 

Figure 10-1. Electrons can be drawn out of the anode through the load 

resistance into the cathode. For this electrochemical reaction to 
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Figure 10-2. Schematic of Induced Corrosion Current Density Against 
Applied Potential. 
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proceed, Li+ migration to the surface and into the electrolyte must 

occur at a rate which is fast enough to support the current requireq by 

the load. But, Li+ migration may not be facile because of the formation 

of the Li20/Li2S204 film. Therefore, some of the battery cell voltage 

is used across the resistive film to force Li+ migration into the 

electrolyte and dissolve the film. 

From this model, one can conclude that the delay time of the 

voltage delay is related to the thickness of the passive film as well as 

the load current. This conclusion points to the need for further 

characterization of the surface film on Li in combination with 

electrochemical techniques to ascertain more precisely the exact mecha

nism of and, consequently, the remedy for the voltage delay phenomenon. 

With the techniques presented in this dissertation for the AES analyses 

of lithium surfaces and the preliminary results of some simple Li-gas 

reactions, further studies of the voltage delay phenomenon and the 

passivation reaction with Li will be more amenable. 

Suggestions for future work 

Further analysis of the energy dependence of the CNA/EN sen

sitivity in the region of 0-250eV is essential for continued success of 

Auger quantitation. It is recommended that other, more stable alloys or 

compounds with Auger transitions less than 250eV be studied to broaden 

the data base beyound the two metals studied here (Li and Si). An 

alternative solution would be the use of a collaborative technique such 

as RBS or another Auger or XPS analysis conducted on an instrument with 
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ei ther no energy-dependent analyzer or one whose energy dependence is 

known and different from the CMA. 

A further refinement of lithium (and other active metals) 

handling capabilities are necessary for advanced lithium Auger analysis. 

The compounds examined here were reactive even with the precautions of 

the argon glove box and the UHV'""TS. To study more reactive compounds 

such as LiH or Li3N, it may be necessary to synthesize the active metal 

compound in vacuum just prior to Auger or XPS analysis. Following these 

results, comfirmation of the compound could be derived independently by 

X-ray crystallography, RBS or chemical analysis. The kinetics of the 

lithium reactions with 02, H20 and C02 can be studied using Nebesny's 

methods or Burrell's methods (76,49) and may provide useful information 

about the energetics of reaction, especially on surfaces already par

tially passinated. Cleaner, more crystalline lithium could be prepared 

by vacuum sublimation of Li from a tantalum boat. In'this way, the pro

bable contribution from contaminant sodium would be reduced. 

The key direction that must be followed, is to examine the reac

tivity of oxidized lithium surfaces, where the oxide layer thickness is 

controlled. Electrochemistry at active metal interfaces does not 

involve the atomically clean surface. In order to understand the inter

face that does exist, one must start with the clean surface, building a 

contaminant layer of controlled composition (in UHV), followed by immer

sion into the electrochemical environment, without leaving the vacuum 

chamber. This dissertation has pointed the way for these studies and 

provided much of the quantitation methodology necessary for the charac

terization of these active metal surfaces. 
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FORTRAN LISTING OF AUGER DATA SYNTHESIS 
ROUTINE SYNAES 
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The following pages list the FORTRAN program used to synthesize 

all of the Auger data used to compare the data correction schemes in 

Chapters 5 and 6. The listing includes explanatory remarks on the 

variables and specific calculations. 
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PROCRAM SYNAES 
C *************************************************************** 
C 
C This pr09ram is desi9ned to calculate up to 20 Gaussian 
C peaKs and convolute them with impulse functions that represent 
C discreet losses or featureless losses. Modification due to 
C instrumental broadening and the energy response of the detector 
C can be included. An overall secondary cascade from the primary 
C beam can also be added. Noise of a specific SIN ratio can 
C be introduced as the last step. Each modification can be 
C calculated separately, plotted and put on disK. 
C 
C Explicit data type statements section. 
C 
C *************************************************************** 

COMMON FNAME 
COMMON IFILE/IKE,FKE,DE,NP 
DOUBLE PRECISION DE 
REAL IKE,LFWHM,~FACT 
VIRTUAL EV(2000I,COUNTS(2000I,TEMPY(2000I,CON(20001 
BYTE YES,ANS,ESC,FNAME(161 
DIMENSION EO(201,PKMAX(20I,LFWHM(201,RFWHM(20I,AREA(20I,CFACT(20) 
DIMENSION E~OSS(20I,F~OSS(201 
DATA YES,ESC/'Y',271 

C ************************************************************** 
C 
C Clear screen and introduce program. 
C CREATE is a subroutine which defines the energy window 
C of the new file. It includes the subroutine CHECK which 
C checKs your disK for a duplicate of the filename you 
C heve requested. 
C 
C *************'~*4*************************.******************** 

TYPE 10,ESC 
10 FORMAT ('+',A1,'[2J',Al, '[24B') 

TYP!:: 20,ESC 
20 FORMAT (9X,A1, '13', 'AUGER SYNTHESIS PROGRAM') 

TYPE 30,ESC 
30 FORMAT (9X,A1, '14', 'AUGER SYNTHESIS PROGRAM') 

TYPE -JO,ESC,ESC 
40 FORMAT (/14X,A1, '[7m', 'VERSION 2',8X, '~AST UPDATE 4/84',8X 

I, 'BRAD BURROW', A I, ' [ Om' ) 
TYPE ~O 

50 FORMAT (111131X, 'PROGRAM CAPABILITIES') 
TYPE 60 

60 FORMAT (/7X,10('-'),' CREATE UP TO 20 GAUSSIAN OR LORENTZIAN 
1 PEAKS ',10 ( , -' ) ) 
TYPE 70 

70 FORMAT (7X,16('-'),' CONVOLUTE A PLASMON LOSS FUNCTION' 
1,1~('-'» 

TYPE 80 
80 FORMAT (7X, 17('-'),' CONVOLUTE A BACKGROUND FUNCTION 

1,16('-')1 
TYPE 100 

100 FORMAT (7X,-J('-'),' MULTIPLY BY APPROPRIATE ANALYZER GAIN 
1 FUNCT IONS (E OR M 1 ',4 ( , - ' 1 ) 
TYPE 110 



110 

112 
115 
120 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
125 

130 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

140 
1~0 

C 
C 

FORMAT (7X,6('-'),' ADD OVERALL SECONDARY CAS~ADE FROM 
1 PRIMARY ELECTRONS ',6('-'» 
TYPE 11~ 
FORMAT (11,lX, 'DEFINE ENERGY WINDOW FOR DATA FILE') 
CALL CREATE 
********.*.* •• ** ••• * •••• ** ••••• ** •• ***.*.********.*********.* 

Set up eV array and zero TEMPY array. 

VARIABLES, NPKS 
IKE 
FKE 
DE 
NP 
EV 
TEMPY 
COUNTS 

m NO. OF PEAKS IN FILE 
c INITIAL eV OF DATA FILE 
.. FINAL eV OF DATA FILE 
m DELTA eV OF DATA FILE 
a NO. OF POINTS IN FILE 
c eV ARRAY 
.. TEMPORARY COUNTS ARRAY 
c COUNTS ARRAY 

****.********************** •••• *****.************.*********** 
NPKSa:O 
EV(l)·IKE 
TEMPY(l)·O. 
DO 130 I-2,NP 
EV(I)·IKE+(I-l)*DE 
TEMPY(I)mO. 
*********.*.**************.****.******.********************** 

Calculate Qaussian peaKs. 

VARIABLES: EO 
PKMAX 
LFWHM 
RFWHM 
LFACT 
RFACT 
GFACT 

.. PEAK ENERGY ARRAY 
= PEAK MAXIMUM ARRAY 
.. LEFT FULL WIDTH AT HALF MAX. ARRAY 
• RIGHT FULL WIDTH AT HALF MAX. ARRAY 
= 2In(1/4) 1 LFWHM(SQUARED) 
.. 2In(1/4) 1 RFWHM(SQUARED) 
= GAUSSIAN FRACTION (GFACT a: 1 FOR PURE 

GAUSSIAN; • 0 FOR PURE LORENTZ IAN) 

**.***.****.****.****.************* •• **** •• *****.************ 
TYPE 1~0 
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FORMAT c112X, ,------------ GAUSSIAN PEAK SECTION ------------') 
TYPE +,' DEFINE YOUR PEAK I , 
NPKS-NPKS+l 
TYPE *,' PEAK POSITION IN eV?' 
ACCEPT +,EO(NPKS) 
TYPE +,' PEAK HEIGHT IN COUNTS?' 
ACCEPT +,PKMAX(NPKS) 
TYPE .,' LEFT FULL WIDTH AT HALF MAX., IN eV?' 
ACCEPT .,LFWHM(NPKS) 
TYPE .,' RIGHT FULL WIDTH AT HALF MAX., IN eV?' 
ACCEPT +,RFWHM(NPKS) 
TYPE .,' INPUT GAUSSIAN FACTOR (0 - I)' 
ACCEPT +,GFACTINPKS) 
LFACT - -2.772~89/LFWHMINPKS)**2. 
RFACT • -2.772~89/RFWHMINPKS) •• 2. 

If only Lorentzian character required, sKip this section. 



C 
IF (CFACT(NPKS) .EQ. O. )CO TO 1000 
DO 170 I=l,NP 
IF (EV(I) .CT. EO(NPKS»CO TO 160 
TEMPY(I)-TEMPY(I)+CFACT(NPKS)*PKMAX(NPKS)*EXP(LFACT* 
1 (EV(I)-EO(NPKS»**2.) 
CO TO 170 

160 TEMPY(])=TEMPY(I)+CFACT(NPKS)*PKMAX(NPI:S)*EXP(RFACT* 
1 (EV(I)-EO(NPKS»**2.) 

170 CONTINUE 
C 
C If additional Lorentzian character required, go to Lorentzian 
C calculations. 
C 

IF (CFACT(NPKS) .LT. 1. )CO TO 1000 
180 TYPE .,' MORE PEAKS?' 

ACCEPT 190,ANS 
190 FORMAT (AI) 

IF (ANS .EQ. YES)CO TO 150 
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C *******.***.**********************.** •••• * ••••• *****.*** •••••• * 
C 
C Review data for copying by operator. 
C Also calculate overall maximum and minimum and peaK areas. 
C 
C VARIABLES: AREAL = PEAK AREA OF LEFT SIDE OF PEAK 
C AREAR • PEAK AREA OF RICHT SIDE (FOR ASYMMETRY) 
C AREA = PEAK AREA ARRAY 
C YMIN - MINIMUM OF COUNTS IN DATA 
C YMAX = MAXIMUM OF COUNTS IN DATA 
C CF = ~ CAUSSIAN 
C CONSTANTS: 1.064467· 0.5 * ([PIl/(-ln(1/2») ** 1/2 
C (FOR CAUSSIAN AREAS) 
C 1.~70796 = O.~ * [PI] (FOR LORENTZIAN AREAS) 
C 
C ************************.**********.************************** 

TYPE 200 
200 FORMAT (/2X, 'YOUR DATA FILE CONTAINS ',I3,IX, 'PEAKS. ') 

C 

TYPE *,' PK NO. PK.ENERGY PK. HT. LFWHM RFWHM 
1 PK.AREA ~C' 

DO 210 I-l,NPKS 
CF-I00. * CFACT(I) 

C Calculate peaK areas by calculating each half first (in case 
C of asymmetry), then summing the two for total area. In case 
C of a mixture of Gaussian and Lorentzian, use the CFACT to 
C weight the ar~as. 

·C 

AREAL = O.~ * (GFACT(I) • 1.064467 • PKMAX(I) * LFWHM(I) + 
1 (1 - CFACT(I» • 1.~70796 • PKMAX(I) * LFWHM(I» 
AREAR • O.~ • (CFACT(I) • 1.064467 • PKMAX(I) * RFWHM(I) + 
1 (1 - CFACT(I» * 1.~70796 * PKMAX(I) • RFWHM(I» 
AREA(I)-AREAL + AREAR 

210 TYPE 220,I,EO(I),PKMAX(I),LFWHM(I),RFWHM(I),AREA(I),CF 
220 FORMAT (/3X,I3,7X,FI0.3,2X,3(FI0.3),2X,F10.3,F7.1) 

YMAX-TEMPY(I) 
YMIN=YMAX 
DO 230 I=2,NP 
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IF (TEMPY(II .CT. YMAXIYMAX=TEMPY(I: 
230 IF (TEMPY(II .LT. YMINIYMIN=TEMPY(II 

TYPE ., . MIN. CTS. IN DATA = ., YMIN 
TYPE .,' MAX. CTS. IN DATA = ',YMAX 

C 
C OUT .ub~outine al lows output to the VTl2S terminal, the HP7470A 
C plotter or floppy disK. 
C 

c 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
245 
247 

250 

260 

270 

280 

C 
C 
C 

·C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

CALL OUT(IOK,NP,EV,TEMPY,COUNTS) 
IF (10K .EQ. O)CO TO 125 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
DISCRETE LOSS CONVOLUTION SECTION 

Input number of 1055 peaKs, their eneroy value and relative 
intenisty. 

VARIABLES: NLOSS 
ELOSS 
FLOSS 

= NO. OF LOSS PEAKS (MAX. 20) 
= eV LOSS VALUE ARRAY 
= FRACTION OF MAIN PK. INTENSITY ARRAY 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
TYPE 247 
FORMAT (1/2X, 'CONVOLUTE QUANTIZED LOSSES?') 
ACCEPT 190,ANS 
IF (ANS .NE. YES)CO TO 400 
TYPE .,. HOW MANY LOSS PEAKS (20 MAX)?' 
ACCEPT ',NLOSS 
IF (NLOSS .CT. 20)CO TO 250 
DO 260 I-l,NLOSS 
TYPE ., 'HOW MANY eV LOSS FOR LOSS PEAK NO. ',1 
ACCEPT .,ELOSS(I) 
TYPE .,' WHAT FRACTION OF THE MAIN PEAK INTENSITY ( 0 - 1 I FOR 
1 PEAK NO. ',1 
ACCEPT .,FLOSS(I) 
CONTINUE 
TYPE 270 
FORMAT (IIIX, 'LOSS PK NO. ',lOX, 'eV LOSS', lOX, 'INTENS. FRACT.') 
TYPE 280, (I,ELOSS(I),FLOSS(I),I-l,NLOSS) 
FORMAT (~X,I2, 12X,FI0.S,14X,F~.S) 
TYPE .,' IS THIS OK?' 
ACCEPT 190,ANS 
IF (ANS .NE. YES)CO TO 2~O ................................... , ........................... . 
Rearranoe ELOSS and FLOSS array so that the smaller eV losses 
are first. This step simplifies the construction of the 
convolution file later. The strateoy is to find the eV loss 
that is the smallest and put that in the first a~ray element. 
The eV loss that was there is transferred to the array element 
that the smallest eV value was located (i.e. they switch 
places). 

VARIABLES: K 

LBEC 

= ARRAY POINTER FOR THOSE ELEMENTS BEINC 
REPLACED 

= INITIAL VALUE FOR J, SET SO AS NOT TO 
LOOK AT THOSE ARRAY ELEMENTS THAT HAVE 



C 
C 
C 
C 
C 
C 
C 
C 

290 

C 
C 
C 

300 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

'310 

320 

330 

BEEN REPLACED 
LJ u ARRAY POINTER FOR CURRENT CHOICE OF 

SMALLEST eV LOSS. 
CLOSS • CURRENT CHOICE OF SMALLEST eV LOSS 
TLOSS = TEMPORARY MEMORARY LOCATION FOR .V 

LOSS THAT IS ABOUT TO BE REPLACED 
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•••••• * ••••••••••••••••••• *.** •• * ••• **.***.*.*.* ••••••• * •••• *.** 
DO 300 K=l,NLOSS 
LBEG=K + 1 
IF (LBEG .GT. NLOSS)GO TO 310 
LJ • K 
CLOSS" ELOSS(K) 
DO 290 J"LBEG,NLOSS 
IF (ELOSS(J) .GE. CLOSS)CO TO 290 
CLOSS' .. ELOSS(J) 
LJ .. J 
CONTINUE 
TLOSS = ELOSS(K) 
ELOSS(K) .. CLOSS 
ELOSSILJ) - TLOSS 

Do if for FLOSS, too. 

TLOSS = FLOSS(K) 
FLOSSIK) = FLOSS(LJ) 
FLOSS(LJ) = TLOSS 
CONTINUE 
••••• **.** ••• * •••• * •••••••• * •••••• * •• * •••• * ••••••••••• *** ••••• *. 

calculate reverse convolution file containing loss structures. 

First, set the first value of the convolution array = 1. This 
normalizes the array so as not to add counts to the max~~um in 
orig ina I data. Next, increment an energy inte,rva I '" DE in the 
original data and find out if it is equal to the first Ev loss. 
If not, set • O. If yes, set ~ floss at that point. All points 
not equal to the discrete losses Just defined wil I be set to O. 
The obJect here is only to add quantized loss features without 
any bacKground addition or broadening. 

VARIABLES: CON 
E 
NPC 

• CONVOLUTION ARRAY 
.. CURRENT ENERGY VALUE 
.. NO. OF POINTS IN CON ARRAY 

* •••••••••• 0 •••••••••••••••••••••••••••••••••• * •••••••••••• *** •• 
CON (1)"1. 
K=l 
E = O. 
DO 3<40 I-2,NP 
E • E + DE 
IF IE .LT. ELOSSIK»GO TO 330 
CONII) .. FLOSSIK) 
K • K + 1 
IF IK .CT. NLOSS)GO TO 350 
GO TO 340 
CON I I) ., O. 



317 
340 CONTINUE 
350 NPC = I 
C 
C Convolution is cal led 
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 
400 
40~ 

410 

·C 
C 
C 

~20 

~30 

~~O 

CALL CONV(NPC,NP,CON,COUNTS,TEMPYI 
** ••• * ••••••• * •• *.* ••• ******.****** •• * •••••••••• ******.*.*.*.*** 

Convolution ready for output. 

********************************+***.**********************.**.* 
CALL OUT(IOK,NP,EV,TEMPY,COUNTSI 
IF (10K .EQ. OIGO TO 245 
*************************************************.**.***.*** •• +. 
FEATURELESS BACKGROUND CONVOLUTION SECTION 

This section calculates an impulse function with a bacKground, 
Operator has the option of using a sicKafus bacKground or a 
Sigmund-Tougaard bacKground or both. The SicKafus bacKground 
begins at zero at the impulse and increases exponentially to 
lower energies. The Sigmund-Toug~ard bacKground also starts at 
zero at the impulse but then increases to a set maximum then 
decreases exponentially to lower energies. The SicKafus bacK
ground is designed to mimic the secondary cascade while the 
Sigmund-Tougaarrd bacKground is designed to mimic the re-diffused 
primaries. The combination is thought to best represent the 
-true" bacKground from an auger peaK (and primary as well). 

VARIABLES: IOPT 

ISIK 
1ST 

m BACKGROUND OPTION (IOPT=l, SICKAFUS) 
(IOPT=2, SIGMUND-TOUGAARD) 
(IOPT=3, BOTH) 

= 1 IF SICKAFUS OPTION, 0 OTHERWISE 
• 1 IF SIGMUND-TOUGAARD OPTION, 0 OTHERWISE 

*****************************************************-~************* 
TYPE ~05 
FORMAT (112X, 'CONVOLUTE FEATURELESS LOSSES?') 
ACCEPT 190,ANS 
IF (ANS .NE. YES)GO TO 1530 
TYPE *,' WHAT TYPE OF BACKGROUND?' 
TYPE .,' OPTION 1 • SICKAFUS BACKGROUND' 
TYPE *,' OPTION 2 = SIGMUND-TOUGAARD BACKGROUND' 
TYPE 410 
FORMAT (2X, 'OPTION 3 - BOTH'/2X, 'YOUR OPTION -->',.) 
ACCEPT *, IOPT 

Assign values to ISIK and 1ST 

IF (IOPT-2)~20,~30,~40 
ISIK-1 
IST-O 
GO TO 460 
ISIK-O 
IST=1 
GO TO 450 
ISIK-l 



C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
450 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

318 

IST=1 
**********************************************************+.***** 

SIGMUND-TOUGAARD BACKGROUND SECTION 

This section calculates an impulse function with a bacK9round 
that increases to a maximum then decreases with lower energy. 
Operator input variables of maximum fraction of the main peaK, 
energy location of that maximum and a broadening exponent are 
requested to calculate the amount of bacKground. 

VARIABLES: X 

FMAX 

EMAX 

• BROADENING EXPONENT THAT CONTROLS THE SLOPE 
OF THE DECAY OF THE BACKGROUND AFTER THE 
MAXIMUM 

• MAXIMUM FRACTION OF MAIN PEAK INTENSITY 
THAT OCCURS IN BACKGROUND 

• ENERGY LOSS VALUE WHERE FMAX OCCURS 

*****************.**** •••• * ••• **.** •••• **.****.****************** 
TYPE *,' ---- SIGMUND-TOUGAARD BACKGROUND ----' 
TYPE .,' THIS SECTION WILL COMPUTE A FEATURELESS BACKGROUND THAT' 
TYPE *,' INCREASES TO A MAXIMUM VALUE YOU SPECIFY AT AN ENERGY' 
TYPE *,' YOU SPECIFY.' 
TYPE * 
TYPE *,' ENTER BROADENING EXPONENT (MUST BE > O,TYPICALLY 0 - 21' 
ACCEPT *,X 
TYPE *,' ENTER MAXIMUM FRACTION OF MAIN PEAK INTENSITY (0 - 11.' 
ACCEPT *,FMAX 
TYPE *,' ENTER ENERGY LOSS WHERE MAXIMUM OCCURS •. 
ACCEPT *,EMAX 
* •••• ***.****.**.*******.*******.**.*******.***.***************** 

Calculate factors for bacKground calculation. 
These calculations are designed for use in a reverse convolution 
f i Ie. 

GENERAL EQUATION: CON. AST * (E ** Xl * EXP (-B * El 
where B is related to EMAX by B. X I EMAX 
and A is related to FMAX by AST • FMAX * (B/XI ** X * EXP (Xl 

VARIABLES: AST 
B 

• MAXIMUM FRACTION COEFFICIENT 
• MAXIMUM ENERGY COEFFICIENT 

************************************** •• ***.*****.*.************* 
B • X I EMAX 
AST • FMAX * (B I Xl ** X * EXP(XI 
IF (IOPT .EQ. 2)GO TO 470 
.*** •• ****.* •••••••• *****.*.*.*****.*.* ••••• *.***************.*.* 

SICKAFUS BACKGROUND 

This section calculates an impulse function with a bacKground 
That increases exponentially with lower energies. Operator input 
variables of slope and fraction of main peaK at some given energy 
are requested to calculate the desired bacKground. 

Basic equation is CON. A * E ** (-SLOPE) 
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C where A is calculated to be A = FRACT I EFRACT ** (-SLOFE) 
C 
C VARIABLES: FRACT 

EFRACT 
SLOPE 
A 

E FRACTION OF MAIN PEAK INTENSITY THAT APFEARS 
C 
C 
C 
C 
C 
C 
~60 

C 
C 
C 
C 
C 
C 
C 
470 

AT EFRACT 
= ENERGY LOSS FROM MAIN PEAK WHERE FRACT OCCUR 
• SLOPE OF BACKGHOUND 
& SICKAFUS COEFFICIENT 

•••••••••••••••• *.** •• ******.*******.*.** •• ********************** 
TYPE .,' SICKAFUS BACKGROUND SECTION ----' 
TYPE *,' THIS SECTION WILL COMPUTE A FEATURELESS BACKCROUND THAT' 
TYPE *,' INCREASES AS ENERGY DECREASES BY AN EXPONENT YOU SPECIFY' 
TYPE • 
TYPE *,' ENTER FRACTION INTENSITY (0 - I)' 
ACCEPT .,FRACT 
TYPE *,' AT WHAT ENERGY LOSS SHOULD THIS FRACTION OCCUR?' 
ACCEPT *,EFRACT 
TYPE *,' ENTER SLOPE (TYPICALLY (-1 - -2»' 
ACCEPT *,SLOPE 
A • FRACT I EFRACT •• (-SLOPE) 
*** ••• * •• *.**** ••• *.*****.***************0****************.*~**** 

Calculate reverse convolution array. 

As before, set CON(I) z 1 for initial impulse function. 

•• * •••• **.****** •••• *** •• *.*** •• *********.** •• ***********.******* 
CON(I) • 1. 
E = O. 
DO 480 I&2,NP 
E & E + DE 
CON(I) • 1ST * (AST * E .* X • EXP(-B * E» 
1 + ISIK • (A * E .* (-SLOPE» 

480 CONTINUE 
NPC = NP 

C 
C Convolution is cal led 
C 

CALL CONV(NPC,NP,CON,COUNTS,TEMPY) 
C •••••••••••• *.** •••••••• **.***.** •• * •••• ** •• **********1****1**** 
C 
C Convolution ready for output. 
C 
C •••••••••• * ••• *.* •••••••••••••• **** ••••••• **** •• **.*******1***** 

CALL OUTIIOK,NP,EV,TEMPY,COUNTS) 
IF (10K .EQ. O)GO TO ~OO 

C ••• *.* •••• * •• *.* ••• * •••• * •••• * •• *.* ••• *.*** •••• ***.********** 
C 
C Overall secondary bacKground from primary source is calcu-
elated here. 
C 
C VARIABLES: PSLOPE. SLOPE OF BACKGROUND FROM PRIMARY 
C PEMAX • ENERGY OF SECONDARY CASCADE MAX 
C PJMAX = COUNTS MAXIMUM AT PEMAX 
C 
C •• *.******* •• ** •• ****.* •• ******.*********** ••• * •• *.* ••• ****** 
1~30 TYPE 1535 



1535 

C 
C 
C 

1540 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
1~50 
1~:55 

C 

C 

1560 

C 
C 
C 
C 
C 
C 
C 
C 
C 
1~70 
1~75 

FORMAT (112X, 'ADD BACKCROUND FROM PRIMARY PEAK?') 
ACCEPT 190,ANS 
IF (ANS .NE. YES)CO TO 1550 
TYPE *,' ENTER EXPONENTIAL SLOPE (MUST BE < 0)' 
ACCEPT *,PSLOPE 
TYPE *,' ENTER SECONDARY CASCADE MAX ENERCY (TYPICALLY 0-50)' 
ACCEPT *,PEMAX 
TYPE *,' ENTER COUNTS AT THAT ENERCY (SHOULD BE HICHEST 
1 I N SPECTRUM)' 
ACCEPT *,PJMAX 

Calcula~e cascade according ~o Chapter 5. 

UO = -PEMAX * (PSLOPE + 1) 
PK = -PJMAX * «PSLOPE + 1) 1 UO) * «PSLOPE + 1) 1 
1 (UO * PSLOPE» ** PSLOPE 
DO 1 :540 1=1, NP 
TEMPY(I) • COUNTS!I) + PK * EV!I) * (EV!I) + UO) ** PSLOPE 
CALL OUT(IOK,NP,EV, TEMPY, COUNTS) 
IF (10K .EQ. O)CO TO 1530 
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************************************************************** 

NOISE CONTRIBUTION 

VARIABLES: TNOISE = MAXIMUM AMOUNT OF NOISE IN COUNTS 
INT1 • RANDOM VARIABLE NEEDED FOR FORTRAN 

RANDOM NUMBER GENERATOR 
INT2 = SAME AS INTI 

************************************************************** 
TYPE 155~ 
FORMAT (112X, 'ADD NOISE?') 
ACCEPT 190,ANS 
IF (ANS .NE. YES)GO TO 1~70 
TYPE *,' ENTER MAXIMUM NOISE LEVEL IN COUNTS' 
ACCEPT *,TNOISE 

INTI. EO(l) 
INT2 • PKMAX(I) 

DO 1 ~6 0 I = I, NP 
TEMPY(I) = COUNTS(I) + TNOISE * (RAN(INT1,INT2l - O.S) 
CONTINUE 
CALL OUT(IOK,NP,EV,TEMPY,COUNTS) 
IF (10K .EQ. OlCO TO 15:50 
************************************************************ 

ANALYZER AND MULTIPLIER ADJUSTMENTS SECTION 

Op~ions are to multiply or divide by E and/or correct for 
multiplier ;ain by division of • file MULT.BIN which conta~ns 
the ;ain function array. 

************************************************************ 
TYPE 1~7~ 
FORMAT (1/2X, 'ADJUST SPECTRUM FOR ENERCY DEPENDENCE OF 
1 ANALYZER OR MULTIPLIER?') 



ACCEPT 190,ANS 
IF IANS .NE. YESlGO TO 1670 
TYPE .,' THERE ARE 2 TYPES OF ENERGY DEPENDENCE OF ANALYZERS' 
TYPE ., ' OPTION I - PROPORTIONAL TO E' 
TYPE .,' OPTION 2 - PROPORTIONAL TO lIE' 
TYPE .,' OPTION 3 - CORRECT FOR MULTIPLIER ONLY' 
TYPE 1~78 

1578 FORMAT (2X, , YOUR OPTION --)',$) 
ACCEPT ., IOPT 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
1580 

1~90 

C 
1600 

1610 
C 
1620 

C 
C 
1630 

1640 

1650 

1660 

C 
C 
C 
C 

IF (IOPT - 2)1580,1600,1620 

Go to 1580 if multiplication by E is required. 
Go to 1600 if division by E is required. 
Go to 1620 if multiplier correction needed only 

Same as convolutinQ with boxcar function of variable width 

------------------------.------.---TYPE .,' WHAT FRACTION OF E? (FOR ADJUSTMENT OF RESOLUTION)' 
ACCEPT .,F 
DO'I590 Icl,NP 
TEMPY(I) = COUNTSII) • F • EVil) 
GO TO 1620 

II • 1 
IF IEV(I) .EQ. 0)11 z 2 
DO 161 0 I • I I I NP 
TEMPY(I) z COUNTSII) I EVil) 

TYPE .,' ADJUST FOR MULTIPLIER GAIN?' 
TYPE .,' (Requires file MULT.BIN on DXO:)' 
ACCEPT 190,ANS 
IF IANS .EQ. YES)CALL MULTCEV,TEMPY,NP) 

TMIN • TEMPYll) 
TMAX - TMIN 
DO 1640 I-I,NP 
IF (TEMPY(II .LT. TMINlTMIN • TEMPYII) 
IF (TEMPYIII .CT. TMAXITMAX • TEMPYII) 
CONTINUE 
TYPE 16~0,TMIN,TMAX 
FORMAT (112X, 'COUNTS RANGE FROM 'I IPGI5.7 , ' TO ',lPG15.7) 
TYPE .,' ADJUST COUNTS?' 
ACCEPT 190 , ANS 
IF IANS .NE. YESIGO TO 1670 
TYPE .,' ENTER FACTOR' 
ACCEPT .,FACTOR 
DO 1660 I-l , NP 
TEMPY(I) - TEMPYIl) • FACTOR 
GO TO 1630 

Spectrum complete. Output to desired writinQ device and 
repeat pro~ram, if desired. 
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1670 TYPE 1680 
1680 FORMAT (112X, ,------- SPECTRUM COMPLETE -------'11) 

CALL OUT(IOK,NP,EV,TEMPY,COUNTS) 
IF (10K .EQ. O)GO TO 1~70 
TYPE 1690 

1690 FORMAT (112X, 'ANOTHER FILE??') 
ACCEPT 190,ANS 
IF (ANS .EQ. YES)CO TO 112 
STOP 'GOOD DAY, eh?' 
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C ***********************************~*************************** 
C 
C LORENTZIAN CALCULATION SECTION 
C 
C Us •• same variables as Gaussian section. 
C 
C *************************************************************** 
1000 DO 1020 I=l,NP 

IF (EV(I) .CT. EO(NPKS»CO TO 1010 
TEMPY(I) K TEMPY(I) + (I.' - GFACT(NPKS» * PKMAX(NPKS) 1 
1 (I. + 4. * «EV(I) - EO(NPKS» 1 LFWHMCNPKS» ** 2.) 
CO TO 1020 

1010 TEMPY(I) K TEMPY(I) + (1. - GFACT(NPKS» * PKMAX(NPKS) 1 
1 (1. + 4. * «EV(I) - EO(NPKS» 1 RFWHMCNPKS» ** 2.) 

1020 CONTINUE 
CO TO 180 
END 



APPENDIX B 

FORTRAN LISTING OF LOW ENERGY BACKGROUND 
SUBTRACTION ROUTINE LOWBCK 

323 

The following pages list the FORTRAN program used to correct for 

the low energy background in lithium Auger transitions given in Chapters 

7 and 8. The listing includes explanatory remarks on the variables and 

specific calculations. Some of this routine is directly modeled after 

those published by P. R. Bevington (99). 
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PROGRAM LOWBCK 
C •••••••••••••••••••••••••••••••••••••••• * ••••••••••••••••••• 
C 
C This pro~ram is desi~ned to subtract the hi~h ener~y b~se-
C line from low ener~y AES transitions (E < 200eV). 
C You have basically two optionsl 1) a theoretical bacK-
C ~round which con.ists of a secondary cascade; multiplier 
C ~ain function and multiplication by E, fit by the Marquardt 
C al~orithm, or 2) a polynomial fit of deQree 1-9. Most of 
C these .ubroutine. were taKen from slightly modified versions 
C of FORTRAN listings from -Data Reduction and Error Analysis 
C for the Physical Sciences, - by P. R. Bevin~ton, McGraw-Hil I 
C BooK Company, New YorK, 1969. 
C 
C This pro~ram is desi~ned to subtract the hi~h enerQY cascade 
C and nothin~ else. 
C 
C ------------------------------------------------------------C 
C SUBROUTINES: 
C 
C CRTPLT - subroutine to plot ori~inal data or 'lnal data on 
C the Di~ital VT12S terminal with ReQis ~raphics. 
C CURFIT - calculates the theoretic~1 fit. Filename: LFIT 
C FITPLT - plotting subroutine which plots two arrays simul-
C taneously. Filename: LOWPLT 
C FIT2 subroutine which determines array pointers for 
C secondary fit. 
C FUNCTN - calculates the theoretical function. Filename: 
C THFCT 
C LOUT - outp~t routine for plottin~ on VT12S or HP plotter 
C or write on floppy disc. 
C OUTPUT - writes on floppy disc. 
C POLFIT - calculates polynomial fit up to de~r.ee 9. File-
C name: LPFIT 
C 
C ???????????????????????????????????????????????????????????? 
C 
C VARIABLES: 
C 
C -------- Virtual arrays --------
C 
CARR - (2000,S) 2-dimensional array defined as follOWS: 

·C (2000,1) • fit counts. (2000,2) = eVe (2000,S) c 

C oriQinal counts. 
C EV - (2000) eV array (same as ARR(2000,2). 
C COUNTS - (2000) counts array (same as ARR(2000,S). 
C 
C Note: Duplication of oriQinal eV and counts arrays was 
C necessary here for compatabi lity with the two VT125 plottinQ 
C routines already established. 
C 
C -------- DimenSioned arrays --------
C 
C A - (10) 'ittin~ parameters array. 
C DELTAA - (10) delta ranges for derivative calculations of A. 
C SIGMAA - (10) esti~ations of errors in A 



C 
C 
C 
C 
C 
C 
C 
C 
C 

c 
C 
C 
C 
C 
C 

2 

3 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
20 
30 

... 0 

:50 
60 

62 

-------- Common blocKs --------

< 
TFIT 
SF IT 

> - includes FNAME, common to OUTPUT 
- include. LOW, IHI, common to CURFIT 
- includes LOW2, IHI2, and NPTS2, common to CURFIT 

and FIT2. 

••••••••••••••••••••••••••••••••••••••••••••••••• ***.* ••• * •• 
VIRTUAL ARR(2000,3),EV(2000"COUNTS(2000) 
BYTE ANS,YES,FNAME(16),ESC 
DIMENSION A(10),DELTAA(lO),SIGMAA(10) 
COMMON FNAME 
COMMON/TFIT/LOW, IHI 
COMMON/SFIT/LOW2,IHI2,NPTS2 
DATA YES,ESC/'Y',271 
•••••••••••••••••••••••••••••••••••••••••••••••••• * ••• *.* •• 

CLEAR SCREEN AND INTRODUCE PROGRAM 
ROLL UP THE INTRO!!! 

••••••••••••••••••••••••••••••••••••••••••••••••••••• *.** •• 
TYPE 2, ESC, ESC 
FORMAT (' +', AI, '[2J', AI, ' [24B' ) 
TYPE 3 . 
FORMAT (112X, 'BACKGROUND SUBTRACTION PROGRAM') 
TYPE ., , FOR LOW ENERGY PEAKS' 
••••••••••••••••••• * •••••••• * •••••••••••••••••••••• ** •••••• 

READ IN DATA FILE 
IF OPERATOR HAS FORGOTTEN WHAT TYPE OF FILE HE HAS, HELP 
HIM OUT--DON'T BARF. 

VARIABLES, 

FNAME - Byte array con~aining the filename 
ISMALL - temporarily defined here as I binary indicator, 

which dictate. the choice of OPEN and FORMAT 
.tltements, 

NP - No. of points in original data arrays EV, COUNTS. 
••••••••••••••••••••••••••••••••••••••••••••• * ••• * •••••••• * 
TYPE 30 
FORMAT(IIII, ' INPUT DATA FILE NAME') 
ACCEPT "'O,FNAME 
FORMAT ( 16AI' 
TYPE .,' TYPE 1 IF IT"S BINARY,' 
ACCEPT ., ISMALL 
IF (ISMALL ,Eg. 1)eO TO 70 
OPEN (UNIT-99,NAME-FNAME,READONLY,TYPEa'OLD',ERRa 2000,FORM= 

> 'FORMATTED') 
READ (99,:50,ERR-6~,END-6:5)NP 
READ (99,60,ERRa 63,ENDa6:5) (EV(I),COUNTS(I), I~l,NP) 
FORMAT (IS) 
FORMAT (2F10.3) 
GO TO 80 
TYPE .,' FILE IS NOT BINARY, TRY AGAIN, ' 
CLOSE (UNIT-99) 
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GO TO 20 
65 TYPE .," FILE IS BINARY. TRY AGAIN." 

CLOSE CUNIT-99 I 
GO TO 20 

70 OPENCUNIT=99,NAME=FNAME,READONLY,TYPEc"OLD",ERR=2000, 
) FORM='UNFORMATTED') 
READC99,ERRa62,END-621NP, CEVCIl,COUNTSCI), I=l,NPI 

80 TYPE .," PLOT ORIGINAL DATA?" 
ACCEPT .. O,ANS 
IF CANS .EQ. YESICALL CRTPLTCEV,COUNTS,NP,l, 11 

C •••••• *** •••• ******** •• ****.*.** •• ***.*.****.**«.*** •• *** 
C 
C BEAM DRIFT CORRECTION 
C NO BEAM DRIFT CORRECTIONS ON FILE? CLOSE FILE AND 
C INFORM OPERATOR. 
C 
C VARIABLES: 
C 
C ADRIFT - first drift re.din~ on disc. 
C BDRIFT - •• cond drift readin~ on di5C. 
C DRIFT - calculated drift 
C 
C **.* •• *.*.*.***********.**.***************.************** 

TYPE *," BEAM DRIFT CORRECTION?" 
ACCEPT 40,ANS 
IF CANS .NE. YES)GO TO 110 
IF CISMALL .EQ. l)READ C99,END=1001ADRIFT,BDRIFT 
IF CISMALL .NE. 11READ C99,60,END=100)ADRIFT,BDRIFT 
CLOSE CUNIT-99 I 
DRIFT-(BDRIFT-ADRIFT)/NP 
DO 90 I-I, NP 

90 COUNTS(I)-COUNTSCIl-I*DRIFT-ADRIFT 
TYPE *," SPECTRUM CORRECTED FOR DRIFT OF ",DRIFT 
TYPE *," PLOT DRIFT-CORRECTED SPECTRUM?" 
ACCEPT "O,ANS 
IF (ANS .EQ. YESICALL CRTPLTCEV,COUNTS,NP,l,l) 
TYPE *," WRITE FILE NOW?" 
ACCEPT 40,ANS 
IF (ANS .EQ. YESICALL OUTPUTCEV,C~UNTS,NP,11 
CO TO 141 

100 TYPE *,' FILE DOES NOT CONTAIN BEAM DRIFT CORRECTIONS. " 
C ***********************.*.*** •• ******** ••• **.***.*****.*. 
C 

·C MAKE ZERO CORRECTION, IF NO BEAM DRIFT 
C 
C FIRST FIND THE SMALLEST POINT IN THE SPECTRUM, SMALL 
C AND RECORD ITS POINTER, ISMALL 
C FIND OUT IF IT'S SUITABLE FOR A REFERENCE. 
C 
C VARIABLES: 
C 
C SMALL - smalle5t counts value in COUNTS. 
C ISMALL - array pointer for SMALL. 
C 
C ****.********.**** ••• ***.***** •• ************.**.**.****** 
110 CLOSE CUNIT-99) 

SMALL-COUNTS(1) 

326 



120 

C 
C 
C 
C 
C 
C 
C 
C 
130 
140 
141 

142 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
1~0 

170 

180 

190 
200 

210 
220 

ISMALL=1 
DO 120 1-2,NP 
IF (COUNTS(I) .LT. SMALL)SMALL-COUNTS(I) 
IF CCOUNTSCI) .EQ. SMALL)ISMALL=I 
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TYPE .,' THE SMALLEST DATA POINT OCCURS AT eV = ',EV(ISMALL) 
TYPE .,' IS THIS A SUITABLE ZERO CURRENT REFERENCE ?' 
ACCEPT 40,ANS 
IFCANS. EQ. YES)CO TO 130 
TYPE .,' WHAT IS ZERO CURRENT?' 
ACCEPT .,SMALL 
••••••••••••••••••••••••••••••••••••••••••••••• * •• * ••••• ***.** 

SUBTRACT THE ZERO CURRENT REFERENCE FROM THE SPECTRUM. 
THERE SHOULD NOW BE AT LEAST ONE ZERO DATA POINT. 

Also fill up ARR array. 

•••••••• ** ••••• * ••••••••••••••••••••••••••••• ** ••••••• * •• *** •• 
DO 140,I c l,NP 
COUNTS(I)cCOUNTS(I)-SMALL 
DO 142 I -I, NP 
ARR ( I, 2) - EV ( I ) 
ARR(I,3) - COUNTS(I) 
••••••••••••••••••••••••••••••••••••••••••••• * •••••••• * ••••• * 

Find boundaries for fit. 

VARIABLESI 

LOW 
IHI 
EVLOW 
EVHI 
NPTS 

- array pointer for low eV of fit range. 
- array pointer for high .V of 'it range. 
- low .V of fit ranQe. 
- high eV of fit rang •• 
- no. of points in fit ranQ •• 

••••• *~ •••••••••••••••••••••••••••••••••••••••••••••••••••••• 
LOW-O 
IHI-O 
TYPE .,' e V RANG E : ' , EV ( 1 ),' - ',EV ( NP)" e V ' . 
TYPE .,' INPUT LOWER BOUND FOR FIT' 
ACCEPT .,EVLOW 
TYPE .,' INPUT HIGHER BOUND FOR FIT' 
ACCEPT .,EVHI 
IF (EVHI .CT. EVLOW)CO TO 180 
TYPE., 'HIGHER BOUND < LOWER BOUND' 
GO TO 170 
IF eEVLOW .GE. EVel»CO TO 190 
TYPE .,' LOWER BOUND TOO LOW. USING - ',EVel) 
LOW-I 
GO TO 220 . 
DO 200 I-l,NP 
IF (EVel) .GE. EVLOWICO TO 210 
TYPE ',' EVLOW > ',EV(NP) 
CO TO 170 
LOW-I 
IF (EVHI .LE. EV(NP»GO TO 230 
TYPE .,' HIGHER BOUND TOO HICH. USINC - ',EV(NP) 
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IHI=NP 
CO TO 260 

2S0 DO 240 I-LOW,NP 
240 IF (EV(I) .CE. EVHI)CO TO 2~0 
2~0 IHI-I 
260 NPTS=IHI-LOW+l 
C **~******.******************* •• ******************************* 
C 
C Secondary fit? Go to FIT2 sUbroutine for pointers. 
C 
C CHOOSE BACKGROUND SUBTRACTION OPTION 
C 
C VARIABLES: 
C 
C NPTS2 - no. of points in secondary fit ran;e. 
C 10PT - option number C 1 or 2 only). 
C 
C *******************.************.***************.************* 

NPTS2 "' 0 
TYPE *,' SECONDARY FIT, AS WELL?' 
ACCEPT 40,ANS 
IF CANS .EQ. lHY)CALL FIT2CEV,NP) 

145 TYPE *,' OPTI~~ 1 - THEORETICAL BACKGROUND FIT' 
TYPE *,' OPTION 2 "' POLYNOMIAL FIT' 
TYPE 146 

1~6 FORMAT (2X, 'YOUR OPTION? --)', lX,.) 
ACCEPT *, IOPT 
GO TO (261,450), 10PT 
GO TO 145 

C . ************************************************************* 
C 
C This section of the program will maKe a general fit to 
C a theoretical bacKground consisting of the secondary 
C cascade, the multiplier gain function and division by E. 
C It us •• the 'unction FUNCTN which contains the actual 
C calculations of the bacKground. See the program THFCT 
C for more details. 
C 
C It uses the subroutine CURFIT for the actual calculations 
C of the new parameters. 
C 
C VARIABLESz 
C 
C NTERMS • no. of parameters used in theoretical fit. It is 
C set - ~ unless an additional Gaussian is ne.ded 
C for the fit, in which cas. NTERMS • 8. 
C 
C ************************************************************ 
261 TYPE *,' ------- THEORETICAL FIT -----

TYPE *,' ADJUST FOR GAUSSIAN?' 
ACCEPT ~O,ANS 
IF (ANS .EQ. lHY)GO TO 265 
NTERM9 • ~ 
A(6) "' O. 
A(7) '" 1. 
ACS) "' O. 
GO TO 26S 



265 NTERMS • S 
C •••••• *** •• ***** •••••• ****.**.****.********** •• *********.**** 
C 
C Input 1st ~uesses for adJustable parameters 
C 
C VARIABLES: 
C 
C A(l) - A(S) are as requested below. 
C DELTAACI) - DELTAACSI are the corresponding delta values for 
C .ach variable A, used in calculating derivatives 
C in CURFIT. 
C 
C .* ••• ~ ••••••••• **.***** ••••• ****.***.**.******.************** 
26S TYPE 270 
270 FORMAT CIX, 'FIRST GUESS AT MAXIMUM COUNTS IN CASCADE? --)',$) 

ACCEPT *,ACI) 
TYPE 280 

280 FORMAT (IX, 'DELTA VALUE OF MAX COUNTS? --)',.) 
ACCEPT .,DELTAA(l) 
TYPE 290 

290 FORMAT (IX, 'FIRST GUESS AT SLOPE OF CASCADE? < -1) --)',.) 
ACCEPT .,A(2) 
TYPE 300 

300 FORMAT (IX, 'DELTA VALUE OF SLOPE? --)',.) 
ACCEPT *,DELTAA(2) 
TYPE 310 

310 FORMAT (IX, 'FIRST GUESS AT ENERGY MAXIMUM OF CASCADE? --)',$) 
ACCEPT ., A(3) . 
TYPE 320 

320 FORMAT (IX, 'DELTA VALUE OF ENERGY MAX? --)',.) 
ACCEPT .,DELTAA(3) 
TYPE 330 

330 FORMAT (IX, 'FIRST GUESS AT BASELINE VALUE? --)',.) 
ACCEPT .,A(4) 
TYPE 340 

340 FORMAT (IX, 'DELTA VALUE OF BASELINE VALUE? --)',.) 
ACCEPT *,DELTAA(4) 
TYPE 31~ 

313 FORMAT (IX, 'FIRST GUESS AT CHARGING ENERGY? --)',.) 
ACCEPT ., AU5) 
TYPE 31S 

a18 FORMAT (IX, 'DELTA VALUE OF CHARGING ENERGY? --)',.) 
ACCEPT .,DELTAA(5) 
IF (NTERMS .EQ. 3)GO TO S4S 
TYPE 325 

323 FORMAT (IX, 'FIRST GUESS AT GAUSSIAN CASCADE MAX? --)',$) 
ACCEPT .,A(6) 
TYPE 328 

328 FORMAT (IX, 'DELTA VALUE OF GAUSSIAN CASCADE MAX? --)',.) 
ACCEPT .,DELTAA(6) 
TYPE 333 

333 FORMAT (IX, 'FIRST GUESS AT FWHM OF GAUS. CASCADE? --)',.) 
ACCEPT .,A(71 
TYPE 33S 

338 FORMAT (IX, 'DELTA VALUE OF FWHM OF GAUS. CASCADE? --)',.) 
ACCEPT *,DELTAA(7) 
TYPE 343 
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34~ FORMAT (lX, 'FIRST GUESS AT GAUSSIAN ENERGY? --)',') 
ACCEPT .,A(B) 
TYPE 347 

347 FORMAT (lX, 'DELTA VALUE OF GAUSSIAN ENERGY? --)',') 
ACCEPT .,DELTAA(S) 

C •• * •••••••••• *.** •••••• *.*.* •••• **.*.***********.**********.* 
C 
C Calculate fit. 
C 
C VARIABLES: 
C 
C FLAMDA - variable u.ed to control the relative amount of 
C oradient .earchin~ or linearization used. Manual 
C control of this variable is needed becaus. bad 
C initial ouess.s for the A parameters wil I cause 
C th~ linearization al~orithm to 90 astray. Once 
C the fit is near minimum, FLAMDA should minimiz •• 
C If you are unsure of your initial guasses, set 
C FLAMDA CO a hioher value (1000). After each 
C successful fit calculation is completed, a sug-
C gestion of the next FLAMDA value will appear. 
C CHISQ - sum of squares of residuals I de~ress of freedom. 
C 
C **.* ••• * ••• ** •••• ** ••• * •• ~** •• *** ••••• * •• *.* ••• ********.***** 
34B FLAMDA = .001 
350 CALL CURFIT(ARR,NPTS,NTERMS,A,DELTAA,SIGMAA,FLAMDA,CHISQR) 

TYPE 360 
360 FORMAT (111X, 'FIT COMPLETE') 

TYPE .,' CHISQR • ',CHISQR 
TYPE .,' FLAMDA • ',FLAMDA 
DO 390 I=l,NTERMS 
TYPE 3BO, I,A(I), I,SIGMAA(I) 

3S0 FORMAT (/1X, 'PARAMETER A(', 12, ') = ',lPG15.7,' WITH 
> SIGMA A (', 12, .) • ',1 PG 1 :S. 7) 

390 CONTINUE 

C 

TYPE *,' ANOTHER PASS?' 
ACCEPT 40,ANS 
IF (ANS .EQ, lHY) GO TO 3~0 

C Go to output section 
C 

GO TO 600 
C .***** ••• *.*** •••••••••• *********.******.** •• *****.*********** 
·C 
C POLYNOMIAL FIT ROUTINE 
C 
C VARIABLES: 
C 
C RMAX - max CDUntS value in fit range. 
C SCALE - scaling value used to prevent the calculations in 
C in POLFIT from overflowing or underflowing. This is 
C especially important for hlgher degree fits. 
C NTERMS - no. of coefficients = degree polynomial + 1. 
C 
C ************************************************************** 
4~0 TYPE .,' ------ POLYNOMIAL FIT ------' 

RMAX=O. 
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DO 460 I=LOW,IHI 
IF eEVeI) .GT. RMAX)RMAX-EV(I) 

~60 IF (COUNTSeI) .GT. RMAX)RMAX-COUNTS(I) 
IF CRMAX ,GT. 200)GO TO 470 
SCALE-I, 
CO TO ~90 

~70 TYPE *,' MAX VALUE IN ARRAYS = ',RMAX 
. TYPE *,' RECOMMEND SCALING MAX < 200 TO AVOID FLOATING 
> OVERFLOW,' 

TYPE *,' INPUT SCALE FACTOR,' 
ACCEPT *,SCALE 
DO ~80 J"LOW,IHI 
ARRCJ,2)=ARReJ,2)*SCALE 

480 ARRCJ,3)cARRCJ,3)*SCALE 
IF (NPTS2 ,EQ, O)GO TO 490 
DO 485 J=LOW2,IHI2 
ARR(J,2)=ARR(J,2)*SCALE 

485 ARRCJ,31-ARReJ,31*6CALE 
~90 TYPE *,' WHAT DEGREE POLYNOMIAL FIT (1-9)?' 

ACCEPT *,NTERMS 
NTERMS=NTERMS+l 
CALL POLFIT(ARR,NPTS,NTERMS,A,CHISQRI 
TYPE 500,CHISQR 

500 FORMAT (IIIX,' POLYNOMIAL FIT WITH CHI SQUARE = 'lPG15.7) 
TYPE *,' AND WITH THE FOLLOWING COEFFICIENTS:' 
DO 320 I=I,NTERMS 
A(II-A(II*SCALE**(I-2) 
TYPE 51 0, 1, A e I I 

510 FORMAT (/lX, 'A(', 12,' I = " IPC1S,7) 
320 CONTINUE 

SCALE-l,/SCALE 
DO 330 J=LOW, IHI 
ARR(J,21-ARReJ,21*SCALE 

530 ARReJ,3)·ARReJ,31*SCALE 
IF (NPTS2 .EQ. OICO TO 535 
DO 532 J=L0W2,IHI2 
ARReJ,21-ARReJ,21*SCALE 

332 ARReJ,31=ARReJ,3'.5CALE 
535 TYPE *,' COEFFICIENTS OK?' 

ACCEPT 40,ANS 
IF eANS .NE. lHYICO TO 470 
IF (NTERMS .EQ. 10)CO TO 350 
DO 340 I-NTERMS+l,10 

340 ACIl-O, 
550 DO 560 J-LOW,IHI 
360 ARR(J,1) • Aell + Ae21.ARRCJ,21 + AC31*ARRCJ,21**2. 

C 

1 + AC41*ARReJ,2)**3. + Ae31*ARRCJ,21**~, + 
2 Ae61*ARReJ,21**3. + AC71*ARRCJ,21**6. + Ae81*ARRCJ,21 
3 **7. + Ae91*ARReJ,21 •• 8. + ACIO)*ARReJ,31**9, 

C ChecK it out!! 
C 
600 TYPE *,' LOOK AT FIT?' 

ACCEPT ~O,ANS 
IF CANS ,EQ, IHY)CALL FITPLTCARR,NPTS) 

610 TYPE *,' IS FIT OK?' 
ACCEPT ~O,ANS 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
620 

630 

640 
6:50 

660 
670 

680 
690 
700 
·710 
C 
C 
C 
C 
C 

720 
730 
C 
C 

IF CANS .NE. 1Hy)GO TO 150 
•••••• *****.****.*.*****.******************************** 

LooK at Fit overlapped with the original data 

First store low and high so that calculations aren't 
repeated. 

VARIABLES: 

LOWS - temporary storage of LOW 
IHIB - temporary storage of IHI 

NOTE: Both of these variables are changed for the new range 
extending the fit, but are needed later to prevent 
repeat calculations. 

**.******************************.************************** 
LOWB II LOW 
IHIS • IHI 
TYPE *,' INPUT INITIAL ENERGY FOR FINAL SPECTRUM' 
ACCEPT *,EVLOW 
TYPE *,' INPUT FINAL ENERGY FOR FINAL SPECTRUM' 
ACCEPT *,EVHI 
IF CEVHI .GT. EVLOW)CO TO 630 
TYPE *, 'HIGHER BOUND < LOWER BOUND' 
GO TO 620 
IF CEVLOW .GE. EV(1»GO TO 640 
TYPE .,' LOWER BOUND TOO LOW. USINC - ',EV(1) 
LOW=l 
GO TO 670 
DO 650 I "1, NP 
IF (EV(I) .GE. EVLOW)CO TO 660 
TYPE *,' EVLOW ) ',EV(NP) 
GO TO 620 
LOW=I 
IF (EVHI .LE. EVCNP»GO TO 680 
TYPE .,' HIGHER BOUND TOO HIGH. USING - ',EVCNP) 
IHI-NP 
CO TO 710 
DO 690 I-LOW,NP 
IF (EV(I) .CE. EVHI)GO TO 700 
IHI=I 
NPTS"IHI-LOW+1 

Extend fit throughout new range 

II - initial array pointer for extension 

IF (ARRCLOW,2) .CT. 0.) CO TO 720 
ARR(LOW,l) .. O. 
II = LOW + 1 
CO TO 730 
II .. LOW 
IF CIOPT .EG, 2)CO TO 1000 

Extension calculation for theoretical fit 
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C 

7~0 
7~5 

7~O 

C 
C 
C 
1000 

1010 

1015 

1020 

c 
c 
C 
1100 

C 
C 
C 

1300 
C 
C 
C 

IF (II .GE. LOWB-IIGO TO 7~~ 
DO 7~0 I-II,LOWB-l 
ARR(I,ll - FUNCTN(ARR,I,AI 
IF (IHIB+l .GE. IHIIGO TO 1100 
DO 7~0 I-IHIB+l,IHI 
ARR(I,I) a FUNCTN(ARR,I,A) 
GO TO 1100 

Extension calculation for polynomial fit. 

IF (II .GE. LOWB-l)CO TO 1015 
DO 1010 J-II,LOWB-l 
ARR(J,l) = A(11 + A(2)*ARR(J,2) • A(3)*ARR(J,2)**2. 

1 + A(~)*ARR(J,2) •• 3. + A(51*ARR(J,2)**4 •• 
2 AtS).ARRtJ,21**5 •• At71+ARRtJ,2)*+S •• A(SI*ARR(J,2) 
3 **7 •• At91.ARR(J,2)**S •• A(101*ARRtJ,31**9. 

IF (IHIB.l .GE. IHIICO TO 1100 
DO 1020 J-IHIB+l,IHI 
ARR(J,l) = A(ll • A(2)+ARR(J,21 • A(3)*ARR(J,2)**2. 

1 • A(4)+ARR(J,2)+*3. + A(~)*ARR(J,2)**4. + 
2 AtS)+ARRtJ,21*+5. + A(7)*ARR(J,2)++S •• A(SI+ARRtJ,21 
3 .+7 •• A(91+ARRtJ,21++S •• Atl0)+ARRtJ,3)**9. 

ChecK it out aQain. 

TYPE +,' LOOK AT FIT OVERLAPPED WITH DATA?' 
ACCEPT 40,ANS 
IF (ANS .EQ. IHY)CALL FITPLTtARR,NPTS) 
TYPE +,' IS FIT STILL OK?' 
ACCEPT 40,ANS 
IF (ANS .NE. IHY)GO TO 150 

DO 1300 I-LOW,IHI 
COUNTS(I) - COUNTS(I) - ARR(I, 1) 

Ready for output. 

CALL LOUT(NP,EV, COUNTS) 
TYPE *,' ANOTHER FILE?' 
ACCEPT 40,ANS 
IF (ANS .EQ, IHY)GO TO 20 
STOP 

2000 TYPE +,' FILE NOT FOUND. TRY AGAIN' 
GO TO 20 
END 
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SUBROUTINE CURFIT(ARR,NPTS,NTERMS,A,DELTAA,SIGMAA, 
> FLAMDA,CHISQR) 

e ******.********* •• * •••• *** ••••••• ***********.* •••• **.*.**** 
e 
e Subroutine designed to maKe a least-squares fit to 
e a non-linear function with a linearization of the 
C fitting function. 
e See ·Data Reduction and Error Analysis for the Phy-
C sical Sciences· by PR Bevington for details of cal-
C culations. 
C 
e It should be noted that this particular subroutine and its 
C associated routines can be used to fit any function, 
C espeCially Gaussian peaKs on a bacKground. The only adJust-
C ment nec •••• ry is in the subroutine FUNCTN, which must be 
C rewritten to reflect the new fitting function. 
C 
C ------------------------------------------------------------
C 
C SUBROUTINES: 
C 
C FCHISQ - calculates a reduced CHI square for each fit. 
C Filename: LCHISQ. 
C FDERIV - calculates the partial derivative of the fitted 
C function with each parameter at each point. 
C Filename: LDERIV. 
C FUNCTN - calculates the fitting function at each point. 
C Filename: THFCT. 
C MATINV - inverts a symmetrical matr~x and calculates the 
C the determinate. These calculations are used to 
C calculate the next guefises of the fitting para-
e meters. 
C 
C ?????7???????7??7???????????7?????????????111?17?11????????? 
C 
C VARIABLES: 
C 
e ARR - virtual array which contains the original eV (2000,2), 
e the original counts (2000,3) and the fit (2000,3). 
C A - fitting parameters array. 
e DELTAA - delta values of A. 
C SIGMAA - error estimates for A. 
C ALPHA 2-dimensional array which contains the ALPHA matrix. 

'C BETA - array which contains the BETA COlumn matrix. 
C DERIV - array which contains the summed derivatives for 
C each value of A. 
C ARRAY - 2-dimensional calculated from the ALPHA and BETA 
C arrays used in MATINV to calculate the new para-
e ~eters. 
e B - new fitting parameters array. 
C TFIT - fitting array pointer COMMON blocK containing: 
C LOW - low array pointer. 
C IHI - high array pointer. 
C SFIT - secondary fitting array pointer COMMON blocK with: 
C LOW2 - low secondary array pointer. 
C IHI2 - high secondary array pointer. 
C NPTS2 - no. of points in secondary fit range. 



C NFREE - no. of degrees of freedom 
C CHISQ - reduced CHI square (sum of squares of residuals). 
C 
C •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

VIRTUAL ARR(2000,3) 
DOUBLE PRECISION ARRAY 
DIMENSION A(10),DELTAA(10),SIGMAA(10),ALPHA(10, 10),BETA(10) 
1, DER I V I 1 0 ) , ARRA Y I 1 0, 1 0 ) , B I 1 0 ) 
COMMON/TFIT/LOW,IHI 
COMMON/SFIT/LOW2,IHI2,NPTS2 
NFREE • NPTS + NPTS2 - NTERMS 
IF (NFREE .GT. 0) GO TO. 20 
CHISQR • O. 
RETURN 

C •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C 
C Evaluate ALPHA and BETA matrices. 
C 
C VARIABLES: 
C 
C NTERMS - no. of fitting parlmters I~ or 8). 
C 
C •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
20 DO 34 J=l,NTERMS 

BETAIJ I - O. 
DO 34 K=1, J 

34 ALPHA(J,K) = O. 
TYPE *,' FILLING ALPHA AND BETA ARRAYS! ! . 
DO ~O IaLOW,IHI 
CALL FDERIV(ARR,I,A,DELTAA,NTERMS,DERIV) 
DO 4~ J a l,NTERMS 
BETA(JI s BETA(JI + (ARR(I,3) - FUNCTN(ARR,I,AI) • DERIV(JI 
DO 46 K=l,J 

46 ALPHA(J,K) - ALPHA(J,KI + DERIV(J) • DERIV(KI 
~O CONTINUE 
C 
C If secondary fit also deSired, NPTS2 = some value 
C 

IF INPTS2 .EQ. OIGO TO ~1 
DO 100 I-LOW2,IHI2 
CALL FDERIVIARR,I,A,DELTAA,NTERMS,DERIVI 
DO 1~6 J-l,NTERMS 
BETA(J) - BETA(J) + (ARRII,3) - FUNCTNIARR,I,A» • DERIVIJI 
DO 146 lC-l,J 

1~6 ALPHAIJ,K) = ALPHAIJ,K) + DERIV(J) • DERIVIKI 
100 CONTINUE 
~1 DO ~3 J-l,NTERMS 

DO 53 K-l,J 
~3 ALPHAIK,J) - ALPHAIJ,ICI 
C 
C Evaluate Chi Square at starting point. 
C 
C CHISQ1 - initial CHI square. 
C 

DO 62 I-LOW, IHI 
62 ARRII,l) - FUNCTN(ARR, I,A) 

IF (NPTS2 .EQ. OIGO TO 63 
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DO 162 I-LOW2, IHI2 
162 ARR(I,l) - FUNCTN(ARR,I,A) 
6S CHISQl - FCHISQ(ARR,NFREE) 

TYPE *,' CHISQUARE 1 - ',CHISQl 
C 
C Insert modified curvature matrix to find new parameters 
C 

TYPE *1' FOR THIS PASS, FLAMDA - ',FLAMDA 
TYPE *,' FLAMDA - ?' 
ACCEPT *,FLAMDA 

71 DO 74 J-l,NTERMS 
DO 7S K-l,NTERMS 

C ***************************~******************************** 
C 
C If any of the diagon.1 terms in ALPHA are zero, the 
C proQram will barf. Under normal circumstances, this 
C shouldn't happen. If it does, it probably means that one of 
C the derivatives calculated was zero. That means that either 
C the DELTAA value chosen wa.n't large enough to see a change 
C or that the particular para~eter you are adJusting has no 
C effect on the fitted function. The next two statements 
C will output the offending ALPHA term (and the parameter 
C number by inference) before barfing. 
C 
C *********************************************************** 

IF (ALPHA(J,J) .EQ. O.)TYPE *,' error in ALPHA,J (',J,J, ')' 
IF (ALPHA(K,K) .EQ. O.)TYPE *,' error in ALPHA,K (',K,K, ')' 

7S ARRAY(J,K) • ALPHA(J,K)/SQRT(ALPHA(J,J) * ALPHA(K,K» 
7~ ARRAY(J,JI - 1. + FLAMDA 

TYPE *,' •• '. EVALUATING NEW PARAMETERS 
CALL MATINVeARRAY,NTERMS,DET) 
DO 84 J-l,NTERMS 
BeJ) - A(J) 
DO 8~ K-l,NTERMS 

84 B(J) ~ B(J) + BETACK) * ARRAyeJ,KI/SQRTCALPHA~J,JI * 
1 ALPHACK,K» 
DO 86 J=l,NTERMS 

86 TYPE *,' NEW PARAM B ( , , J, ') :: " B C J ) 
C 
C If Chi Square increased, increase FLAMDA and try agmin. 
C 

TYPE *,' CALCULATING NEW FUNCTION' 
DO 92 I-LOW,IHI 

92 ARR(I.l) - FUNCTNCARR,I,B) 
IF (NPTS2 .EQ. OIGO TO 9S 
DO 192 I-LOW2,IHI2 

192 ARR(I,l) - FUNCTN(ARR,I,B) 
9S TYPE *,' CALCULATING CHISQUARE' 

CHISQR - FCHISQ(ARR,NFREE) 
TYPE *,' NEW CHISQ - ',CHISQR 
IF (CHISQl • CHISQRI9:5, 101, 101 

95 FLAMDA - 10. * FLAMDA 
GO TO 71 

C 
C Evaluate parameters and uncertainties. 
C 
101 DO lOS J-l,NTERM8 
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A(J) • B(J) 
103 SIGMAA(J) • SQRT(ARRAY(J,J)/ALPHA(J,J» 

FLAMDA • FLAMDA/10. 
RETURN 
END 
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FUNCTION FCHISQ(ARR,NFREE) 
C 
C Function to evaluate the reduced Chi Square for fit Just 
C calculated. Specifically for subroutine CURFIT, which is 
C called by LOWBCK. 
C 

C 

COMMON ITFITI LOW,IHI 
COMMON IBFITI LOW2,IHI2,NPTS2 
DOUBLE PRECISION CHISQ 
VIRTUAL ARR(2000,3) 
CHISQ • O. 
IF (NFREE .CT. O. )CO TO 20 
FCHISQ • O. 
RETURN 

C Accumulate Chi Square 
C 
20 DO 30 I~LOW, IHI 
30 CHISQ ~ CHISQ + (ARR(I,3) - ARR(I, 1» •• 2 

IF (NPTS2 .EQ, O)GO TO 60 
DO ~O I-LOW2,IHI2 

40 CHISQ. CHISQ + (ARR(I,S) - ARR(I,1» •• 2 

C 
C Divide by number of degrees of freedom 
C 
60 FREE • NFREE 

FCHISQ • CHISQ/FREE 
RETURN 
END 
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SUBROUTINE FDERIV(ARR,I,A,DELTAA,NTEHMS,DERIV) 
C 
C Subroutine to approximate the first derivative of the 
C the fitting function being used in the subroutine 
e CURFIT called by LOWBCK. DELTAA must be smal I enough 
C to approximate the first derivative accurately but not 
e so small as to maKe the derivative vanish. 
C 

VIRTUAL ARR(2000,3) 
DIMENSION A(10),DELTAA(10),DERIV(10) 
DO 18 J 2 1,NTERMS . 
AJ • A(J) 
DELTA • DELTAA(J) 
A(J) • AJ + DELTA 
YFIT • FUNCTN(ARR, I,A) 
A(J) • AJ - DELTA 
DERIV(J) • (YFIT - FUNCTN(ARR,I,A»/(2 •• DELTA) 

18 A(J) = AJ 
RETURN 
END 
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FUNCTION FUNCTN(ARR, I,A) 
C 
C Function used to calculate the theoretical lineshape at 
C the high energy side of low energy transitions. It uses 
C the product of a theoretical secondary cascade distri-
C bution with a multiplier gain function divided by E. 
C 
C Designed specifically for LOWBCK 
C 

C 

VIRTUAL ARR(2000,S) 
DIMENSION A(IO) 

C If E • 0, this function is ° 
C 

C 

E = ARR( 1,2) 
IF (E .GT. O.)GO TO 10 
FUNCTN • 0. 
RETURN 

C Calculate theoretical cascade with. 
C A(l) • cascade maximum 
C A(2) • slope 
C A(S) • energy of cascade maximum 
C A(4) c baseline 
C A(5) c charging energy 
C A(6) = Gaussian max 
C A(7) • Gaussian FWHM 
C A(B) • Gaussian energy 
C 
C 
C 
10 

c 

First set up boundary conditions 

IF (A(S) .LE. O. ) A(S) .. 0.001 
IF (A ( 1 ) .LT. O. ) A ( 1 ) c O. 
IF (A(") .LT. 0. ) A(4) = 0. 
IF (A(6 ) .LT. O. ) A(6) c 0.1 
IF (A(7) • LE. 0. ) A(7) .. 0.001 
IF (A(B) • LT. O. ) A(B) • O. 

C Calculate secondary cascade. 
C 

C 

UO • -A(S) • CA(2) + 1) 
PK • - A C 1) • C C A ( 2) + 1) I UD) • « A ( 2 ) + 
> 1) I CUD. A(2») •• A(2) 
FACT • -2.772~B9 I A(7) •• 2. 
Yl • A(") + PK • E • (E + UO) •• A(2) 
Yl • Yl + A(6) • EXP(FACT • (E - ACB» •• 2.) 

C Calculate multiplier gain 
C 

D • E - A(3) 
IF (D .GT. O.)GO TO 20 
FUNCTN • O. 
RETURN 

20 Y2 = 1 - EXP( -14.30B638 • D I 10S3.S3) 
C 
C 

FUNCTN • Y1 • Y2 • D 
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RETURN 
END 
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SUBROUTINE MATINV (ARRAY,NORDER,DET) 
C 
C This subroutine is desiQned for the subroutine CURFIT 
C which is in turn cal led by LOWBCK, Its purpose is to 
C invert a symmetric matrix and calculate its determinate, 
C 

C 

DOUBLE PRECISION ARRAY(10,10),AMAX,SAVE 
DIMENSION IK(10),JK(10) 
DET - 1, 
DO 100 k-l,NORDER 

C Find largest element ARRAY(I,J) in rest of matrix, 
C 

AMAX - 0, 
21 DO 30 I-k,NORDER 

DO 30 J=K,NORDER 
IF (DABS(AMAX) - DABS(ARRAY(I,J») 24,24,30 

24 AMAX • ARRAY(I,J) 
IKClO • I 
Jk(K) • J 

30 CONTINUE. 
C 
C Interchange rows and columns to put AMAX in ARRAY(k,K) 
C 

IF (AMAX) 41,32,41 
32 DET II: 0, 

RETURN 
~1 I • Ik(K) 

IF (I-K) 21,~1,~3 
43 DO ~O J-l,NORDER 

SAVE'" ARRAY(K,J) 
ARRAY(k,J) '" ARRAY(I,J) 

50 ARRAY(I,J) = -SAVE 
51 J - Jk(K) 

IF (J-k) 21,61,53 
53 DO 60 I=1,NORDER 

SAVE II: ARRAY(I,k) 
ARRAY(I,k) = ARRAY(I,J) 

60 ARRAY(I,J) = -SAVE 
C 
C Accumulate elements of inverse matrix 
C 
61 DO 70 I-l,NORDER 

IF (I ,Eg, k)CO TO 70 
ARRAY(I,k) • -ARRAY(I,K)/AMAX 

70 CONTINUE 
DO 80 I-l,NORDER 
DO 80 J-l,NORDER 
IF (I ,EQ, K)GO TO 80 
IF (J .Eg, K)CO TO 80 
ARRAY(I,J) - ARRAY(I,J) + ARRAY(I,K) * ARRAY(K,J) 

eo CONTINUE 
DO 90 J=l,NORDER 
IF (J ,Eg, K)CO TO 90 
ARRAY(K,J) = ARRAY(k,J)/AMAX 

90 CONTINUE 
ARRAY(K,K) = 1,/AMAX 
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100 DET • DET • AMAX 
C 
C R.store orderin~ of matrix 
C 
101 DO 130 Lcl,NORDER 

K • NORDER - L + 1 
J • I~(K) 
IF (K .GE. J) GO TO III 
DO 110 I=l,NORDER 
SAVE. ARRAY(I,K) 
ARRAY(I,K) = -ARRAY(I,J) 

110 ARRAY(I,J) c SAVE 
111 I • JK(K) 

IF (K .GE. I) GO TO 130 
DO 120 J=l,NORDER 
SAVE • ARRAY(K,J) 
ARRAY(K,J) • -ARRAY(I,J) 

120 ARRAY(I,J). SAVE 
130 CONTINUE 

RETURN 
END 
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C 
C 

SUBROUTINE FIT2(EV,NP) 
VIRTUAL EV(2000) 
COMMON ISFIT/LOW2,IHI2,NPTS2 

370 TYPE *,' BOUNDARIES FOR SECONDARY AREA FIT' 
TYPE *,' eV RANGE: ',EV(l),' - ',EV(NP),' eV' 
TYPE *,' INPUT LOWER BOUND FOR FIT' 
ACCEPT *,EVLOW 
TYPE *,' INPUT HIGHER BOUND FOR FIT' 
ACCEPT *,EVHI 
IF (EVHI .GT. EVLOW)CO TO 380 
TYPE *, 'HIGHER BOUND < LOWER BOUND' 
GO TO 370 

380 IF (EVLOW .GE. EV(l»CO TO 390 
TYPE *,' LOWER BOUND TOO LOW. USING - ',EV(l) 
LOW2-1 
CO TO 4120 

390 DO ~OO I-l,NP 
4100 IF (EV(I) .CE. EVLOW)CO TO 4110 

TYPE *,' EVLOW > ',EV(NP) 
GO TO 370 

4110 LOW2=1 
4120 IF (EVHI .LE. EV(NP»CO TO 430 

TYPE *,' HICHER BOUND TOO HICH. USING - ',EV(NP) 
IHI2=NP 
GO TO ~60 

4130 DO 41410 I-LOW2,NP 
~40 IF (EV(I) .CE. EVHI)GO TO 41~0 

450 IHI2=1 
460 NPTS2=IHI2-LOW2+1 

RETURN 
END 
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C 
C 
C 

SUBROUTINE LOUTCNP,EV,COUNTS) 
BYTE ANS 
VIRTUAL EV(2000),COUNTSC2000) 
COMMON ITFITI LOW, IHI 

TYPE *,' PLOT ON CRT?' 
ACCEPT 10,ANS 

10 FORMAT (AI) 
IF CANS .EQ. IHY)CALL CRTPLT(EV,COUNTS,IHI,LOW,2) 
TYPE *,' HARD COPY ON PLOTTER?' 
ACCEPT 10,ANS 
IF CANS .EQ. IHY)CALL PLOT(EV,COUNT6,IHI,LOW,2) 
TYPE ., ' OUTPUT TO DISK?' 
ACCEPT 10,ANS 
IF (ANS .EQ. IHY)CALL OUTPUTCEV,C~UNTS,IHI,LOW) 
RETURN 
END 
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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 

SUBROUTINE POLFIT(ARR, NPTS, NTERMS,A,CHISQR) 

This subroutine maKes a least-squares fit to data with a 
polynomial curve: Y c A(l) + A(2)*X + A(3)*X*.2 + A(4).X*.3 
+ ••• 

Copied from the reference: Data Reduction and Error Analysis 
for the Physical Sciences by PR Bevington. 

DEFINITION OF VARIABLES, 

x 
Y 
NPTS 
NTERMS 

- Data array for X values 
- Date array for Y values 
- No. of points in X and Y 
- No. of coefficients to be determined 

( degree of polynomial + 1) 
A - Array of coefficients of polynomial 
CHISQR - Reduced chi square for fit 

FUNCTIONS: 

DETERM (ARRAY, NORDER) - Evaluates the determinant of a 
symmetric two-dimensional matrix of order NORDER 

DOUBLE PRECISION SUMX(19),6UMY(lOI,XTERM,YTERM 
DOUBLE PRECISION ARRAY(10,10I,CHISQ 
VIRTUAL ARR(2000,3) 
DIMENSION A(10) 
COMMON/TFIT/LOW,IHI 
COMMON/SFIT/LOW2,IHI2,NPTS2 

C Accumulate sums 
C 

NMAX • 2*NTERMS - 1 
DO 13 NII:l,NMAX 

13 SUMX(N) .. O. 
DO l~ J"1,NTERMS 

1~ SUMY(J) • O. 
CHISQ • O. 
DO :SO I-LOW,IHI 
X I .. ARR ( I, 2 ) 
V I '" ARR ( I, 3) 
XTERM .. 1. 
DO ...... N'"l,NMAX 
SUMX(N) • SUMX(N) + XTERM 

...... XTERM '" XTERM*XI 
VTERM .. VI 
DO ... a J-l,NTERMS 
SUMYIJ) • SUMY(J) + YTERM 

... a YTERM .. YTERM*XI 
CHISQ II: CHISQ + YI*.2. 

:SO CONTINUE 
IF (NPTS2 .EQ. O)CO TO :S2 
DO ~O I=LOW2,IHI2 
X I • ARR I 1,2) 

346 



Y I = ARR ( I , S ) 
XTERM .. 1. 
DO 244 N-1,NMAX 
SUMXIN) • SUMX(N) + XTERM 

244 XTERM = XTERM*XI 
YTERM = YI 
DO 248 J-1,NTERMS 
SUMY(J) u SUMY(J) + YTERM 

248 YTERM .. YTERM*XI 
CHISQ - CHISQ + YI*.2. 

2S0 CONTINUE 
C 
C Construct matrices and calculate coefficients 
C 
S2 DO S4 J=l,NTERMS 

DO ~4 K-1,NTERMS 
N ., J + J( - 1 

S4 ARRAY(J,K) • SUMX(N) 
DELTA E DETERM(ARRAY,NT£RMS) 
IF (DELTA)61,~7,61 

57 CHISQR ., O. 
DO :59 J=1,NTERMS 

59 A(J) = O. 
RETURN 

61 DO 70 L-1,NTERMS 
DO 66 J=l,NTERMS 
DO 65 J(=l,NTERMS 
N • J + K - 1 

65 ARRAY(J,K) = SUMX(N) 
66 ARRAY(J,L) • SUMY(J) 
70 A(L) - DETERM(ARRAY,NTERMS)/DELTA 
C 
C Calculate chi square 
C 

DO 7S J-l,NTERMS 
CHISQ - CHISQ - 2.*AIJ,*SUMY(J) 
DO 7S K-1,NTERMS 
N = J + I( - 1 

75 CHISQ • CHISQ + A(J)*A(K)*SUMX(N) 
FREE - NPTS - NTERMS 
CHISQR - CHISQ/FREE 
RETURN 
END 
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FUNCTION DETERM (ARRAY, NORDER) 

Function d.si~ned to calculate the determinate of a 
square matrix of dimension NORDER 

348 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

Copied from: Data Reduction and Error Analysis for the Physical 
Sci.nees by PR Bevington 

C 

VARIABLES: 

ARRAY - Matrix 
NORDER - Order of determinant (degree of matrix) 

•••••••••••• NOTE •••••••••••••• 

This function destroys the input matrix ARRAY 

DOUBLE PRECISION ARRAY(10, 10),SAVE 
DETERM = 1. 
DO SO K • 1,NORDER 

C Int.rchan~e columns if diagonal element is zero 
C 

IF (ARRAY(K,KI)41,21,41 
21 DO 23 J=K,NORDER 

IF (ARRAY(K,J)131,23,31 
23 CONTINUE 

DETERM = O. 
GO TO 60 

31 DO 3~ I=K,NORDER 
SAVE = ARRAY(I,J) 
ARRAY(I,J) = ARRAY (I,K) 

34 ARRAY (I,K) • SAVE 
DETERM = -DETERM 

c 
C Subtract row K from lower rows to get diagonal matrix 
C 
41 DETERM • DETERM • ARRAY(K,KI 

TYPE .,' DE TERM • ',DETERM 
IF (K - NORDER)43,~O,~0 

43 Kl = K + 1 
DO 46 J=Kl,NORDER 
DO 46 J-Kl,NORDER 

46 ARRAYII,J) - ARRAYII,J) - ARRAY(I,K).ARRAY(K,J)/ARRAY(K,K) 
~O CONTINUE 
60 RETURN 

END 
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