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PREFACE 

Optical coatings have benefited greatly from the recent triumphs of the micro

electronics industry. Coating design has been revolutionized by the seemingly endless 

improvements in computer speed, power, and price, and the demanding tolerances required 

by the new, more complex, designs are now routinely met with microprocessor-controlled 

coating plants. These breakthroughs have removed the barriers once imposed by the 

tedium of slide rules, and have ushered in an era where performance is limited essentially 

by our understanding of the thin films that comprise the coatings. In this era, progress is 

still linked to the microelectronics industry, but now the gains are primarily supplied by 

the surface analysis tools recently refined for semiconductor research. These tools give 

new insights into the growth, composition and structure of optical coatings, and in this 

thesis we explore the strengths and weaknesses of one particularly powerful surface charac

terization technique, Rutherford backscattering spectrometry. 

This manuscript represents the accumulated efforts of many, but unfortunately it 

can bear only one name. I would like to pause, then, to acknowledge those who would 

have normally appeared as co-authors, beginning with the members of my defense com

mittee. The research was directed by Prof. H. Angus Macleod, and without his experience, 

knowledge, and patience this thesis would not exist. I am especially grateful for his 

encouragement during the preparation of the final draft, and feel fortunate to have worked 

under such a distinguished gentleman. I am also pleased to acknowledge the Ion-beam 

Analysis Group of the University of Arizona's Physics Department, whose meticulous 

measurements are the foundation of this research. In particular, I thank Prof. John Leavitt 

for his many helpful discussions and his extra care in editing the thesis. I am also 
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indebted to Prof. Ursula Gibson for her painstaking review of these chapters, her many 

helpful suggestions, and her encouragement during my years at the Optical Sciences Center. 

The coatings presented here were developed under a contract to the Los Alamos 

National Laboratory; I am grateful for their financial support and for the opportunity to 

work with their exceptional staff. The funding for ion-beam analysis was provided by the 

Optical Coating Laboratory, Incorporated; their foresight and dedication to research are 

well known, and I am pleased to acknowledge their sponsorship. I especially thank Joe 

Apfel and Tom Allen of OCLI for their professional guidance and their willingness to 

share their years of experience. 

Throughout my graduate studies I have had the fortune of working with a number 

of talented, tireless colleagues. Jim Targove and Steve Saxe shared the day to day tri

umphs and setbacks, and I will miss their companionship and movie critiques. John Lehan 

is another gifted researcher, and he, along with Bob Sprague and Robert Sargent, kept me 

grinning as I prepared this thesis. Fred Van Milligen and Kirk Steijn are two ideal house

mates, and I thank them for keeping me sane through course work and preliminary exams. 

Perhaps most of all I will miss Bertrand Bovard, but I am confident that he, along with the 

others, will go onto much bigger successes in the years to come. 

I am grateful for the support of Dr. Mike Jacobson; his management skills kept 

the research well funded, and his technical assistance is greatly appreciated. This research 

also benefits from the expertise of Ross Potoff, our master machinist, and the careful 

measurements and photographs contributed by Rick Swenson. 

And finally, I would like to thank Mary for her encouragement, affection, and 

spirit, and for making the last few years the best, and happiest, I've known. 
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ABSTRACT 

Rutherford backscattering spectrometry (RBS) is shown to be an elegant, powerful 

tool for the chemical characterization of optical coatings. RBS studies of several thin film 

materials are presented to illustrate the technique's unique abilities, and to show how RBS 

is best exploited in investigations of thin film stoichiometry and diffusion. 

The text begins with an introduction to optical coatings and the practical problems 

encountered in their implementation. The basic principles of RBS are discussed, and the 

technique is compared to other popular surface analysis tools. The introductory material 

concludes with a chapter devoted to specific techniques for RBS data and error analysis, 

including the derivation of a simple formula for determining the optimum thickness of 

multi-element samples. 

The accurate stoichiometric measurements provided by RBS give new insights into 

the chemical structure of ion-bombarded MgFz coatings. The analysis shows that lightly

bombarded coatings contain a small oxygen fraction « 6%), and the absence of this oxygen 

in opaque, heavily-bombarded samples implies the oxygen compensates for fluorine defici

encies and is therefore an essential ingredient for transparent films. This beneficial oxygen 

appears to diffuse into the coatings along columnar voids, and the implied compromise 

between packing density and transparency is discussed. 

The final chapter takes advantage of the nondestructive depth-profiles provided by 

RBS. We present the first direct experimental verification of the interfacial oxide layer 

responsible for the superior adhesion of aluminum to glass, and show that contrary to 

popular belief, the layer is not an artifact of oxygen adsorbed during the aluminum's evap

oration. We then discuss the diffusion of copper through silver films, and show that the 

migration is. enhanced by exposure to the RES probe beam. Finally, we consider the 

xi 



xii 

diffusion of carbon, from graphite substrates, into the voids of porous coatings during the 

RBS measurements. This effect, like the enhanced copper diffusion, is consistent with a 

low temperature, measurement-induced anneal; however, we show that the migrant carbon 

does not alter the chemical structure of the coatings, but instead serves as a convenient, 

non-intrusive indicator of film porosity. 
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CHAPTER I 

AN INTRODUCTION TO OPTICAL COATINGS 

An optical cmiting is a thin metal or dielectric film, or series of such films, depo

sited onto an optical element to selectively alter the amount of light, of a given color, 

reflected or transmitted by the piece. Perhaps the most familiar examples of optical coat

ings are first-surface mirrors and anti:-reflected camera lenses, but these are only a small 

sample of the current applications. Optical coatings also play essential roles in ring-laser 

gyroscopes, compact audio disks and high-energy lasers, and they are commonly used to 

enhance the thermal efficiency of architectural glass, and in a slightly different guise, to 

guide light in optical circuits. 

The thickness of an optical coating is usually on the order of a wavelength of light. 

Such thin films of material tend to possess a microscopic structure that differs substantially 

from the morphology of bulk samples; instead of being thin, dense slabs, optical coatings 

often exhibit a porous, dendritic structure. Most of the problems encountered with optical 

coatings can be traced to this coarse microstructure. The microstructure increases substan

tially the exposed surface area of a film, and thus lowers its corrosion resistance and 

hastens diffusion anomalies. The microstructure also affects the optical properties of a 

coating; the coating voids fill with atmospheric moisture to alter the effective refractive 

index of the layers, and the microscopically rough texture increases scattering losses. 

Improvements in the performance and reliability of optical coatings clearly requires 

a better fundamental understanding of thin films, as well as the development of thin film 

deposition techniques that reduce or even eliminate the undesirable columnar morphology. 

An important key to our progress in these two areas is Rutherford backscattering spectro

metry. This powerful chemical analysis technique has allowed us to quantify the subtle 
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chemical changes generated by ion-assisted deposition (a promising technique that greatly 

reduces the microstructure of many materials), and it has also aUowe9 us to nondestruc

tively profile the diffusion and corrosion anomalies made possible by the columnar micro

structure. Backscattering spectrometry is now one of our most trusted and relied upon 

characterization tools, and throughout this dissertation we present examples of its utility 

and precision. 

Before· proceeding with our discussions of dielectric coatings, the columnar micro

structure often associated with thin films, and the unique abilities of Rutherford back

scattering spectrometry, we pause to mention that the coatings studied in this dissertation 

were deposited by thermal evaporation. This is a conceptually simple process, but unfortu

nately its technical complications are beyond the scope of this text. Therefore, the inter

ested reader is directed to the manual by Maissel and GIang [1970], the text by PuIker 

[1984], or the dissertations by Saxe [1985] and Van Milligen [1985] for detailed discussions 

of vacuum techniques and the optical and electronic systems needed to monitor coating 

thickness and deposition rates. 

Dielectric Coatings 

By definition, dielectric coatings do not absorb light. They instead control the 

spectral response of lenses, mirrors and other optical elements through the constructive and 

destructive interference of the light reflected and transmitted at their interfaces. As a 

simple example, consider a thin film of refractive index nf that has been applied to a thick 

substrate of index ns' A small fraction of the light incident on the combination is ref-

1ected from the air/film and film/substrate interfaces, just as a small amount of light is 

reflected from the faces of a pane of glass. The ratio of the electric field reflected at the 

air/film interface to the total incident electric field is denoted by the symbol Pl' and is 



incident 
beam 

reflected beams 

transmitted beams 

n = 
air 

nsubstrate 

Figure (1.1) - Multipie Reflections Inside a Thin Film 
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The amplitude of the reflected orders decays rapidly, and for nfilm ~ nair ~ 
nsubstrate' only the first two reflections are appreciable. 



given by [Macleod 1986, p. 20]: 

1 - nf 
Pl = 1 + nf 

4 

where the incident medium is assumed to be air with a refractive index of unity. A simi-

lar relationship governs P2, the fraction of the light reflected at the film/substrate interface: 

There are, of course, multiple reflections at the two interfaces. Some of the light reflected 

from the film/substrate interface is also reflected at the film/air interface, as shown in 

Figure (1.1). We simplify the calculations by assuming the refractive index of the film is 

not much different than that of the substrate or air, so Pl and P2 are small and only the 

first two reflections are important. By the same approximation, the intensity of the light 

incident on the film/substrate interface is nearly equal to the intensity at the initial inter-

face, so the ratio of the total reflected electric field, Ep to the incident field, Ei, is: 

where k = 27r/>', >. is the wavelength of the incident light, and i = v:T. The argument of 

I 

the exponential term accounts for the phase difference between the beams reflected from 

the air/film and film/substrate interfaces, and arises from the difference between the opti-

cal path lengths. 

The light intensity varies as the square-modulus of the electric field, so the ratio of 

the reflected and incident intensities is: 

A graph of this function is shown in Figure (1.2). Note that the reflected intensity takes 

on an extreme value when the film thickness is such that nfd = (2m + 1)>';4 (where m is 
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Figure (1.2) - The Reflectance of a Single Layer Coating 
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an integer), while it appears to equal that of the bare substrate when nfd = m-\j2 (m is 

again an integer). A rigorous proof that includes the multiple reflections shown in Figure 

(1.1) indicates these observations are general truths - the extreme value of reflectance is 

always obtained when the optical thickness of the film (that is, the physical thickness 

weighted by the index of refraction) is an odd number of quarter-waves, and is exactly 

the reflectance of the bare substrate when the optical thickness is an even number of 

quarter-waves. 

This behavior is the basis for many types of coatings. A simple example is the 

single-layer anti-reflection coating; from the two-reflection model, the fraction of light 

reflected from a quarter-wave layer is: 

and the reflectance is therefore exactly zero if the film is made of a material whose index 

of refraction is such that 

11f = Fs· 
Anti-reflection coatings are now an integral part of all but the simplest optical systems. 

This may seem odd since only 4% of the light incident on an uncoated surface is lost by 

reflection, but it makes sense when all the surfaces in a device are considered - camera 

lenses and binoculars frequently have five or more elements, and the accumulated losses 

from the uncoated surfaces might easily reach 30 - 40%. 

The single-layer anti-reflection coating is just one example of an optical coating, 

and while most designs are more complex, they share a common thread in that they tend 

to be based on quarter-wave layers. Most coatings are made of at least two materials, with 

individual quarter-wave or (very occasionally) half-wave layers stacked in a birthday-cake 

fashion. Such assemblies are used for a wide range of applications, including 
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anti-reflection coatings (additional layers are usually added to the simple design described 

above to anti-reflect over a broader range of wavelengths), all-dielectric high reflection 

mirrors (found in most laser cavities) and band-pass filters (which selectively reflect or 

transmit regions of the optical spectrum). The techniques needed to design these devices 

are detailed in the text by Macleod [1986]. 

We have seen that the thickness of an individual layer of a dielectric coating is 

usually only a fraction of a wavelength of light. An analysis of metal mirror coatings in

dicates that they, too, only need to be a fraction of a wavelength thick - almost all of the 

light incident on a metal is reflected by the first tenth- to quarter-wave of material. The 

microscopic structure of these thin metal and dielectric films can differ substantially from 

the morphology of bulk materials, and the following section discusses the unfortunate 

microstructure and its effect on the optical and mechanical properties of the coatings. 

Thin Film Microstructure 

Our discussion of optical coatings depicts them as thin, dense, homogeneous slabs 

of material. This picture has had great success as a basis for coating design, but it can not 

explain the diffusion and corrosion processes that are peculiar to materiab in thin film 

form. The key to understanding these problems is the microscopic structure of the films; 

electron microscopy shows that on a small scale the layers are not compact slabs, but are 

porous, dendritic structures [Guenther 1984, Guenther and Pulker 1976]. 

To see how the microstructure arises, imagine a growing thin film. A stream of 

evaporated atoms or molecules arrive at random positions along the fresh film surface, and 

the finite substrate temperature gives the newly-arrived particles a small, random, thermal 

energy that allows them to hop along the surface until they find energetically favorable 

homes. If the therm~l energy of. the ada toms is large enough, the newcomers can fill in 

any holes left by their predecessors and the film grows as a continuous slab. However, if 
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the thermal energy of the adatoms is small, they can not wander very far along the surface 

of the growing film before they are frozen into position by their late-arriving colleagues, 

so the troughs and valleys left by earlier arrivals remain largely unfilled and the coating 

exhibits a coarse microstructure. 

Figure (1.3) is a computer simulation of the columnar microstructure based on 

these simple rules for film growth; the simulation is the work of Bangjun Liao and Dar

Yuan Song of the Optical Sciences Center (see Bangjun and Macleod [1985]). The model 

qualitatively matches the microstructure found in optical coatings, and illustrates some of 

the problems associated with the porous morphology. One of the drawbacks is that the 

coating voids fill with atmospheric moisture when they are exposed to air, so the spectral 

response of a coating shifts from the response monitored during the layer's deposition in 

vacuum (a severe problem for narrow-band filters). Another disadvantage is that the col

umnar microstructure opens a clear path from the film surface down to the substrate so the 

entire combination is left vulnerable to environmental corrosives. The discontinuous 

microstructure also hinders thermal transport, and thus reduces the laser damage threshold 

of a coating. These drawbacks grow in importance as optical coatings find more and more 

demanding applications; improvements in laser gyroscope mirrors, high-energy laser mir

rors and in coatings subjected to corrosive environments all hing~ on the reduction or 

elimination of the columnar microstructure. 

Our explanation of film growth suggests the microstructure diminishes as the 

adatom mobility increases, and the simplest method of accomplishing this feat is depositing 

the coatings onto heated substrates. An increased 'substrate temperature improves the 

microstructure of many materials (MgF2 being the classic example), but it is not an ideal 

solution. The heat added to the substrates also liberates gases adsorbed to the walls of the 

vacuum chamber, which increases the time and effort required to attain a desired base 

vacuum pressure. Another consideration is the upper limit on the substrate temperature 
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Figure (1.3) - Computer Simulation of the Columnar Microstructure 

This is a model of a two-layer coating; the smaller disks represent molecules in 
the first layer, and the larger disks are molecules of a different material depo
sited onto the bottom film. Note that the columns in the first layer continue 
into the upper film. 
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imposed by the vacuum plant or the substrates themselves - o-rings tend to melt and decay 

at about 300 oC, and plastic optics can only be safely heated to 100 °C. Depending on the 

material being deposited, these temperatures mayor may not be sufficient for a substantial 

reduction in microstructure. The drawbacks and limitations of simply heating the sub

strates tends to reduce the desirability and effectiveness of the approach, but fortunately 

there is another way to increase adatom mobility - ion-assisted deposition. 

lon-assisted deposition (lAD) involves bombarding a film with low-energy ions 

during its growth; the bombarding ions collide with adatoms and increase the latter's 

energy, and if the enhanced mobility is sufficient, the film's microstructure is greatly 

improved [Martin 1986]. The ion-assist averts most of the drawbacks of applied heat -

lAD requires no more time than conventional deposition, and it works equally well with 

glass and plastic substrates. Other advantages of lAD are that the bombardment cleans 

impurities from substrates before deposition to improve coating adhesion, the added 

expense is minimal because the ion gun is added to an existing evaporation chamber, and 

in some cases, lAD films are mechanically superior to those deposited onto heated sub

strates [Kennemore and Gibson 1984]. 

As might be expected, the advantages of lAD come at a price. Preferential 

sputtering by the bombarding ions can deplete one or more of a coating's atomic constitu

ents, and metal impurities from the ion-gun filaments can become implanted during depo

sition. These concerns are one of the primary motivations for a detailed stoichiometric 

analysis of the coatings - by quantifying the tradeoffs, the undesirable artifacts of ion

assisted deposition can be minimized. A powerful surface analysis tool that can measure 

the subtle chemical changes associated with lAD is Rutherford backscattering spectrometry, 

and in the following section we discuss the key role this technique has played in our 

efforts to improve optical coatings. 



11 

Film Characterization 

Optical coatings have long been characterized by macroscopic optical and mechani

cal properties such as their index of refraction, hardness, internal stress, and their ability to 

withstand environmental corrosives. These attributes indicate whether or not a coating 

meets specific design standards, but they shed little light on the small-scale changes in 

coating structure and chemistry that largely determine the macroscopic phenomena. As 

optical coatings face more and more demanding applications, the interplay between micro

structure and chemistry grows in importance; further improvements in the reliability and 

performance of optical coatings require not only macroscopic measurements, but also a 

detailed chemical analysis of the films. 

There are a number of surface analysis techniques used to study the chemistry of 

thin films, and four of the more popular methods are compared in Chapter 2. A particu

larly powerful tool is Rutherford backscattering spectrometry (RBS). With RBS, the stoi

chiometry of a thin film can be determined to within tenths of a percent, and impurity 

levels can be monitored to 100 ppm. Backscattering spectrometry is quick, with measure

ments typically taking ten to fifteen minutes, and unlike other surface analysis techniques, 

RBS does not require reference standards for quantitative analysis. Another unique advan

tage of RBS is that a nondestructive depth profile of a film's atomic constituents is a bonus 

of the measurement, so the technique is ideal for studying the diffusion and corrosion ano

malies that often occur in optical coatings. 

The capabilities of RBS are evident throughout our study of conventional and ion

assisted MgF2 coatings, the topic of Chapter 4. With RBS, we have found that conven

tionally deposited MgF2 films are deficient in fluorine, and that ion-bombardment magni

fies the problem. Unbombarded and lightly argon-bombarded coatings (films where the 

argon to arriving MgF 2 ratio is less than 0.15) are kept optically clear by a small oxygen 

contamination which appears to convert surplus magnesium atoms into transparent oxides. 
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The amount of oxygen in the urrbombarded samples indicates that the beneficial contami

nation is contributed by atmospheric moisture in the coating pores, implying that the col

umnar microstructure is a necessary ingredient for transparent MgF2 coatings. The conjec

ture is borne out by the more heavily bombarded films - these have almost no residual 

porosity (determined by their chemical stability during post-deposition anneals), they lack 

the oxygen found in conventional films, and they are optically dark. It appears, then, that 

the dense structure of the heavily bombarded films inhibits the migration of oxygen

donating moisture, and as a consequence the unsatisfied valence bonds of the surplus mag

nesium atoms absorb light. 

Our interpretation of the backscattering and optical measurements suggests an 

unfortunate compromise in argon-bombarded MgF2 films - they can either be lightly 

bombarded to retain transparency, or they can be heavily bombarded to maximize durabil

ity. Fortunately, we have found that the brown tinge in the heavily bombarded films can 

be removed by a post-deposition anneal; once annealed, the coatings suffer from a slightly 

enhanced oxide fraction, but they are optically clear and structurally dense. We have also 

seen that the absorption can be completely avoided by bombarding the films with oxygen 

instead of argon, but this alternative creates a slightly larger oxide fraction than is found 

in argon-bombarded, annealed coatings. 

Several examples of the depth-profiling capabilities of RBS are presented in 

Chapter 5. One of these is the superior adhesion of aluminum to glass. A frequent con

cern in metal mirror coatings is the bond between the films and their substrates - poor 

adhesion reduces the abrasion resistance of the mirrors, and impairs thermal coupling so 

the coatings are easily damaged by high-power lasers. The adhesion problem is most pro

nounced in non-oxidizing metals such as gold, but it is rarely a concern with easily oxi

dized materials like aluminum. In fact, aluminum bonds remarkably well to glass, and 

because the metal is an excellent reflector of visible light and it is immune to common 



13 

environmental corrosives, aluminized glass has become the most common mirror found 

today. For more than thirty years the strong adhesion of aluminum to glass has been spec

ulated as being an artifact of an interfacial oxide layer at the substrate/film interface 

[Bateson 1952, Benjamin and Weaver 1960]. In Chapter 5 we present direct evidence that 

this buried oxide exists, but also show that contrary to widely-held beliefs, the interfacial 

layer is not due to the migration of oxygen adsorbed during the metal's deposition. 

Another example of the depth-profiling abilities of RBS is the microstructure

enabled diffusion of copper through thin silver films. Song et al [1985] have used this 

phenomenon to greatly enhance the corrosion resistance of their silver mirror coatings, and 

with RBS the authors have shown that the improvement is due to a thin (0.2 nm) copper 

layer that migrates to the silver surface. Visual inspection of their sample, however, shows 

that the RBS measurement alters the coating, and the longevity of the interrogated patch 

suggests the RBS probe beam locally heats the sample to push more copper to the silver 

surface. This evidence implies that RBS can initiate low-temperature diffusion effects, 

and caution should therefore be exercised in RBS studies of thin film diffusion processes. 

However, in this case the measurement-induced change is fortunate because it indicates 

that the copper/silver mirrors might be further improved by a low-temperature 

(approximately 200 0c), post-deposition anneal. 

Rutherford backscattering is usually presented as a nondestructive analysis tech

nique, and in Chapter 5 we verify that the interrogation beam does not alter the stoichi

ometry or thickness of thin films. The chapter concludes, however, with more evidence 

that the RBS probe beam locally heats samples to activate low-temperature diffusion 

processes. In particular, we prove that carbon migrates from graphite substrates (the 

preferred substrates for RBS analysis) into the voids of porous films during the RBS meas

urements. An understanding of the carbon diffusion problem shows that it is, in fact, a 

benefit - the migrant carbon serves as a non-intrusive indicator of film porosity. 
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However, the evidence of low-temperature, measurement-induced anneals in copper/silver 

mirrors and in porous films deposited onto graphite substrates should caution those who 

study diffusion with backscattering spectrometry. 

Conclusion 

From telescopes to car windshields, optical coatings are now an established part of 

modern optical systems. The optical and mechanical properties of these very thin layers 

are largely determined by their porous microstructure, and by the diffusion and corrosion 

anomalies made possible by the morphology. Improvements in optical coatings hinge on a 

better understanding of the microstructure, its role in chemical instabilities, and on novel 

deposition techniques to reduce or eliminate the porous texture. In this dissertation we 

present our studies of several coating materials, and show that Rutherford backscattering 

spectrometry is an ideal tool for the characterization of the surface chemistry and mechan

ical structure of thin films. We hope our discussions of conventional and ion-bombarded 

MgF 2' the adhesion of aluminum to glass, and the diffusion of copper through silver will 

not only help explain the behavior of these specific materials, but will also give general in

sights into the surface chemistry of thin films. 



CHAPTER 2 

AN OVERVIEW OF SURFACE AND 
THIN FILM ANAL YSIS TECHNIQUES 

The optical coating industry has long characterized its products by optical 

parameters such as index of refraction, extinction coefficient and birefringence. This is a 

practical approach since the coatings are ultimately gauged by their optical performance, 

but this method ignores the small-scale changes in the microstructure and chemistry of the 

films that generate the macroscopic optical properties. Recent applications of optical coat-

ings push the standard optical characterization methods to their limits. Further increases in 

laser damage thresholds, reductions in the scattering losses of laser gyroscope mirrors and 

enhancements in corrosion resistance require a deeper understanding of the composition 

and structure of the films. Fortunately, the surface analysis tools recently refined for 

semiconductor development are ideal for studying the physics of general thin films, and 

have consequently become integral to current advancements in optical coating technology. 

This chapter considers several readily available surface analysis techniques. Partic-

ular emphasis is placed on Rutherford backscattering spectrometry (RBS), the tool relied 

upon in the thin films laboratory at the Optical Sciences Center. Except as noted, the 

material on backscattering spectrometry is based on the excellent book by Chu, Mayer and 

Nicolet [1978], or the review article by Grob and Siffert [1984]. 

Rutherford Backscattering Spectrometry 

At the turn of the century Ernest Rutherford [1911] proposed that atoms consist of 

dense nuclei orbited by electrons. The hypothesis was confirmed in a clever experiment 

devised by two of his students, Geiger and Marsden [1913]; their measurements mark the 

15 
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Figure (2.1) - Schematic of Geiger and Marsden's Original Apparatus 

The authors describe the diagram as [Geiger and Marsden 19l3J: 
''The apparatus ... consisted of a strong cylindrical metal box B, which 
contained the source of alpha particles R, the scattering foil F, and a 
microscope M to which the zinc-sulphide screen S was rigidly attached. 
The box was fastened down to a graduated circular platform A, which 
could be rotated by means of a conical airtight joint C. By rotating the 
platform the box and microscope moved with it, whilst the scattering 
foil and radiation source remained in position, being attached to the 
tube T, which was fastened to the stand L. The box B was closed by 
the ground-glass plate P, and could be exhausted through the tube T." 
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birth of backscattering spectrometry (a schematic diagram of Geiger and Marsden's early 

apparatus is shown in Figure (2.1». 

The theory behind the technique is straightforward. A beam of low-mass, mono

energetic "Ions"" is shot at a stationary target. A small fraction of the incident ions suffer 

near head-on collisions with the nuclei and the Coulomb interaction between the positive 

charges repels the low-mass ions back out of the target, where they are counted and cate

gorized by their energies. The success of the experiment supplied direct evidence for the 

nuclear model of the atom, and early workers quickly learned that they could verify the 

composition of their targets with the technique. 

The fundamental concepts of backscattering spectrometry have remained intact, but 

the equipment has been refined considerably since Rutherford, Geiger and Marsden's time. 

The probe ions are now supplied by van de Graaff (or similar) accelerators, and the 

microscope objectives and zinc sulfide phosphorescent screens have been succeeded by sili

con surface-barrier detectors and microprocessor driven multi-channel analyzers. These 

advancements allow for fast, accurate stoichiometric analysis of thin layers of materials, 

and backscattering spectrometry is therefore an ideal tool for investigating optical coatings. 

The Kinematic Factor, K 

The transfer of energy in an elastic collision can be calculated with elementary 

Newtonian mechanics. Consider a particle of mass ml and initial velocity v 0 that bounces 

from an initially stationary object of mass ffiz at an angle 0 (Figure (2.2». The final velo

cities of the projectile and target (v l and vz' respectively) must be such that the system's 

energy and momentum are conserved. In longitudinal and transverse coordinates this 
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Figure (2.2) - Schematic of the Backscattering Process 

The projectile has mass m1 and initial velocity vo' and rebounds from the target 
(whose mass is mz) at an angle () with a velocity v 1" The collision gives the 
target a velocity v z' 
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implies the relationships: 

The kinematic factor, K, is defined as the ratio of the energy of the projectile after the 

collision to its initial energy; a few algebraic steps yield: 

= E1 _ [ + vI - J.'2sin2(} ]2 
K - E - J.'cos(} - 1 

o + J.' 
(2.1) 

where J.& =: m/m2 and the plus sign holds for J.' ~ 1. 

The mass of the target, m 2, can then be inferred from easily measured quantities -

the mass, incident and final energies, and scattering angle of the projectile. Equation (2.1) 

is the basis for elemental identification by backscattering spectrometry, but its derivation 

assumes a loss-less collision. This simple billiard-ball model only applies if the projectiles 

are too energetic to interact with the electrons of the target atoms, but not energetic 

enough to penetrate the target nuclei. The band of energies that satisfy these criteria is 

now referred to as the Rutherford regime (for oxygen, this region is between 1.5 and 2.3 

MeV), and the interaction is accordingly known as Rutherford scattering. 

The mass resolution is a measure of a technique's ability to discern the difference 

between targets of similar mass; for backscattering spectrometry, this quantity is clearly 

related to the change in the kinematic factor with target mass, aaK . Figure (2.3) shows m2 

the resolution increases as J.& tends to unity and, for materials commonly encountered, is 

maximized as () approaches 11". Scattering angles close to 11" are chosen to capitalize on the 

angular effect, hence the term Rutherford backscattering spectrometry (RBS). Note, 
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Figure (2.3) - The Change in Mass Resolution with Backscattering Angle 

The mass resolution is proportional to 8K. the mass ratio, J.l. = m/m2, is 
8m2 ' 

based on a 4He projectile. 

, 
'-



21 

however, that backscattering «() > ~) can only occur when the projectiles are lighter than 

the target atoms (this is most easily seen when I' = I so the square root term in Eq .. (2.1) 

reduces to Icosol, and the kinematic factor is exactly zero for ~ < 0 :5 11"), and the luxury 

of having f.t close to unity is thus generally forfeited to retain the technique's light element 

sensitivity. The targets are usually probed with 4He+ or lH+ ions and the mass resolution 

deteriorates as the target masses increase. 

The Scattering Cross Section, (j 

The kinematic factor describes the energy of projectiles scatter~d at various angles 

from stationary targets, but does not predict the frequency of t~e events. This information 

is provided by the differential scattering cross section, which specifies the probability of 

an incident particle rebounding at a given direction. 

The differential scattering cross section is defined by a simple thought experiment. 

Consider a thin layer of material of thickness T containing N atoms per unit volume. A 

monoenergetic beam of ions impinges on the film, and an ideal detector counts the ions 

scattered at an angle 0 into the solid angle dO (Figure (2.4)). An energy and scattering-

angle dependent differential scattering cross section, ~~ (area per unit solid angle), is 

assigned to the atoms to describe their efficiency for scattering ions into the detector. The 

cross-sectional area of an atom at a given projectile energy can then be thought of as the 

product ~O and, if the atoms in a film are spread out so their a~eas do not overlap, the 

odds of an incident projectile being backscattered is simply the area of each atom- multi

plied by the total number of atoms per unit area of the sample, or NT~n. 
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film 

incident beam 

dO detector 

Figure (2.4) - Geometry for the Definition of the Scattering Cross Section 

A mono-energetic beam of projectiles is incident on a film of thickness T. The 
number of particles that scatter into the solid angle dO depends on the incident 
projectile flux and the concentration of atoms in the film, as well as the beam 
energy and scattering angle. 
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The likelihood of a backscattering event can also be inferred from an imaginary 

backscattering measurement - if Q particles impinge on a film, and dQ particles are scat-

tered into the solid angle dO, the probability of the event occurring is ~. Equating the 

expressions for the likelihood of scattering events leads to the definition of the differential 

scattering cross section: 

dO' __ 1_QQ 
dO - NrQ dO' 

This expression indicates that the number of backscattered particles counted by a perfect, 

non-infinitesimal detector during non-zero measurement times will be: 

A = oflQNr (2.2) 

where A is the number of counts, 0 is the solid angle subtended by the detector, N is the 

atomic density of the film (in atoms per unit volume), T is the film thickness and the 

scattering cross section, 0', is defined as: 

I fd dO' 
0' = n 0 0 dO' 

(This definition is somewhat confusing since the units of 0' are the same as those of ~~; 

however, it is the accepted convention of the literature and will be adopted here.) 

Equation (2.2) is the basis for stoichiometric analysis by backscattering spectro-

me try. The atomic fraction of a given element is, by definition, the density of that com-

ponent, N (in atoms per unit volume), divided by the net density of atoms in the sample. 

If the atoms are homogeneously distributed, the atomic fractions can also be determined 

from ratios of the area densities, Nr (in atoms per unit area). To clarify, if a sample con-

sists of atoms P and Q, then the atomic fraction of atom Pis: 

(Nr)p 
fp -

- (Nr)p + (Nr)Q' 
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Substituting Eq. (2.2) and noting that the solid angle, total incident charge and the 

energy dependence of the scattering cross sections cancel (in the following paragraphs it 

will be stated that a oc l/EZ) since the measurements on P and Q are concurrent, the frac-

tion of atom P becomes: 

f = Ap/ap 
P Ap/ap + AQ/aQ' 

(2.3) 

The stoichiometry of a sample can thus be measured without the inconvenience and uncer-

tainty of reference standards, provided the number of counts produced by each component 

in a coating and the scattering cross sections of those elements are accurately known. A 

typical, ten minute RBS run can involve 104 to 105 counts, and the events obey Poisson 

statistics so the counting noise goes as l/rA. If the error in the scattering cross sections 

is neglected (this approximation will be justified shortly), the 104 to 105 counts translate to 

an error in the atomic fractions that is on the order of tenths of a percent! 

As mentioned, the quality of the stoichiometric calculations is tied to accurate 

knowledge of the scattering cross sections. Fortunately, these can be accurately calculated 

by Rutherford's original analysis. Conservation of the energy and momentum of the pro-

jectile and target nuclei, combined with an assumed Coulomb potential between the parti-

cles (which constrains the projectile energy to the Rutherford regime), leads to Ruther-

ford's formula for the differential scattering cross section [Rutherford 1911]: 

(2.4) 

where Zl and Zz are the atomic numbers of the projectile and target, E is the projectile 

energy immediately before scattering, J-' is the ratio of the projectile and target masses, 

m/mz' () is the scattering angle and the R subscript on the differential cross section is a 
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reminder that the formula ;s only valid for Rntherford scattering. The electron charge, e, 

is 1.60206 X 10-19 C, and 1/411'co (where Co is the permittivity of free space) has the value 

8.98740 x 109 Y'm/A'sec in S1 units. The equation illustrates several key features of back-

scattering spectrometry: 

i) the scattering yield increases as the square of the atomic number of the projectile; 

helium atoms (Zl = 2) backscatter four times as often as hydrogen atoms (Zl = 1), 

and are therefore chosen more frequently as probes; 

ii) the yield increases as the square of the atomic number of the target atom; back-

scattering spectrometry is then ten times as sensitive to iron (Z2 = 26) as it is to 

oxygen (Z2 = 8), and 

iii) the cross sections have a very simple energy dependence - just I/E2. 

The derivation of Rutherford's equation assumes a pure Coulomb interaction 

between unscreened projectile and target nuclei. The formula can be expected to vary 

most significantly from the measured cross sections for 10w-Z elements (because the separ-

ation between target and projectile becomes comparable to the sum of the nuclear radii as 

Z2 decreases), and for high-Z elements (because core electrons tend to shield the nuclear 

charge). For beam energies between 1.0 and 2.3 MeV, the e,rror in the cross sections 

predicted by Rutherford's equation has been shown to be less than 1% - 2% for low-Z 

elements [Ziegler and Baglin 1974, MacDonald et al 1983]. However, the high-Z elements 

require a small correction factor to account for shielding effects; the high-Z cross sections 

must be calculated from the formula [MacDonald et al 1983, L'Ecuyer, Davies and Matsu-

nami 1979]: 

da [_ 0.049Z1Z2
4

/
3

] [da) 
dO = 1 E(keV) dO R 

which reduces to Eq. (2.4) for small Z1' Note that the perturbation to Rutherford's 
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equation cancels from Eq. (2.3) if the constituents of a compound have essentially the same 

atomic numbers, and is only important if low-Z and high-Z elements are present in a 

single compound. 

The Stopping Cross Section, € 

Backscattering events rarely occur; the vast majority of the incident particles 

penetrate a sample and then gradually lose kinetic energy as they pass through the electron 

clouds of target atoms. Since the energy of a backscattered particle is directly proportional 

to its incident energy (from Eq. (2.1», the projectiles that happen to bore through part of 

a sample before being backscattered have less energy than those that rebound. from surface 

atoms. Projectiles scattered from atoms inside a sample also lose energy over their exit 

paths, and the net energy loss smears the RBS peaks to furnish qualitative information on 

the depth distribution of a target's constituents (a typical RES peak is shown in Figure 

(2.5a». 

The stopping cross section quantifies the energy lost by the projectiles~ The energy 

transferred from the probe beam as it passes through a very thin film of material of thick-

ness D-x must clearly be proportional to the number of atoms encountered; if the beam has 

cross-sectional area S and there are N atoms per unit volume of a sample, then the net 

number of atoms affecting the beam is S· ND-x/S so that the energy loss, D-E, goes as: 

~E oc ND-x. 

The stopping cross section, €, is defined as the constant of proportionality that satisfies this 

relationship for infinitesimal film thicknesses, or: 

_ 1 dE 
€ = N dx· (2.5) 

This material-dependent parameter is determined empirically; the stopping cross sections 
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a) The RBS spectrum of a compound sample consisting of light atoms, m, and 
heavy atoms, M. The peak widths are determined by the net projectile energy 
loss, and the slope in the pea1<s represents the increase in the scattering cross 
sections as the beam energy decreases. 
b) If the sample is too thick, the peaks overlap. 
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of the elements at energies between 0.4 and 4.0 MeV have been compiled by Chu, Mayer 

and Nicolet, and the more recent tabulations by Ziegler [1985] are listed in Appendix B. 

Data on the stopping cross sections of the elements can be extended to molecules 

by Bragg's rule, which is an intuitive postulate that states the stopping. cross section of a 

molecule is the sum of the cross sections of its parts. The effective cross section of the 

(2.6) 

(for instance, €(AI20 3) = 2€AI + 3(0). This rule agrees well with experiments [Chu, Mayer 

an~ Nicolet 1978] and alleviates the need for measuring the stopping powers of all the 

molecular compounds that can exist. 

The energy loss experienced by the probe beam allows for depth analysis by back-

scattering spectrometry, but it also imposes an upper limit on film thickness. To see this, 

consider a sample built of two elements of different masses. A probe beam loses energy as 

it penetrates the sample, but at every depth the energy of the projectiles scattered by the 

heavier atoms is greater than that of those scattered by the lighter atoms. This does not 

mean that all the events caused by the heavier nuclei have higher energy than the events 

initiated by the lighter masses, for if the film is too thick the particles backscattered from 

heavy elemerits deep in the sample could have less energy than the projectiles that rebound 

from light elements at the surface. The consequence is an energy spectrum with overlap-

ping peaks (Figure (2.5b» that makes it difficult to isolate the events initiated by each ele-

. ment. 

Th~ _ tl1ickness constraints become more rigid as the mass difference between the 

constituents decreases and as the masses of the elements increase. The last section in 

Chapter 3 shows that a MgF 2 film whose components are just resolvable must be thinner 

than a similar MgO coating (the mass difference between Mg and F is 5.3 amu, and Mg 
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and 0 are separated by 8.3 amu), but it can be thicker than a Balz sample (the mass 

difference here is 10.4 amu', but recall that the mass resolution decreases with mass). 

There is another complication to the beam energy loss, and it arises from the thick 

substrates needed to support the thin films being analyzed. The RBS peak produced by 

the mounts has a high-energy edge corresponding to backscattering events at the sub

strate/film interface, but unfortunately the substrate peak continues through all lower ener

gies as the probe beam penetrates the disproportionately thick mount (Figure (2.6». Any 

information about elements in the film that are lighter than the heaviest substrate constitu

ent becomes buried in this broad signal. The dilemma can be circumvented by restricting 

the substrate materials to the light elements. For economic and safety reasons carbon, in 

the form of graphite, has become the substrate of choice for RBS analysis. There are some 

drawbacks to this soft material that will be discussed in Chapter 5, but the low atomic 

mass and high electrical conductivity of the material (the latter is needed to avert surface 

charging effects) more than compensates for the inconveniences. 

X-ray Photoelectron Spectroscopy 

A sample bathed in monochromatic x-rays will emit electrons with kinetic energies 

that are characteristic of the atoms present on its surface. The composition of the surface 

can be unambiguously determined by comparing the energy spectrum of the ejected elec

trons to the known signatures of the elements. This technique is referred to as X-ray 

Photoelectron Spectroscopy (XPS) or, just as frequently, Electron Spectroscopy for Chemi

cal Analysis (ESCA); its strengths lie in its ability to discern small differences in the bind

ing states of atoms, and in its ability to probe only the top few monolayers of a surface. 

Except where it is noted, the material in this section is based on the presentations by 

Werner and Garten [1984] and Seah [1984]. 
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Li Be B C o F Mg Si Ti Ge Au 

Backscattered Energy 

Figure (2.6) - The Peak from a Carbon Substrate 

Note that any Li, Be or B in a sample is masked by the low energy tail of the 
substrate signal, but more elements would be masked if Si or Ge were Chosen as 
substrates. 
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The physical principles behind XPS are straightforward. Most of the incident x

rays penetrate a sample, but a small fraction are absorbed by atoms at the surface or in the 

bulk of the material. Each captured photon can liberate one core electron, provided the 

electron is fastened to its host atom with a binding energy, Eb, that is less than the photon 

energy, hll; any excess photon energy appears as electron kinetic energy, ICE. The ejected 

electrons are counted and categorized by their kinetic energy, yielding peaks that corres

pond to the characteristic core electron binding energies of the elements present in the 

sample. (Actually, more than one electron in an atom can have a binding energy less than 

the x-ray energy; however, only one of these is emitted for each absorbed photon. The 

ejection of electrons from the orbitals is a statistical process that leads to different peak 

heights for electrons released from the various energy levels of an atom. The incident x

rays can also produce Auger electrons, which are the topic of the following section). 

There are several attributes of XPS that have made it one of the more popular sur

face analysis tools, the most unique (as well as the most important) being its ability to 

directly measure the binding energy of core electrons. Perturbations to the electric poten

tial experienced by an electron (due to, say, the various oxidation states of a metal) slightly 

shift its binding energy, and the molecular state of an atom is then reflected in the posi

tion of its XPS peak. 

Another plus is that even though the x-rays penetrate 20 nm into a sample, the 

mean free path of the ejected electrons, and thus the interrogation depth of the technique, 

is only on the order of 0.1 - 0.5 nm. This, coupled with the molecular binding informa

tion, makes XPS ideal for studying the chemical dynamics of surfaces. The technique can 

also be combined with a sputter source (sputter etching is the topic of the last section in 

this chapter) to allow for composition depth profiles of a sample. Finally, XPS is a non

destructive technique so its sensitivity to trace elements, as well as the statistical noise in 

the electron counts, can be improved by simply increasing the scan time. 
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Like Rutherford backscattering, XPS can be a quantitative technique. The average 

number of ejected electrons, N, is given by the equation [Carlson 1982]: 

N = onF 

where n is the concentration of an element, (J is the cross section for the photoemission of 

an electron from one of its orbitals, and F is the incident x-ray flux. This formula implies 

that, ideally, the only parameters needed to determine the relative concentrations of a 

sample's constituents are the integrated peak counts and accurate knowledge of the appro

priate cross sections. In practice, however, there are several factors that confuse the analy

sis. One complication is that the electron escape depth is a function of its energy [Joshi, 

Davis and Palmberg 1975] so the interrogation depth may be quite different for the various 

elements of a molecular compound, producing a deceptive stoichiomc;:try. (As an example, 

if there happens to exist a compound PQz where the escape depth of photoelectrons emit

ted by P is twice that of Q, then an anomalous stoichiometry of PQ would be measured.) 

The other factors that aggravate quantitative analysis are related to uncertainties in 

counting the net number of electrons photoemitted from a given orbital of an atom. One 

problem is that x-rays tend to create excited, but bound, electron states that can divert an 

appreciable number of counts into satellite peaks. Another difficulty concerns the ejected 

electrons that suffer inelastic collisions as they exit a sample (by definition, those ejected 

from depths greater than the electron mean free path). These become background counts 

at binding energies higher than the peak energy and degrade the signal to noise ratio. 

These complications can create a 10 - 20% error in stoichiometric analysis 

[Battistoni, Mattogno and Paparazzo 1985]. The error can be reduced by comparing the 

measurements from the test sample to those obtained from reference standards, but this 

takes time and reference standards, so quantitative analysis by XPS is not as convenient or 

as accurate as it is with RBS. 
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There are also some minor drawbacks to XPS. The analysis relies on the fact that 

core electrons are not directly involved in molecular bonds; this gives the elements their 

unique signatures, but since hydrogen and helium have no core electrons they can not be 

detected with XPS. Another consideration is that the efflux of electrons creates surface 

charging effects in dielectrics that shift the XPS peaks; however, to first order the dis

placements are the same for all elements, and can be subtracted by measuring the shift in a 

known peak (such as carbon). 

Auger Electron Spectroscopy 

Auger Electron Spectroscopy (AES) is a powerful tool for identifying the binding 

state of the elements at a surface, and is one of the most widely used "off the shelf' chem

ical analysis techniques. However, it shares many qualities with XPS and will only be dis

cussed briefly in this manuscript. More detailed discussions of the technique can be found 

in Seah [1984], Carlson [1975], Levenson (1983] and Ingrey [1983]. 

The Auger effect begins with the ionization of a core electron by an x-ray or 

energetic electron beam. The vacancy is filled by an outershell electron whose excess 

energy is carried away by an x-ray (x-ray fluorescence) or by another electron (the Auger 

effect). Since the energy of the Auger electron is independent of the initial x-ray or elec

tron beam energy, each element has a unique spectral signature. The energy of an Auger 

electron is altered, though, if the outershell electrons (the "binding" electrons) are per

turbed, so the relative binding states of atoms can be inferred from changes in the shapes 

of the A uger peaks. 

The emission of Auger electrons is a secondary effect; the primary process is the 

liberation of core electrons. The signal to noise ratio is therefore low, but is commonly 

enhanced by electronically differentiating the energy spectrum to remove the broad, con

stant background produced by the ejected core electrons. 
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The advantages of AES are nearly the same as those of XPS. The technique meas

ures ejected electrons and is therefore surface sensitive, and as mentioned, AES allows for 

elemental analysis and gives binding state information. It should be noted, however, that 

in AES the binding state of an atom must be gleaned from the shape of its Auger peaks, 

while in XPS the changes are indicated by a simple energy shift. 

Auger electron spectroscopy also shares flaws with XPS - reference standards are 

needed for quantitative analysis (for the same reasons as XPS), and AES is insensitive to 

hydrogen, helium and atomic lithium (since an element must have core electrons and at 

least two outershell electrons to exhibit an Auger effect). Unlike XPS instruments, though, 

all commercial AES systems rely on electron rather than x-ray bombardment; since elec

tron beams liberate core electrons more efficiently than do x-ray beams, the count rate is 

much higher for AES than it is for XPS. This advantage gives AES an edge in studies of 

metals and semiconductors, but the surface charging effects generated by the electron flux 

make AES analysis of dielectrics nearly impossible. 

Secondary Ion Mass Spectroscopy 

Low energy ions (0.5 - 20 ke V) incident on a solid surface excite target molecules 

through elastic and inelastic collisions. Once struck, the molecules may either fragment or 

remain intact; in either case, most of the newly obtained energy is transferred to other 

particles through an avalanche of bumps and crashes. Most of the particles involved in the 

"collision cascade" merely migrate a short distance (perhaps a couple of nanometers), but a 

small fraction of the molecules and fragments near the surface gain enough energy to leave 

the target. The sputtered pieces can be analyzed with a mass spectrometer to determine 

the components of a sample, a technique referred to as secondary ion mass spectroscopy 

(SIMS). This discussion is based primarily on the that of Stuck and Siffert [1984] and 

Werner and Garten [1984]. 
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SIMS has several strong suits, the most pronounced being its sensitivity to light ele

ments such as H and He - a distinct advantage over RBS, XPS and AES. Another plus is 

that the escape depth of the sputtered ions is on the order of 1 nm so SIMS, like XPS and 

AES~ can be employed as a surface analysis tool. 

Chemical binding information can also be inferred since a fraction of the surface 

molecules leave the surface and make their way to the detector without fragmenting. 

However, caution must be exercised since some of the observed species are undoubtedly 

formed by collisions, and as such are not representative of the compounds on virgin sur

faces. 

T!le final SIMS asset can be both a blessing and a curse. It stems from the fact 

that the sputtering process gradually exposes material from the depths of a sample, creating 

a depth profile of components as the mass spectrometer signal is monitored with time. 

This is good, of course, if the distribution of constituents is desired; however, it imposes a 

limit on the sensitivity of the technique - since the surface is constantly changing, small 

signals can not be enhanced by extending the scan time. 

Most of the other disadvantages associated with SIMS concern surface damage in

duced by the ion beam, and will be discussed later in this chapter. However, some of the 

artifacts that plague XPS and AES also afflict SIMS. First, reference standards are needed 

for quantitative analysis because the sputter yield of an element varies with the angle of 

the incident ion- beam (it may change by factors as large as five [Oechsner 1975]), and 

according to the material matrix that binds an atom (the yield is inversely proportional to 

the surface binding energy of the atom [Sigmund 1969], which may change by several 

orders of magnitude). The technique is also prone to surface charge anomalies created by 

the ion beam; however, if positive ions are used these effects can be neutralized by the 

thermal electrons boiled from a judiciously placed filament. 
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Depth Profiling Techniques 

The depth distribution of the elements in a sample can be inferred by two distinct 

methods - through the beam energy loss inherent in RBS, or by eroding material from a 

sample with a sputtering source, and analyzing the fresh surface with XPS, AES or other 

surface-sensitive techniques. This section reviews the relative strengths and weaknesses of 

the two approaches in optical coating analysis. (Depth profiling can also be done by ball 

cratering [Walls, Hall and Sykes 1979] or angle lapping [Tarng and Fisher 1978]; however, 

these methods require the high lateral resolution of an electron probe, and will not be dis

cussed here because the electron beam causes unacceptable surface charging effects in 

dielectric samples.) 

Depth Profiling with RBS 

Projectiles gradually lose energy as they penetrate a solid (see the discussion of the 

stopping cross section in this chapter); particles backscattered deep within a sample there

fore have less energy than those that are lucky enough to bounce from surface atoms, and 

the distribution of an element with depth can be deduced from the energy profile of its 

RES peale. Non-linearities in the stopping cross sections make it difficult to scale the 

energy profile to beam penetration depth, but the technique is convenient for qualitative 

work. 

RBS depth profiling has an edge over sputter-etch profiling in two key areas. The 

first is that the depth analysis is a bonus of the stoichiometric measurement; it does not 

require additional equipment or time. The second advantage is that the technique is non

destructive since the probe energy is chosen to avoid nuclear and electron-shell interac

tions. (We believe, though, that the probe beam locally heats the samples; this is discussed 

in Chapter 5.) 
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Of course the decisive criterion in judging a profiling technique is its depth 

resolution. In RBS, this quantity is defined by the material being studied, the detector 

resolution, and the spread in energy of the projectiles in the probe beam. For instance, if 

the convolution of the beam spread and the detector resolution yields an energy spread of 

13 keY (which is a good approximation for the University of Arizona's RBS apparatus), 

then the depth resolution would be about 17 nm in Al20 3 or 21 nm in MgF2 since thin 

films of these thicknesses would generate a 13 keY energy difference between particles 

backscattered from their front and rear surfaces (these calculations are discussed in one the 

last sections in Chapter 3). 

This is the ideal limitation to the resolution; in practice there are complications to 

the analysis. One is that the net beam energy loss is a statistical process that depends on 

the random paths the individual projectiles follow after they enter the target. The conse

quence is that the energy spread of the probe beam, and hence the depth resolution, de

grades significantly with depth of penetration. As an example, we have found that the 

depth resolution degrades to 33 nm in Al20 3 after the beam traverses 200 nm of coating. 

The other limitation concerns the effect of the isotopes of the elements. Since the 

energy of particles backscattered from a given depth varies with the mass of the nucleus 

that initIated the event, the subtle mass difference associated with the isotopes of an ele

ment broadens the RBS peaks and hence degrades the depth resolution. This problem is 

especially pronounced for light elements (since the mass resolution of the technique is high) 

and for elements that have several stable isotopes of roughly equal abundance (Mg is a 

good example; see Figure (2.7». 

Sputter Depth Profiling 

Low energy ion sources, such as those enlisted for SIMS analysis, are frequently 

used to uncover material buried deep inside a sample so it can be chemically analyzed by 
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surface-sensitive techniques such as XPS and AES. This method of depth profiling opens 

new venues for XPS and AES, but it can exact a high price - the ion beam, almost by 

definition, damages the samples and may create spurious artifacts. 

The molecular fragmentation and implantation of surface atoms concomitant with 

low energy ion bombardment limit the accuracy of sputter depth profiling [Whitton 1979]. 

The damage is compounded by the inefficiency of the sputtering process; sputtering yields. 

are usually only about 0.01 - 0.1 atoms per incident ion, while the collision cascade extends 

ten to twenty times the mean ejection depth of the sputtered ions [Wittmaack 1984]. To 

make matters worse, the adulteration of the surface increases with time since the deleter

ious effects of bombardment tend to accumulate. The net repercussion is that the analysis 

b,ecomes less reliable with depth [Seah and Hunt 1983]. 

An example of beam-induced damage is the modifications in surface stoichiometry 

that result from the substantial differences between the sputtering yields of the elements. 

Preferential sputtering is most marked in fluoride-halides and metal-oxides where the 

fluorine and oxygen are quickly depleted. The effect can be reduced by etching with or 

in the presence of reactive gases, such as oxygen or freon (to compensate for F 

deficiencies), but it can not be completely removed [Whitton 1979]. 

The ion beam can also change the microtopography of a sample. One common 

problem concerns the spatially varying erosion rates that result from impurities in the sam-. 

pies or from ion channelling in the randomly oriented grains of polycrystalline coatings 

[Stuck and Siffert 1984, Whitton 1979] (see also the specific examples in Whitton et al 

[1977], Hofer and Liebl [1975] and Naundorf and Macht [1980]). The fluctuations in the 

sputtering yield can quickly produce microscopically rough, jagged surfaces that degrade 

the depth resolution. The channelling anomaly can be partially alleviated in materials that 

become amorphous with bombardment (for instance, by sputtering AI with oxygen 

[Bernheim and Slodzian 1973]), but such cases are exceptions, not the rule. 
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Conclusions 

A combination of techniques is needed to measure all of the properties of a coating 

that can effect its optical behavior, such as the relative proportions of the major film con

stituents, the presence of trace impurities, the depth distribution of the elements, and the 

bonds that connect the various atoms. Despite the myriad of techniques required for 

thorough analysis, most of the important compositional information can be obtained from 

Rutherford backscattering measurements. 

Backscattering spectrometry is the most direct method for identifying the elements 

in a sample and their relative concentrations. The components can be calculated from the 

energies of the backscattered particles, and the film stoichiometry can be accurately deter

mined without the nuisance of reference standards. In contrast, XPS and AES rely on 

tables of photoelectron and Auger peaks to tag the constituents and these techniques, as 

well as SIMS, require reference standards for quantitative analysis. 

Rutherford backscattering also has an advantage in depth profiling. The thickness 

constraints imposed by RBS give it a slight disadvantage, and sputter-depth profiling 

[Anderson 1979] can give better depth resolution for well behaved samples (10 nm 

compared to 25 nm). However, RBS has the edge in speed, and the complications that can 

arise from sputtering (such as cascade mixing and surface roughening) tend to make 

sputter-etching a less desirable approach. 

The other crucial parameter for optical coatings is the bonding between the atomic 

constituents in a sample. The optical properties of a film are greatly influenced by the 

type of bonds present; for instance, SiOz transmits visible, infrared and ultra-violet light 

while SiO only transmits infrared radiation. Backscattering spectrometry is oblivious to this 

information but, fortunately, XPS, AES and SIMS are not. 
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A combination of fundamentally different techniques, such as RBS with XPS, AES 

or SIMS, is needed to fully characterize a coating. In most cases, though, comprehensive 

analysis is not necessary and the stoichiometric, trace contaminant and depth-profile infor

mation furnished by RBS is sufficient to explain the optical performance of a film .. The 

goal of the thin films group has been to exploit the advantages of RBS in optical coating 

analysis; subsequent chapters show that a wealth of information can be gleaned from this 

simple technique. 



CHAPTER 3 

SPECIFIC TECHNIQUES FOR RBS DATA ANALYSIS 

The spectra obtained from Rutherford backscattering spectrometry (RBS) contain 

an incredible amount of information; they indicate the presence and distribution of the 

elements in a coating, as well as their relative and absolute concentrations. This chapter 

concentrates on the quantitative aspects, and discusses the merits and drawbacks of various 

data analysis techniques. It is hoped the material will be enlightening for the those who 

wish to learn the methods of converting the raw RBS data into accurate stoichiometries and 

atomic concentrations. As before, the reader is directed to the text by Chu, Mayer and 

Nicolet [1978] for further discussions. 

Stoichiometry Calculations 

Stoichiometric analysis by Rutherford backscattering is based on Eq. (2.2) (repeated 

here for convenience): 

A = oflQNr (3.1) 

where A is the total number of particles scattered from a given element into a detector 

that subtends a solid angle nand Q is the total number of projectiles incident on the 

sample whose density and thickness are Nand r. The scattering cross section, (J, is evalu

ated at the energy of the projectile immediately before the backscattering event occurs. 

The derivation of this formula assumed the film being analyzed is so thin that the 

beam energy, and hence the scattering cross section, is constant throughout the sample. 

Unfortunately, optical coatings tend to be relatively thick and the energy and scattering 

cross section can vary considerably from one edge of a coating to the other. To make 

matters worse, the columnar microstructure discussed in Chapter 1 can also cause variations 

42 
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in film density with depth. The analysis of Chapter 2 is far from worthless, though, since 

the thicker films can be treated as a set of very thin films that do obey Eq. (3.1); the net 

number of backscattered particles is simply the sum of the contributions from these imagi-

nary slices. 

The number of particles backscattered from an infinitesimal slice of coating of 

thickness dx is (generalizing (3.1)): 

(
1 MeV)2 dA = 0'0 E(x) OQN(x)·dx 

where 0'0 is the scattering cross section calculated from Rutherford's formula (Eq. (2.4)) at 

1 MeV, and the I/E2 term accounts for its energy dependence. The beam energy and 

density are written as functions of position, x, where x is the distance from the face of the 

film to the slice of material, dx, that causes the backscattering events (Figure (3.1)). The 

total number of particles backscattered from a thick film of thickness T is then: 

J
T (1 MeVJ2 

Anet = O'oOQ gxN(X) E(x) . 

This appears to be of little utility since N(x) and E(x) are not, in general, known. How-

ever, if there are no abrupt changes in the density of the coating (or if any radical fIuctu-

ations are small compared to the beam spot size - for instance, the density variations in a 

cermet) so the energy varies smoothly with depth, then the density and energy can be 

approximated by their spatial averages. The number of atoms per unit area can then be 

written as: 

Anet ( E )2 
(N)T = O'oOQ( 1 MeV)' 

where the < > brackets represent the average over depth. 
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Before progressing, some attention should be given to errors in Anet , fl and Q. 

First, the Anet term; its accuracy is compromised because a small fraction of the projec-

tiles that make their way back to the detector are not counted because they happen to 

arrive while the detector electronics are busy processing previous events. The dead time 

ratio (DTR) is introduced to compensate for this problem; it is simply the ratio of the 

time elapsed during a measurement to the time the detector electronics are "alive" and 

capable of processing incoming events. The actual number of particles incident on the 

detector is close to the product Anef DTR, and the value of (N)r is adjusted accordingly. 

The n and Q terms are also potential sources of error. It is difficult to measure 

the solid angle to less than I - 3% error, and determinations of the total number of ions 

incident on a target are hampered by secondary electron emission induced by the energetic 

projectiles, as well as by the lack of knowledge of the charge state of the analyzing beam 

as it enters the target chamber. The error from these parameters is reduced by calibrating 

the system to a standard with a known concentration of atoms. The reference employed in 

our experiments is Bi implanted in Si, so we normalize our results by a so-called bismuth 

correction factor, CFBi. When both the dead time ratio and the bismuth correction factor 

are included, the net concentration of atoms becomes: 

Anet 
(N)r = O"oflQ(£2)·DTR.CFBi. (3.2) 

It should be noted that the calibration factors are only needed to determine the 

absolute concentration of atoms in a coating; the terms cancel in calculations of relative 

atomic concentrations. 

Sample Stoichiometry Calculation 

The RBS spectrum of an aluminum oxide coating is shown in Figure (3.2). 

Through the kinematic considerations of Chapter 2, the three prominent peaks have been 
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identified as aluminum, oxygen and argon. (This particular film was bombarded with low 

energy argon ions during deposition, and a few have become implanted.) The film stoichi-

ometry can be written as: 

Ala:O(JAr,,/ 

where 0: + (J + "/ == 1. From Eq. (2.3) the Al fraction, 0:, is: 

Substituting Eq. (3.2) for the AI, 0 and Ar concentrations yields: 

AAI/O'AI 
0: = AAI/O' Al + AO/O'O + AAr/O' Ar (3.3) 

where the scattering cross sections are understood to be evaluated at 1 MeV; similar 

expressions hold for the oxygen and argon fractions. 

The number of counts produced by each element is shown in Figure (3.2) (the 

background noise is ignored here because it is relatively small; if the noise is large, it 

should be subtracted): 

AAI = 28582 

AO = 15203 

AAr = 4362 

and from Table X of Chu, Mayer and Nicolet's [1978] text the cross sections of these ele-

ments at 1 Me V for particles scattered at 1700 are (in 10-24 cm2/steradian): 

O'AI = 0.8512 

0'0 = 0.2965 

O'Ar = 1.671 

Substituting the counts and cross sections into Eq. (3.3) (and associated expressions 

for (J and ,,/) gives the film stoichiometry: 

Al0.3839 00.5862 ArO.0298· 
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Sample Error Calculation for Stoichiometries 

The error in the stoichiometry depends on the uncertainty in the integrated peak 

counts and on the rates of change of Ct, f3 and '1 with the aluminum, oxygen and argon 

.counts (assuming the error in the scattering cross sections is minuscule - a good approxi-

mation in the Rutherford region [Ziegler and Baglin 1974, MacDonald et al 1983] provided 

the high-Z corrections discussed in Chapter 2 are applied); for example, the net uncer-

tainty in the aluminum fraction goes as: 

where ~AX represents the uncertainty in the integrated counts for the peak produced by 

element X. From Eq. (3.3) (and the similar equations for f3 and '1) the uncertainties in the 

aluminum, oxygen and argon fractions reduce to: 

~Ct 1 - Ct + (3 + '1 -= 
Ct 

JAAI JAO JAAr 

M= Ct + 1 - (3 + '1 
f3 

JAAI JAO JAAr 

~= Ct + (3 + 1 - '1 
'1 

JAAI JAO JAAr 

where it has been noted that the detector counts obey Poisson statistics so ~A = .fA. 

Substituting the appropriate values from the example film of Figure (3.2) yields the 

stoichiometry: 

AIO.384 ± 0.003 00.586 ± 0.004 ArO.0298 ± 0.0006' 

Backscattering spectrometry is the only chemical analysis technique that can rou-

tinely measure stoichiometries with such exquisite accuracy; this ability makes RBS an 
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ideal tool for investigating the relationship between the chemical composition and the opti-

cal properties of a thin film. 

Absolute Atomic Concentrations 

The absolute concentrations of a film's constituents also lend insight to the growth 

and structure of a coating. As a rule, absolute measurements are more difficult than rela-

tive measurements, and those made with backscattering spectrometry are not exceptions. 

The error-prone terms that cancel from the stoichiometric calculations remain to haunt the 

absolute determinations. The quality of the absolute measurements is thus tied to the 

accuracy of the calibration factors and to the uncert::unty in the estimate of the mean-

square beam energy. The calibrations are fixed once the backscattering spectrum is taken, 

so this section concentrates on the other culprit, the mean-square beam energy, (E2). 

All energy loss calculations are based on Eq. (2.5) (repeated for convenience): 

1 dE 
€[E(x)] = N(x) dx (3.4) 

where € is the energy-dependent stopping cross section of a sample and x is the position 

coordinate. The stopping cross section varies with depth through its energy dependence 

and the possible variation in density with depth is shown explicitly. This formula can be 

rearranged and integrated over the incoming and the outgoing paths of a backscattered 

projectile; Figure (3.3) shows the algebraic symbols chosen to describe the journey. 

Consider a particle with initial energy Eo that enters a film of thickness l' at an 

angle ¢ to the surface normal. This particular projectile happens to backscatter from a 

target atom at the very rear of the sample and leaves the coating at an angle () to the sur-

face normal. The particle gradually loses energy as it passes through the material and only 

has energy E(1') when it encounters the target atom; from Eq. (3.4) this energy- must be 
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such that 

f
Eo 

dE 
(N}r/cosq) = (E) 

E(rf 
(3.5) 

where the l/cosq) term accounts for the slant in the trajectory. 

The projectile transfers energy and momentum to the target during the collision 

and only has energy KE(r) after the encounter (note that the element initiating the event is 

known, and therefore so is the kinematic factor, K). The projectile loses stilI more energy 

on its outgoing path and only has an energy E1(r) as it enters the detector; this final 

energy obeys the expression: 

KE(r) 

f 
dE 

(N}r/cosO = €(E)' 
E1(r) 

(3.6) 

The only unknown quantities in the last two equations are the beam energy imme-

diately before impact, E(r), and the concentration of atoms, (N}r. The same can be said of 

Eq. (3.2) if it is assumed that the beam energy changes linearly with penetration depth so 

{E2} can be approximated by 1(E02 + £2(r». This gives three equations and only two un-

knowns, implying there are three independent methods for extracting E(r) and {N}r from 

Eqs. (3.2), (3.5) and (3.6). This chapter gives attention to two of these; the third follows 

directly from the similarities between Eqs. (3.5) and (3.6). 

The peak integration method substitutes Eq. (3.2) into Eq. (3.5) to form the equal-

ity: 

Anet 1 dE f
Eo 

-DTR'CFB" -(E 2 + E2) = cos'" -' 
O'oOQ 1 2 0 'I' E €(E), 

(3.7) 

where E(r) has been designated E for convenience. Eq. (3.6) can be used instead of (3.5), 
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but since Eo is usually known with more certainty than E1(r) (which is subject to energy 

straggling and isotopic effects) Eq. (3.5) is the better choice. 

Methods for approximating the integral of lie are discussed later in this chapter; 

for now, assume an appropriate value of E can be chosen so the equality in the previous 

equation is satisfied and this energy can be used to determine (N}r by either of the original 

equations, (3.2) or (3.5) (or (3.6». 

The peak width method equates the atomic concentrations from Eqs. (3.5) and (3.6) 

to obtain the equality: 

dE dE f
Eo fKE 

cos¢ E e(E) = cosO E e(E)" 
1 

(3.8) 

where E1(r) has been designated E1 for convenience. This method receives its name 

because it shows that, to a good approximation, the absolute concentration of atoms is pro-

portional to the energy width of the RBS peaks. Just as in the peak integration method, 

the beam energy is determined first, then substituted into one of the original equations 

(either (3.5) or (3.6» to find (N}r. 

Equations (3.7) and (3.8) describe the relationships between the beam energy, the 

number of backscattered counts and the stopping cross section, but unfortunately the 

expressions can not be solved exactly because the energy dependence of the stopping cross 

section is not well understood. There are methods for calculating the cross sections from 

first principles [Ziegler 1980], but they are time consuming and are only accurate to 10 -

20%. The most practical solution to the dilemma is to interpolate the cross sections from 

tables of empirical values, but even this simple procedure has its pitfalls. 

One problem is that the stopping cross sections are only tabulated for elements, and 

the effective cross sections of compounds must be inferred from Bragg's rule. As dis-

cussed in Chapter 2, this rule requires accurate knowledge of the rel~tive concentrations of 
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all of the constituents of a film; any uncertainty in the stoichiometry (two peaks may 

overlap, or there might be a sizable fraction of an undetectable element such as hydrogen) 

increases the error in the stopping cross section and compromises the (N)r calculations. 

Another problem is that the tabulated cross sections are sampled at coarse energy 

intervals compared to the energy lost by the projectiles on their incoming or outgoing 

paths (the cross sections are usually measured at 200 keY intervals but the projectiles typi-

cally only lose 25 - 100 keY on each leg of their journies). Standard numerical integration 

techniques such as Simpson's rule therefore can not be applied to Eqs. (3.7) and (3.8), and 

the integrals must be approximated by other methods. 

A straightforward technique for solving the integrals is to find an expression €(E) 

that mimics the eI?pirical data, expand its reciprocal in a Taylor series, and then integrate 

the series on a term by term basis. This produces a polynomial that can be truncated after 

an appropriate number of terms and substituted into the peak integration and peak width 

methods. For example, the reciprocal of the stopping cross section can be expanded about 

* an energy E : 

1 1 * a 11 L:(E) = -*- + (E - E ). aE - * + ... 
~ €(E ) € E=E 

which transforms Eq. (3.5) to: 

1 1 * :I< a 11 (N)r/cosrfJ = (E - E)· -- + -[(E - E )2 - (E - E )2]. -- + ... 
o €(E*) 2 0 aE € E* 

and Eq. (3.6) to: 

(N)r/cosO = (KE - E ). _1_ + l[(KE - E*)2 - (E - E*)2]·..£..l + ... 
1 €(E*) 2 1 aE € E* 

(3.9) 

(3.1 0) 
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The following section discusses various truncations of these polynomial expansions, 

and the error involved with each. It will be shown that our samples are usually thin 

enough that their atomic concentrations can be accurately determined without explicit 

knowledge of the derivatives of the cross sections, provided the expansion energy, E*, is 

judiciously chosen. 

Approximations to the Energy Loss 

There are several approximations to the integrals of l/€ that do not require explicit 

knowledge of the derivatives of the stopping cross section; they are presented in order of 

increasing accuracy. 

Surface-Energy Approximation 

This relatively crude method estimates the absolute concentrations by neglecting the 

projectile energy loss; the (E2) term in Eq. (3.2) is replaced by E02 so: 

Anet 
(N)r - --E 2 • DTR'CFB' - O'oOQ 0 l' 

The obvious advantage of this approximation is its simplicity; the price paid is the 

error that can result unless the film being analyzed is suitably thin. 

The error can be determined by expanding the beam energy in a Taylor series 

about x = 0: 

E(r) ~ Eo + r/cos¢ aaE I 
x x=O 

which Eq. (3.4) simplifies to: 

The fractional error in the atomic concentration introduced by the omission of the , 
\. 
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second term of the expansion is then: 

= --NT cos [ 
~(N)T] €(Eo) 
(N}r O-order . Eo ( ) / rP (3.11 ) 

The surface-energy approximation is best for thin samples of low stopping cross 

section, and improves as the probe energy increases. 

Sample Surface-Energy Calculation. Consider the Al20 3 coating whose RBS spec-

trum is shown in Figure (3.2). In the surface-energy approximation the absolute aluminum 

concentration is: 

(N ) - 28582*1.006*1.00 (1 892)2 1014 
Al T - 0.8512*0.78*30.02/1.60206 . x 

= 8.27 X 1017 atoms/cm2 

Sample Error Calculation. The error calculation (Eq. (3.11» requires the product 

of the stopping cross section with the atomic concentration; the following section will 

show that 

€(Eo)'(N}T = (40.75 x 10-21). 0.i8i8.27 x 1017) 

where 0.384 is the aluminum fraction. The error in the surface-energy approximation is 

then: 

[ ~(N)r] - 46% 
(N}r O ... order - . 

This is just the uncertainty that arises from approximating (£2) as E02; the error 

in the calibration factors and the stopping cross sections adds another 5 - 10% uncertainty. 

The surface-energy approximation is therefore too coarse for analysis of the example film. 

First-Order Approximation 

The next level of approximation keeps the linear terms of Eqs. (3.9) and (3.10), 

and this requires appropriate values of E*. The stopping cross sections can of course be 
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expanded about any energy, but we have found it most practical to expand (3.5) about Eo 

and (3.6) about Er This gives the following approximations to the peak integration and 

peak width methods: 

Anet CF 1( ) ~os ) -DTR· B·· - E 2 + E2 = E - E (Joo.Q 1 2 0 I:(Eo) 0 
(3.l2) 

and: 

(3.13) 

There are several good reasons for expanding about the initial and final projectile 

energies. One is that Eo and E1 are both known so the stopping cross sections are easily 

interpolated from the tabulated values. Another is that the reciprocal of the cross section 

changes little with energy so 1/€(Eo) and 1/I:(E1) are reasonable estimates to the integrands. 

Perhaps the best reason, though, is that these energies drastically reduce the number of 

calculations required for the higher-order approximations because they get rid of the terms 

that go as powers of (Eo - E*) and (E* - E1). Since expansions about Eo and E1 are so 

appealing we refer to them as the standard expansions, and we refer to Eqs. (3.12) and 

(3.13) as the (standard) first-order approximations. 

The projectile energy immediately before scattering from the back surface of a 

film, E, can be calculated from either the quadratic expression of the peak integration 

method (Eq. (3.12» or from the linear equation of the peak width method (Eq. (3.l3». 

The number of atoms per unit area, (N}r, is found by substituting E into the right or left 

hand sides of Eq. (3.l2) or (3.l3). Ideally, the values of E and (N}r obtained from the 

peak width and integration methods are identical, but in practice they can differ (this ano-

maly is discussed in more detail later in this chapter). To be on the safe side it best not to 

use the value of E calculated from one technique (say the peak width method) to find (N}r 

from the other (in this case the peale integration method). 
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The error introduced by the first-order truncation can be estimated by calculating 

the difference between first and second-order approximations. The result is: 

[ 
Ll(N}r] €(Eo) 
(N) t = 1/11-E (N)r/cos¢ 

T IS -order 0 
(3.14) 

where: 

and: 

where the stopping cross section and its derivative in a1 are evaluated at Eo or Er 

The difficulty lies in evaluating the derivative of the cross section. Appendix A 

shows, for energies less than 2 MeV, the cross sections follow a skewed-Gaussian form, 

and: 

2'.a = ! [_1 - 1] 
• 1 2 E E p 

where Ep is a characteristic of an element (the values are given in Appendix C of this 

manuscript, and are usually on the order of 1 MeV). Appendix A also shows, from 

Bragg's rule, that the Ep value of a compound is simply the weighted average of the Ep's 

of its constituents. 

The 1/11 value is usually on the order of one-tenth so the first-order approximation 

is about an order of magnitude better than the surface-energy approximation. 

Sample First-Order Calculations. First consider the approximation to the peak int-

egration method. There are two quantities needed for the calculation - the stopping cross 



section at Eo and the value of Anet/oi1Q. 

From Bragg's rule (Eq. (2.6» and the stoichiometry determined earlier: 

€ = 0.384€AI + 0.586€O + 0.0298€Ar 
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where the stopping cross sections are understood to be evaluated at Eo' From Table VI of 

Chu et al [1978] the stopping cross sections of the example film at 1.8 and 2.0 MeV are 

41.64 and 39.70 x 10-21 MeV'cm2, respectively; interpolating to Eo = 1.892 MeV: 

€(Eo) = 40.75 x 10-21 MeY·cm2. 

It is important to note that this is the stopping power of the hybrid molecule 

Alo.3840o.586Aro.o298 and therefore the calculated copcentration, (N)r, will be the number 

of hybrid molecules per unit area. Since there are only 0.384 Al atoms for every 

Alo.3840o.686Aro.o298 complex in the coating the concentration of aluminum atoms per unit 

area, (N AI)r, is related to this quantity by: 

(N AI)r = 0.384(N)r. (3.15) 

This essential distinction pops up time and again in the remaining examples; with-

out it the calculations would invariably be off by factors of 0.384 or its reciprocal. 

The final quantity needed for the first-order approximation to the peak integration 

method is Anet/GoOQ; from the aluminum peak of Figure (3.2): 

This means the concentration of Alo.3840o.586Aro.o298 hybrid molecules must be 

(from Eq. (3.15»: 

~~~ DTRCFBi = 0.j84 * 2.311 x 1017 

= 6.020 X 1017 molecules/cm2 

since there are 0.384 aluminum atoms per hybrid molecule. 
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Now that the pertinent parameters are known, the beam energy can be determined. 

The quadratic of Eq. (3.12) is solved for a beam energy of 1.808 MeY, implying an 

Alo.3840o.s86Aro.o298 concentration of: 

(N)r = 20.61 x 1017 molecules/cm2; 

the absolute aluminum concentration is therefore: 

(NAI)r = 7.914 x 1017 atoms/cm2. 

Now for the first-order approximation to the peak width method. The net number 

of counts in the aluminum peak is not needed; instead, the values of E1, K and €(E1) are 

required. The minimum backscatter energy can be taken from the trailing edge of any of 

the three peaks in Figure (3.2), but it is best to choose the aluminum peak because it does 

not suffer from isotopic broadening effects (AI has only one stable isotope). From the 

RBS trace, E1 = (496*1.815 keY/channel + 9 keY) = 910.2 keY, and from Table VI of 

reference 1 the interpolated stopping cross section is: 

€(E1) = 50.95 x 10-21 MeY·cm2. 

Finally, since E1 is taken from the aluminum peak the appropriate kinematic factor is KAI 

= 0.5525 (from Table Y of Chu et al [1978]). 

All of the parameters needed for the first-order approximation to the peak width 

method are now known, and Eq. (3.13) can be solved for the beam energy. The calcula

tions indicate E = 1.818 Me Y; substituting this into the right or left hand side of (3. I3) 

gives the concentration of hybrid molecules: 

(N)r = 18.21 x 1017 molecules/cm2 

so from Eq. (3.15) the number of aluminum atoms per unit area is: 

(NAl)r = 6.992 x 1017 atoms/cm2. 

The first-order approximation to the peak integration and peak width methods give 

absolute aluminum concentrations that differ by 13%! This is a bit unsettling, but perhaps 
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more refined approximations to these methods will be in better agreement; discussions of 

the anomaly are postponed until their need is more firmly established. 

Sample Error Calculation. The error is fairly easy to determine. The X value is 

about 1.27 and, from Bragg's rule and Appendix C, the Ep term is about 0.782 MeV1 

implying ,pI ~ 1/30. The fractional error introduced by the first-order approximation is 

then (from Eq. (3.l4»: 

[
6.(N)r] - 0 1% 
(N)r 1 sLorder - . 

This is much less than the uncertainty that arises from the error in the calibration 

factors and the stopping cross sections '(these usually add another 5 - 10% error), so the 

first-order approximation to the atomic concentration is more than adequate for the exam-

pIe coating. 

Mean-Energy Approximation 

As mentioned, the Taylor series, for the reciprocal of the stopping cross section can 

be expanded about any energy; Eo and E1 were chosen in Eqs. (3.12) and (3.13) because 

those energies appeared to offer the most advantages. It can be shown, however, that a 

$lightIy better first order approximation can be obtained by expanding the integrals in Eqs. 

(3.7) and (3.8) about the beam energy averaged over the incoming and outgoing projectile 

paths. For such an expansion the first-order approximation to the peak integration and 

\ 
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peak width methods are: 

(3.16) 

and: 

(3.17) 

where the average energies are defined as (Ein) = !(Eo + E) and (Eout) = !(KE + E1). 

These are first-order approximations, but are referred to as the mean-energy approxima-

tions to differentiate them from the (standard) first-order corrections (those involving 

expansions about Eo and E1). 

The drawback to expanding about the mean energies is that these are not initially 

known. This problem can be circumvented by solving Eqs. (3.16) and (3.17) iteratively. 

For instance, the mean-energy approximation to the peak integration method is found by 

guessing an initial value of (Ein) (a good starting point is to assume (Ein) ~ Eo), solving 

Eq. (3.16) for E, and using this energy for the next approximation of (Ein). After a few 

iterations the values of E and E( (Ein) stabilize, and the beam energy can be substituted 

into the right or left hand side of (3.16) to find (N)r. 

The great advantage of the mean-energy expansion is that the first-order trunca-

tion to the Taylor series is now accurate to second-order in the beam energy. To see this, 

note the next level of sophistication in Eqs. (3.9) and (3.10) requires terms that are propor-

tional to: 

or: 

and these are exactly zero by definition of (Ein) and (Eout). The mean-energy 
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approximations are therefore an improvement over the standard first-order approximations, 

but they still do not require explicit knowledge of a€/ aE! 

It can be shown that the error in the mean-energy approximation is: 

[~]. [€«(E' }) ]2 
(N)/ mean-energy =,p2 (Ei:) (N}r/cos¢ (3.18) 

where: 

x = €«(Eout» cosp 
cosO €( (Eout)) 

and: 

where the stopping cross section and its derivatives in a2 are understood to be evaluated at 

either (Ein> or (Eout). 

In Appendix A it is shown that, for energies less than 2 MeV: 

31'a = [1 [_1 _ 1)]2 + _1 . 2 2 E E 2E2 
P 

where Ep is determined from Appendix C through Bragg's rule. 

The value of ,p2 is typically on the order of ,p1 in Eq. (3.14) (one-tenth), but the 

square term in (3.18) makes the mean-energy approximation about an order of magnitude 

better than the first-order approximation. 

Sample Mean-Energy Calculation. The mean-energy approximation to the peak 

integration method is essentially the same as the first-order calculation; the only differ-

ence is that several values of the stopping cross section must be interpolated before a stable 

value of the beam energy is found. The example film of Figure (3.2) requires three 
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iterations to determine that the self -consistent beam energy and stopping cross sections are 

E = 1.807 MeV and €({Ein)) = 41.16 x 10-21 MeV'cm2; the concentration of 

Alo.38400.586Ar 0.0298 molecules is then: 

{N}r = 20.61 x 1017 molecules/cm2 

and therefore: 

{NAI}r = 7.911 x 1017 atoms/cm2. 

The mean-energy approximation to the peak width method is also fairly straight-

forward; the only added complication is that the stopping cross section must now be inter-

polated at both the average incident energy and the average exit energy. After three itera-

tions it is found that E = 1.817 MeV, €({Ein}) = 41.11 x 10-21 MeV'cm2 and €({Eout}) = 

50.65 X 10-21 MeV'cm2 so the number of hybrid molecules per unit area is: 

{N}r = 18.24 x 1017 molecules/cm2 

and therefore: 

{NA1}r = 7.002 x 1017 atoms/cm2. 

The mean-energy approximation also gives a 13% difference between the peak in-

tegration and peak width methods, and we will see that the anomaly persists for all higher-

order approximations. The problem is discussed in a later section of this chapter. 

Sample Error Calculation. The Ep value is again 0.782 Me V and X = 1.25; this 

implies 1/12 ~ 1/10 so that . 

[
A(N)r] = 0020A 
{N}r mean-energy . o. 

The mean-energy approximation is excellent for samples of this thickness. In fact, 

the error introduced by the mean-energy truncation would still be negligible compared to 

that introduced by the calibration factors and the stopping cross section had the film been 

twice as thick (0.1 % error compared to 5 - 10% error). It is rare, then, to resort to any 

further refinements to the integrals of the peak integration and peak width methods. 
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Higher-Order Approximations 

The approximations discussed in the previous section can only be improved by fit-

ting the stopping cross section to some mathematical expression so the derivatives in Eqs. 

(3.9) and (3.1 0) can be evaluated. Appendix A presents several such fits, and explains the 

best methods for merging them into the (N)r calculations. 

Table (3.1) compares the low-order approximations from the previous sections to a 

fourth-order approximation from Appendix A (based on a fifth-order polynomial fit to the 

stopping cross section). The table shows that the first-order, mean-energy and fourth-

order approximations to the aluminum concentration only differ by a few tenths of a per-

cent. Since the (N)r values are (at best) uncertain to 5%, the low-order calculations are 

Table (3.1) - Compilation of Beam Energies and Aluminum Concentrations 

approximation beam energy (Me V) ~N81~r (in 1017 jcm2) 

zero-order: 1.892 8.27 

first-order: 
peak int. 1.808 7.914 
peak width 1.818 6.992 

mean-energy: 
peak int. 1.807 7.911 
peak width 1.817 7.002 

polynomial fit 
peak into 1.807 7.911 
peak width 1.817 7.003 

clearly more than adequate for the analysis of the thin example coating. 

It is not a coincidence that the example film is thin enough that only the low-order 

approximations are needed to calculate the atomic concentrations. The coating thickness is 
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constrained by the energy gap between the the aluminum and argon peaks - if the example 

film had been thicker the peaks would overlap, severely compromising the stoichiometric 

analysis. 

There is a similar constraint on the thickness of all compound samples, and this 

tends to keep our films fairly thin; in fact, the example film of Figure (3.2) is the thickest 

coating considered in this manuscript. The atomic concentrations of our coatings can then 

be calculated with just the first-order or mean-energy approximations, and the higher-

order approximations in Appendix A can be reserved for the thicker films that may be 

important to other users. 

Discrepancy Between the Peak Integration and Peak Width Calculations 

Table 3.1 shows, to all levels of approximation, the peak integration and peak 

width methods differ by about 13%. The anomaly is disturbing, and can not be attributed 

to random measurement error - the data from five other samples has been thoroughly 

analyzed, and all five coatings (one Si, one Si3N4, two MgF2 films and another Al20 3 

sample) suffer the same symptom - the concentration of atoms from the peak integration 

method is 15 - 20% higher than that calculated by the peak width method. 

The problem seems to lie in the tabulated stopping cross sections of the elements. 

Even though these are listed to four significant digits, they are only considered to be accu-

rate to 5 - 10%. This has a much bigger effect on the peak width method than on the 

peak integration method; a simple error analysis indicates the uncertainty in the peak 

width method goes as: 

which is 5 - 10% (assuming A€(Eo)/€(Eo) ~ A€(E1)/€(E1». However, the uncertainty in the 
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peak integration method is only: 

which, for the example coating, is 0.2 - 0.4%! The peak integration method is obviously 

the more reliable technique, and in the following chapters we will use it when given a 

choice between the methods. 

Optimum Coating Thickness 

The key to accurate stoichiometric measurements is knowing how thick a coating 

can be made before two of its RBS peaks overlap. This thickness is fairly simple to deter-

mine, and the extra time spent designing a sample can sometimes mean the difference 
. 

between ten percent and tenths of a percent uncertainties. 

The design concepts are best presented in the framework of a hypothetical coating. 

Consider a film that consists of a number of elements, two of which are the elements L 

(for lighter mass) and H (this stands for heavier mass, not hydrogen). The problem is to 

find the maximum concentration of atoms, (N)r, that still allows full resolution of the L 

and H peaks. 

The L and H peaks are just resolved when projectiles that happen to backscatter 

from H atoms at the rear of the film have the same energy as those that were lucky 

enough to rebound from L atoms at the coating surface. This criterion is expressed by the 

equation: 

where E1 is defined to be the energy of the trailing edge of the H peak and KL is the 

kinematic factor of the lighter atoms. The oE1 term refers to the energy gap between the 

Land H peaks, and accounts for trailing-edge effects such as energy straggling, isotopic 

broadening and the finite detector resolution. 
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The kinematic factor and the initial probe energy are known in the previous equa-

tion, and the SE1 term can be chosen by the user (more on this later). The last necessary 

piece of the puzzle is the stopping cross section, and this is calculated from Bragg's rule 

and an estimate of the coating stoichiometry (note that all of the constituents of the film 

go into the stoichiometry, not just L and H). 

The atomic concentration is now determined by the first-order peak width method 

(the peak integration method is not much help because Anet is unknown). This method 

has the general solution (from Eq. (3.13»: 

(3.19) 

where: 

and, for normal incidence, in most materials, X ~ 1. 

Before applying this formula to the hypothetical coating, let us return to the SE1 

term. As mentioned, SE1 leaves a cushion between the leading and trailing edges of the L 

and H peaks to circumvent any broadening effects. The width of the cushion is picked by 

the user - he may have reason to believe the peaks will only slightly broaden and hence 

leave a narrow gap, or he may be willing to sacrifice some coating thickness to leave a safe 

margin. In either case, the cushion is best thought of in terms of channel spacing, not 

energy gap. The conversion is simple - the analyzer employed in our experiments has a 

total of 210 channels, and these are portioned so the energy scale runs from zero to Eo' 

The energy SE1 is then equal to Sn/210 where Sn is defined to be the channel separation 

between the Land H peaks. The energy El can then be estimated by: 

, 
'-



68 

This can be combined with the solution to the peak width method (Eq. (3.19» to determine 

the maximum atomic concentration: 

€(E ) 
TPHL · y(N)r/cos¢ < 1 

o 
(3.20) 

where: 

The maximum (N)r value is primarily controlled by TP
HL

, which is essentially a 

function of the difference between the kinematic factors (it also depends on €(Eo)' €(E1), ¢ 

and () through the X term, but only slightly). Recall that for the larger atomic masses, K 

changes only slightly from element to element, so compounds of heavy elements (say, CsI) 

tend to have tighter thickness constraints than those made from lighter elements (say, NaF). 

Sample Calculation. Consider an argon-bombarded Alz0 3 coating, and assume we 

would like to keep a 50 channel separation between all the RBS peaks. 

The argon fraction should be small, so assume the film is nearly pure Alz0 3 • The 

stopping cross section at Eo (1.892 MeV) is then: 

€(Eo) = O.4€AI(Eo) + 0.6€O(Eo) = 40.22 x 10-21 MeV·cmz. 

First, consider the constraint imposed by the aluminum and oxygen peaks. Their 

kinematic factors are 0.5525 and 0.3625 so, to maintain a 50 channel cushion, the film 

should be such that (from Eq. (3.20»: 

(N)r < 42 x 1017 hybrid molecules/cmz. 

(assuming X ~ I). 

The analysis can also be applied to the argon/alumi~um gap with the result 

(N)r < 19 x 1017 hybrid molecules/cmz, 

so the atomic concentration is limited by the cushion between the argon and aluminum 
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peaks. The maximum area concentration can now be converted to a limiting thickness. 

First note that it takes five Alo•40 o.6 hybrid molecules to make one A'lz03 molecule, so 19 

x 1017 hybrid molecules/cmz corresponds to 3.8 x 1017 aluminum oxide molecules/cmz. 

This can be converted to a thickness be noting the density of bulk Alz0 3 is about 4 g/cm3 

(2.4 x 10zz molecules/cm3) so the coating thickness must be kept less than about 160 nm. 

Depth Resolution 

The depth resolution of the RBS experiments can be calculated by the peak width 

method, with the peak energy-width, KEo - El' being replaced by the energy resolution of 

the detector, ~E1 (see Eq. (3.19». 

Sample Depth Resolution Calculation. The surface-barrier detector used to analyze 

our coatings has a resolution of about 14 keY, the stopping cross section of Alo.40 o.6 

molecules at 1.892 MeV is 40.22 x IO-Z1 MeY'cmz and the kinematic factor of aluminum 

is 0.5525. The concentration of· hybrid molecules that spreads the aluminum peak by the 

width of the detector resolution is then (from Eq. (3.19»: 

(N)r = 4.2 x 1017 hybrid molecules/cmz. 

The discussion in the last paragraph of the previous section shows this concentra

tion corresponds to a sample thickness of 35 nm. 

Conclusions 

The backscattering spectra contain an impressive amount of information; some is 

easy to extract, and some is not. 

The stoichiometric calculations are particularly simple and, as a consequence, they 

are quite accurate. The measurements have become the backbone of our thin film charac

terizations, and later chapters discuss the relationships between the stoichiometry of a coat

ing and its optical properties. 
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The absolute atomic concentrations require a bit more work than the relative con

centrations, and are susceptible to substantial errors. The weak link in the calculations is 

the stopping cross section, which is typically only certain to 5 - 10% (despite the four sig

nificant digits listed for the tabulated values). The peak integration method for determin

ing the energy loss relies less heavily on the stopping cross section than does the peak 

width method, and therefore tends to give more accurate results. 

The calibration factors and stopping cross sections impose a 5 - 10% error bar on 

the absolute atomic concentrations so it is important to know the magnitude of the uncer

tainty in the various truncation schemes - it is just a silly to calculate the concentrations to 

one-thousandth of a percent with a fourth-order approximation as it is to limit the accu

racy with an inappropriate surface-energy approximation. It is hoped that Eqs. (3.11), 

(3.14) and (3.18) will help avoid such mistakes. 

Two points merit emphasis; the first is the volume density of atoms, (N), never 

turns up without the film thickness, T. Never. Backscattering spectroscopy is only sensi

tive to area density, and an auxiliary thickness measurement is required to determine (N). 

A corollary to this first point is that the absolute atomic concentration of a coating can be 

determined without any knowledge of its volume density; if a density is assumed, it will 

sooner or later cancel from the calculations. 

The second point is that the stopping cross section, €, never appears without the 

volume density (and since (N) and r are a couple, (N)r€'s are scattered throughout the 

equations in this chapter). This arises from the relationship between dE/dx and € (see Eq. 

(3.4», and at times it can cause confusion. It is important to remember that the stopping 

cross section and the atomic concentration must always refer to the same molecular incre

ment - if € is calculated for (say) an Alo.40 o.6 group, the (N)r value will be for the 
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number of Alo•40 o•6 groups per unit area, and if the cross section is for an Al20 3 mole

cule, the atomic concentration will be the number of aluminum oxide molecules per unit 

area. 

Backscattering spectrometry can outshine any other optical coating analysis tech

nique if extra time and thought are devoted to sample design and data analysis; it is 

hoped that this chapter adequately explains the procedures and pitfalls of both. 



CHAPTER 4 

CHEMICAL AND MECHANICAL ANALYSIS OF MGF 2 COATINGS 
WITH BACKSCA TTERING SPECTROMETRY 

Ion assisted deposition (lAD) significantly alters the microstructure of some optical 

coatings [Martin 1986, Sainty, Netterfield and Martin 1984, Martin et al 1983], changing 

them from porous, columnar structures [Guenther 1984, Macleod 1982, Guenther and 

Pulker 1976] to the ideal thin slabs of material that can normally only be obtained with 

high substrate temperatures. Several authors have shown that bombardment parameters can 

be chosen to produce magnesium fluoride coatings with enhanced adherence [Jacobs et al 

1985, Gibson and Kennemore 1985], hardness [Gibson and Kennemore 1985 and 1984], 

and packing density [Martin and Netterfield 1985], without sacrificing optical qu~lity in 

the visible region of the spectrum. Our goal was to make these same improvements with-

out damaging the fragile ultraviolet optical properties of the films. We have found low-

energy ion-bombardment does indeed improve the environmental stability of MgF2 films 

without significantly altering their UV performance, and just as importantly, we have 

learned a great deal about the growth and chemical structure of conventional and lAD 

coatings through the course of our investigations. 

This chapter is almost exclusively devoted to the growth and oxidation of MgF 2 

films; it begins with a discussion of conventionally deposited MgF 2 coatings, then 

progresses to show the effects, both beneficial and detrimental, of the ion assist. The pre-

liminary results from our RBS studies of other fluoride coatings are mentioned at times to 

bolster our arguments. 

72 
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Experimental Parameters 

The MgF2 coatings were electron-beam evaporated from a molybdenum crucible at 

0.6 nm/sec and were deposited at ambient temperature, normal incidence, on stationary 

substrates in a cryopumped Balzers BAK 760 vacuum chamber; their thicknesses were 

typically 100 - 120 nm. Optical, moisture resistance, and RBS measurements were made 

from simultaneously coated fused silica, glass, and graphite substrates, respectively. 

The bombardments were performed during deposition with a 3 cm Commonwealth 

Scientific Kaufman-type ion gun with graphite accelerator grids and tungsten filaments. 

The residual chamber pr~ssure was always less than 2 x 10-6 mbar, but was increased to 8 

x 10- 5 mbar for the lAD coatings by the gases (argon or oxygen) bled through the gun. 

The neutralized ion beam energy was 300 eV, and the bombarding ion to arriving molecule 

ratio, 1, was varied between 0.05 and 0.23. The tungsten inclusion in the bombarded films 

was always less than 100 ppm, the maximum sensitivity of the RES analysis. 

Conventional MgF 2 Films 

Our conventionally deposited, room temperature MgF 2 coatings are optically clear 

and their index of refraction (1.38 at 600 nm) is consistent with other reports 

[Dobrowolski, Ho and Waldork 1983, Pulker 1979]. The RBS measurements, however, in

dicate the films are slightly fluorine deficient and contain roughly six percent oxygen. The 

substoichiometry conflicts with the optical quality of'the films, but we use the (seemingly) 

opposing pieces of information to show that the oxygen in the films compensates for the 

fluorine deficiency to keep the coatings transparent. 

Fluorine Deficiency in Conventionally Deposited Coatings 

The under or over-abundance of fluorine in the coatings is quantified by the ratio 

of the fluorine concentration (in atoms per unit area) to twice the magnesium 
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concentration; if the ratio is less than unity the coatings are said to be fluorine deficient, 

if it is greater than unity they are fluorine rich. 

The F:2Mg ratio for our conventional coatings is 0.98 ± 0.01. This is an average of 

nine samples, all having ratios between 0.97 and 1.00. We believe the fluorine deficiency 

is real and not an artifact of a systematic measurement error because others have reported 

deficiencies [Martin and Netterfield 1985, Saboya et al 1975] and because we have seen a 

slight fluorine surplus in our conventionally deposited Na3AIF 6 coatings (the F:(Na + 3Al) 

ratio is 1.01 ± 0.01; average of seven samples), and preliminary results from our conven

tional LaF 3 and CeF 3 also indicate small fluorine excesses. 

The absolute concentration of excess cations resulting from the fluorine deficiency 

can also be quantified from the RBS data. We have found that the average difference 

between the magnesium concentration and half the fluorine concentration of our nine con

ventional samples is 8 ± 3 x 1015 atoms/cm2• If these surplus magnesiums were segregated 

in the coatings instead of being randomly dispersed they would comprise layers from 1.5 to 

2.5 nm thick (assuming bulk density) and the broadband optical absorption associated with 

the metal would be easily detected. Spectrophotometer traces of our films show no such 

absorption, and we conclude the excess magnesium is compensated by another anion, our 

primary suspect being oxygen. 

Oxygen Contamination in Conventionally Deposited Coatings 

Our conventional MgF 2 coatings typically contain 6 ± 1 atomic percent oxygen. 

The source of the contamination is difficult to pinpoint, but we narrow the choices to two. 

It could be oxygen or water vapor adsorbed during deposition from the residual gases in 

the vacuum chamber (recall RBS is insensitive to hydrogen and to chemical bonds so the 

oxygen may be indicative of water or hydroxyl ions), or it could be atmospheric moisture 

taken into the pores of the coatings when they were exposed to air. The former 
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explanation is attractive, but it cannot account for all the observed phenomena (see 

"Further Discussion of the Oxygen Contamination" at the end of this chapter). The latter, 

however, seems quite likely, and we present supporting evidence throughout the following 

sections. 

The adsorption of moisture into the columnar microstructure of coatings vented to 

air is well known and verified [Ogura and Macleod 1976, Pulker and lung 1971, 1972]. 

Some of the moisture in the voids of our MgF2 coatings is removed when they are evacu-

ated to 10-6 mbar for the RBS measurements, but Ogura, Sugawara and Hiraga [1975] have 

shown that more than half remains. The authors report that 72 - 75% of the volume 

occupied by a columnar MgF 2 coating in vacuo can b~ treated as bulk MgF 2 and 15 - 20% 

can be considered water retained in the pores. These values imply the oxygen fraction that 

can be attributed to capillary moisture is approximately: 

O.l8NH 0 
fO = 2 

0.18NH 0 + 0.74·3NMgF 
2 2 

where NH 0 and NMgF are the bulk densities of water and MgF 2 expressed in molecules 
2 2 

per unit area and the factor of three in the denominator arises because there are two fluor-

ine atoms and one magnesium atom for every MgF 2 molecule. Substituting appropriate 

densities into the equation yields an oxygen fraction of 0.08, remarkably close to the meas-

ured value, 0.06 ± 0.01. The oxygen content in the films can therefore be reasonably attri-

buted to moisture trapped in the coating voids. 

Argon Bombarded MgF 2 Films 

Argon bombardment substantially improves the packing density of our MgF 2 

coatings, but it also exacerbates the fluorine deficiency observed in the conventionally dep-

osited layers. We describe the effects of these processes on the optical properties of the 
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films, and discuss the roles of adsorbed moisture and the columnar microstructure in the 

chemical passivation of surplus magnesium cations. 

Before proceeding we mention that a fraction of the impinging argon ions become 

implanted in the coatings. Our RBS analysis shows that 27 ± 4% of the incident ions 

remain in the MgF 2 films, and that this percentage is constant over the range of ion fluxes 

studied in our experiments (up to 0.23 ions per arriving molecule). We believe, however, 

that the argon has little effect on the optical or mechanical properties of the coatings and 

preclude it from further considerations. 

Fluorine Deficiency in Argon Bombarded Coatings 

The change in the F:2Mg ratio with argon ion flux is shown in Figures (4. I) and 

(4.2). The number of available fluorine atoms clearly decreases as the flux increases, an 

indication that fluorine is preferentially sputtered from the films. The effect is quantified 

in a later section of this chapter by relating the rate of change of the F:2Mg ratio to a 

mismatch between the magnesium and fluorine sputtering yields, but for now we only 

concern ourselves with the relationship between the optical and chemical properties of the 

films. 

The effect of ion bombardment on the visible and UV transmittance of three 

coatings is shown in Figures (4.3) and (4.4) (the samples were deposited sequentially during 

a single evacuation of the chamber to minimize run to run fluctuations in the source mat

erial and residual gases). We find it odd that there is little difference between the 

transmittance of the '1 = 0.03 and '1 = 0.13 films, while an ion flux of '1 = 0.23 induces 

dramatic changes - the latter exhibiting a slight broadband absorption in the visible and a 

pronounced absorption band in the UV. 

The concentrations of excess magnesium in the three films can be quantified from 

the RBS data, but the results show no abrupt changes between '1 = 0.13 and 0.23 that could 
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Figure (4.1) - The Change in the F:2Mg Ratio with Argon Bombardment 

The fluctuations in the points is believed to be due to slight variations in the 
deposition conditions such as run to run changes in the source material (the cru
cible was not refreshed at the start of every run) or in the composition of the 
residual gases in the vacuum chamber. The points denoted with l:l. 's, 0 's, and 
O's designate samples coated under nearly identical conditions (see Figure 
(4.2». 
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The sets of coatings denoted by each symbol (either ,6" 0, or 0) were depo
sited sequentially in the same evaporation run - two samples were simultane
ously masked while the third was coated. 
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The bombarding ion to arriving molecule ratios are as indicated; note the 
broadband absorption in the heavily bombarded sample. 



'--' 

w 
u 
z 
a: 
r
r-
I-f 

:2: 
IJl 
Z 
a: 
0:::: 
r-

100~------------------------------~ 
y = 0.03 

90 
...,---- --- -=--

~--------------------------
y = 0.13 

80 

70 y = 0.23 

60 

50+--------+------~~------~------~ 

200 250 300 350 400 

WRVELENGTH (nm) 
Figure (4.4) - UV Optical Properties of Three 

Argon Bombarded MgF 2 Films 

80 

The bombarding ion to arriving molecule ratios are as indicated; note the deep 
band centered at 250 nm in the heavily bombarded sample. 
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explain the observed absorption threshold. Our analysis indicates the bombardment ratios "t 

= 0.03, 0.13 and 0.23 create 10 ± 3, 16 ± 3 and 22 ± 3 x 1015 surplus Mg cations/cm2, res

pectively, which correspond to 6, 10 and 14 nm bulk Mg metal layers. On the basis of 

these data we would expect all three films to exhibit broadband absorption, and the small 

concentrations of surplus magnesium would imply a linear decrease in transmission with 

increased ion fluX; the conflict between this and the abrupt change in the optical data 

implies there is still a piece missing from the puzzle. 

Oxygen Contamination in Argon Bombarded Coatings 

The oxygen peaks of the coatings considered in Figures (4.3) and (4.4) are shown 

in Figure (4.5). The peaks indicate the oxygen contamination decreases as the ion flux in

creases; in fact, the "t = 0.23 coating is nearly oxygen free. If the contamination is pre

dominantly trapped moisture in the pores of the coatings, then the oxygen loss implies an 

increase in packing density with bombardment. Such densification is consistent with other 

reports [Martin and Netterfield 1985], and adds plausibility to our explanation of the 

oxygen contamination. We present further evidence of densification in a later section, but 

for now we consider the connection between microstructure and optical absorption. 

The data in Figure (4.5) points to an important difference between the "t = 0.13 

and the 'Y = 0.23 coatings. The lack of oxygen (moisture) in the heavily bombarded coat

ing implies it has lost its columnar microstructure, while a comparison between Figures 

(4.5a) and (4.5b) indicates an argon flux of"t = 0.13 inhibits moisture penetration, but does 

not prevent it. The bombardment threshold for annihilation of columnar microstructure in 

MgF2 films therefore lies between 0.13 and 0.23 ions per molecule. This fits with the data 

of Martin and Netterfield [1985] (they employed optical measurements to show the packing 

density is optimized at "t ~ 0.16) and coincides, to the best of our knowledge, with the 

onset of optical absorption. The overlap between the mechanical and optical thresholds is 
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too peculiar to be coincidence; we instead propose that there is a relationship between the 

microstructure of the coatings and their ability to convert surplus magnesium cations to 

transparent oxides. 

The chemisorption of water onto the columns of MgF 2 films has been postulated 

by other authors [Ogura and Macleod 1976, Pulker and Jung 1971, 1972], and we have 

shown their "irreversible water" explains the oxygen contamination observed in the RBS 

spectra. There are no known references concerning the adsorption of water onto MgF 2 

surfaces, but it has been shown that surplus metal atoms at the surfaces of other alkali

halides can act as activation sites for water adsorption [Estel et al 1976], a role that might 

be played in our films by the excess magnesium atoms discussed earlier (the adsorption of 

water by surface magnesium atoms is detailed by Schultz et al [1984] and by Fuggle, 

Watson and Fabian [1975]). 

The evidence for water adsorption on the columnar surfaces is convincing, so we 

extend the proposition another step - the oxygen or hydroxyl anions liberated by the 

adsorption diffuse into the bulk of the columns and oxidize the randomly dispersed 

(excess) magnesium cations. This process is not entirely obvious, but it explains the tran

sparency of the conventional and lightly bombarded coatings, as well as the coincidence of 

the absorption and densification thresholds. To show this we first assume the anion diffu

sion has a low mobility; this is of little consequence to coatings with pronounced micros

tructures because: 

1) the microstructure increases the surface area of the film and therefore magnifies 

its exposure to oxygen and hydroxyl anions; 

2) the columns would connect the air/film interface to the film/substrate interface 

to ensure uniform anion exposure from the top to the bottom of the film, and 
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3) th-e anions would only have to diffuse a distance roughly equal to the average 

column radius (a few nanometers) to compensate all the surplus magnesium 

cations. 

The inefficiency of the oxygen or hydroxyl diffusion, however, would cause severe 

problems for the 'Y = 0.23 coating; its slab-like structure would only allow oxygen and 

hydroxyl ions to migrate across its top surface, and once in the film the anions would have 

to diffuse through its entire thickness (on the order of tens of nanometers) to convert all 

the excess magnesiums into oxides. 

This model qualitatively explains the observed phenomena, and it does not neces-

sarily rely on water adsorption; the columnar microstructure also explains the difference 

between the conventional and lAD films if it is assumed that adsorbed atmospheric oxygen 

compensates for the magnesium excess. We believe water is the more likely candidate, 
. 

however, because it is known that moisture fills the voids of coatings vented to air, but we 

do not have enough evidence to dismiss adsorption and subsequent diffusion of atmos-

pheric oxygen. 

Porosity and Density of MgF 2 Films 

The broadband optical absorption associated with heavy bombardment ('Y in the 

range of 0.23 ions/molecule) can be removed by a one hour post-deposition anneal, in air, 

at 800 K (see Figures (4.6) and (4.7». This is an interesting piece of information, but it is 

not the only tidbit that can be gleaned from the anneal. The RBS spectra of conventional 

and lAD films indicate that oxygen substitutes for fluorine when the coatings are heated, 

and comparisons between the pre- and post-anneal spectra support conjectures that the ion 

assist reduces columnar microstructure. 

The F:2Mg ratio deteriorates when the conventional and lAD coatings are heated in 

air. The effect is more pronounced in the unbombarded sample - its F:2Mg ratio is 
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reduced to 0.57 after two hours at 800 K, while the that of the bombarded film is still 

0.76. The anneal also allows oxygen to migrate into the coatings, and the stability of the 

optical properties (again, Figures (4.6) and (4.7» suggests that MgF2 is converted into 

transparent oxides, perhaps MgO or oxy-fluoride complexes. The damage generated by the 

anneal can be quantified if it is assumed that MgF 2 is converted to MgO - the decrease in 

the F:2Mg ratios then imply the conventional coating is reduced to 46% MgF 2 (by weight) 

after two hours at 800 K while the lAD film is 68% MgF 2 (by weight). The anneal re

moves optical absorption from the heavily bombarded films, but it obviously exacts its 

price (the enhanced oxide fraction). 

The oxygen peaks of the annealed"coatings indicate their relative porosities. Figure 

(4.8) shows that oxygen migrates uniformly through the conventional film, in agreement 

with a columnar microstructure having open channels from its top to its bottom. The lAD 

coating, on the other hand, limits the oxygen to the film/air interface, which is consistent 

with diffusion across a thin slab of material (see Figure (4.9». 

The RBS data can also be used to determine the density (atoms per unit volume) of 

the coatings. The technique measures the number of atoms per unit area, which can be 

divided by an independent thickness measurement to obtain the desired quantity (see 

Simons, Crowe and Brown [1982] and Anttila et al [1986] for more thorough discussions of 

the density measurements). The error in the density ranges between five and seven per

cent, with three to five percent being attributed to the atomic area concentration, and two 

percent to the thickness (measured with an optical surface profiler manufactured by 

WYKO Corporation). 

The fluorine deficiencies and oxygen contamination guarantee the films are not 

100% MgF2, We therefore calculate the density of their maximum fluoride fractions (pair

ing every two fluorine atoms with a magnesium atom) as well as the net density (including 

surplus magnesium, oxygen contamination and implanted argon). Our measurements show 
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that the conventional films contain 2.9 ± 0.2 g/cm3 of MgF 2 (average of three samples), • 

and adding the oxygen and surplus magnesium yields a net density of 3.0 ± 0.2 g/cm3 • 

The lAD samples did not show a correlation between bombardment strength and 

density, and we thus present only average values (we suspect the lack of correlation is due 

to the fairly large error bars on the densities). The measurements show the average density 

of the MgF 2 fractions of the bombarded samples is 3.2 ± 0.2 g/cm3 (average of four sam

ples, with 'Y varying between 0.03 and 0.13), while their average total density is 3.4 ± 0.2 

g/cm3 (the addition mass being primarily surplus magnesium atoms). 

The accepted bulk density of MgF2 is 3.2 g/cm3; if the difference between this 

density and the density of the MgF 2 fraction of the conventional films is attributed to col

umnar microstructure, then the packing density of our unbombarded samples is 0.90 ± 

0.06. Likewise, the average packing density of the lAD films is 1.00 ± 0.06. These results 

appear promising, but they are a bit suspicious. The packing density calculated from opti

cal measurements is about 0.74 [Pulker 1979, Ogura et al 1975], considerably lower than 

our calculations. The oxygen peaks in Figure (4.5) also imply that the maximum packing 

density (assumed to be bulk density) is not obtained until the ion/molecule ratio reaches 

0.23, while our measurements show bulk density for bombardment ratios as low as 0.03 

ions/molecule. We have faith in the relative increase in the average density of the lAD 

films, but we question the absolute density measurements; in particular, we would not be 

surprised to find a systematic error in our technique that anomalously boosts the values. 

Relative Magnesium and Fluorine Sputtering Yields 

Figure (4.2) is especially interesting because the slope of the lines is related to the 

likelihood that magnesium and fluorine are sputtered from MgF2 surfaces with 300 eV Ar 

ions. To see this let 'YF and 'YMg' YF and YMg represent the bombarding ion to arriving 

atom ratios and the sputtering yields of the two elements, and let 'Y represent the 
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bombarding ion to arriving molecule ratio. The fractions of magnesium and fluorine atoms 

sputtered out of a film are then 'YMg YMg and YF'YF, respectively, and these terms are 

equal to YMg'Y and YF'Y/2 since there is one magnesium atom and two fluorine atoms for 

every arriving MgF 2 molecule. The F:2Mg ratio of a coating bombarded with a flux 'Y can 

then be written as: 

where the last term on the right-hand side is the F:2Mg ratio of an unbombarded sample. 

If the products of the sputtering yields with the bombardment ratios are small, the previ-

ous equation can be approximated by the linear relationship: 

The slopes in Figure (4.2) indicate the sputtering yield of fluorine (from MgF 2 

with 300 eV Ar ions) is between 0.3 and 0.6 atoms/ion greater than twice the magnesium 

sputtering yield. If the yields had differed by exactly a factor of two we could have in-

ferred pure molecular sputtering, but the additional 0.3 to 0.6 atoms/ion implies the inci-

dent ions can also remove fluorine atoms from host molecules. The fragmentation not only 

alters the balance between the cation and anion populations in our films, it also creates 

problems for chemical analysis techniques that rely on sputter depth profiling - the fluor-

ine deficiency caused by a sputter-etch beam might be difficult to isolate from real 

changes in stoichiometry with depth. 

Magnesium Compensation 

There are several quantities that can be inferred from the backscattering data that 

must be placed in a "gee-whiz" category - they are interesting, but not terribly enlighten-

ing. For example, the technique can be used to infer the average number of oxygen atoms 
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required to compensate a surplus magnesium atom in our MgF 2 films, even though RBS 

does not give explicit chemical binding information. The key is to assume the optical 

absorption is caused by unsatisfied valence bonds; so long as there is ample oxygen to 

convert all the excess magnesium cations into oxides the films remain clear, but once the 

oxygen supply drops below a critical level the surplus magnesium cations in the coatings 

begin to absorb light. 

The oxygen to excess magnesium ratios of several argon bombarded MgF 2 coatings 

are shown in Figure (4.10). The diagram indicates the films are transparent provided there 

are (on the average) two or more oxygen atoms for every surplus magnesium, but if there 

is less than one oxygen atom per surplus magnesium atom the coatings turn dark. The 

critical O:Mg ratio is then somewhere between 2:1 and 1:1, which is consistent with the 

formation of MgO, Mg(OH)2 (the latter being reported by Schultz et al [1984] for water 

adsorbed on clean magnesium surfaces), or some intermediate oxy-fluorides such as 

MgF(OH). 

As promised, the result is not terribly enlightening - it seems obvious from valence 

considerations that MgO or Mg(OH)2 would be the favored compounds. The analysis does 

verify these suspicions, though, and shows that the abilities of backscattering spectrometry 

can be enhanced by combining it with an analysis technique that is sensitive to atomic 

bonds (in this case, the optical measurements). 

Oxygen Bombarded MgF 2 Films 

Oxygen bombardment does not significantly alter the index of refraction of the 

films, and the bombarded films do not exhibit absorption thresholds (through "{ = 0.23 

ions/molecule). The F:2Mg ratio for a series of oxygen bombarded samples is shown in 

Figure (4.11), where,the bombardment parameters, ,,{, were calculated on the assumption of 

singly-charged ions (by analogy to the Kaufman source characterized by McNeil et al 
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The films start to absort light for bombardment fluxes between 0.13 and 0.23 
ions/molecule, implying a critical O:(surplus Mg) ratio between 1:1 and 2:1. 
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The coatings were deposited sequentially during a single evaporation run. 
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[1984]). The analysis of the previous section and the slope to intercept ratio in Figure 

(4.11) indicate the sputtering yields of fluorine and magnesium atoms from MgF2 surfaces 

with 300 eV oxygen ions obey the relationship: 

YF - 2YMg = 1.0 atoms/ion. 

The incident beam" is believed to be 25% 0+ and 75% 02+ [MacNeil et al 1984] so the 

average number of oxygen atoms per ion is roughly 1.75. The previous equation can then 

be rewritten as: 

YF - 2YMg = 0.6 atoms per incident oxygen atom 

which is similar to the yields found for argon ions. 

The oxygen concentration of oxygen bombarded films is significantly higher than 

those found in the argon bombarded coatings, but this is explained by ion implantation. 

Figure (4.12) shows that the oxygen content of the coatings increases linearly with net ion 

flux, and the intercept matches the oxygen concentrations of the conventional films. We 

therefore claim the lightly oxygen bombarded coating contains as much columnar moisture 

as the lightly argon bombarded films, and that 48 ± 6% of the incident oxygen atoms 

(again assuming 1.75 atoms per ion) are implanted into the films. 

Most of the implanted oxygen ions have little effect on the optical and mechanical 

properties of the films, but it seems reasonable that a fraction migrate to compensate for 

the aggravated fluorine deficiency. This can not be verified with optical measurements 

because the UV cutoffs of MgF 2 and MgO oc:cur at nearly identical wavelengths (both at 

200 nm), but we have clearly seen the Ce02 absorption edge (at 400 nm) in our oxygen 

bombarded CeF3 coatings (the fluoride cutoff is at 3'00 nm). 

The optical absorption associated with high argon flux is averted with oxygen 

bombardment, but Martin and Netterfield [1985] have shown that an ion flux correspond

ing to 'Y = 0.16 is required to obtain unity packing density with both ion species. The 

F:2Mg ratio of the oxygen bombarded films is about 0.88 at this flux, while the same ratio 
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Figure (4.12) - Oxygen Content as a Function of Incident Oxygen Flux 

The line can be extrapolated to show that with no bombardment the oxygen 
content would be 3.4 X 1016 atoms/cmz, which matches the oxygen content of 
typical un bombarded coatings. We therefore assume the vertical offset is due to 
trapped moisture in the films and that 84 ± 5% of the incident oxygen ions (or 
48% of the incident oxygen atoms, assuming 1.75 atoms per ion) become imp
lanted in the coatings. 
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for the argon bombarded coatings is still 0.94 - 0.96. Assuming the fluorine deficiencies 

are compensated by the creation of MgO, we see that the oxide fraction of the optimum 

oxygen bombarded film is 8% (by weight), which is two to three times that obtained with. 

argon bombardment. We have not seen differences between the optical properties of the 

oxygen and argon bombarded films, but the user should be aware of the compromises 

between packing density, optical transparency and oxide fraction, and decide whether 

argon or oxygen bombardment better suits his requirements. 

Further Discussion of the Oxygen Contamination 

The oxygen contamination in our conventional and lAD films is attributed to water 

trapped in the coating voids for two reasons - the measured oxygen fraction matches that 

estimated from the data of Ogura et al [1975], and the decrease in the contamination with 

ion flux is consistent with the known bombardment-induced densification of the films . . 
Unfortunately, the observed phenomena can also be explained by water vapor adsorbed 

from the residual gases of the vacuum chamber as the coatings are deposited. This 

mechanism has been conjectured by Pulker and Jung [1969] to explain their studies of resi-

dual chamber gases before and after deposition of MgF2• The authors found that their 

base vacuum was initially 90% water vapor, but after deposition the water content was 

reduced to about 5%, and they concluded the vapor was gettered by the fresh MgF 2 sur-

faces. 

The residual gas in our chamber, like Pulker's, is predominantly water vapor 

(between 60 and 80%, measured with a quadrupole mass spectrometer) and we guess, then, 

that the oxygen contamination seen in the RBS spectra could be water adsorbed during 

deposition. The number of water molecules, n, adsorbed during deposition per unit area, 
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A, can be estimated from the equation [GIang 1970]: 

n apt 
A = v'21ffi1kT 

(4.1) 

where p is the water vapor partial pressure and a is its sticking coefficient on a MgF 2 sur-

face, m is the mass of a water molecule, T is the ambient temperature during the evapora-

tion and t is the surface exposure time which, in thi~ case, equals the evaporation time 

(assuming the sticking coefficient drops to zero after several monolayers of water are 

adsorbed). 

The calculations indicate the base vacuum can contribute 8.2 x 1016 oxygen 

atoms/cm2 to a typical MgF 2 coating (using the deposition parameters listed in the first 

section and assuming the partial pressure of water vapor is equal to the base pressure, and 

letting the sticking coefficient be unity). This is disturbingly close to the contamination 

measured in the unbombarded films, 2.8 ± 0.3 x 1016 oxygen atoms/cm2 • Our preliminary 

results from Na3AIF 6' LaF 3 and CeF 3 also show oxygen contaminations that are between 

one-fourth to one-half the concentrations calculated by Eq. (4.1). 

If the oxygen comes from the residual gases in the vacuum chamber then the dec-

rease in oxygen with bombardment (see Figure (4.5» implies the contaminant is sputtered 

from the surfaces by the ion beam. The behavior of the oxygen peaks in Figure (4.5) is 

consistent with such sputtering provided the oxygen and magnesium sputtering yields are 

such that 

Yo - 0.1 YMg = 0.25atoms/ion; 

therefore, only one of every four water molecules that might land on a surface needs to be 

removed by the ion beam to explain the diminution of the oxygen peaks (assuming the Mg 

yield is small). 
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The data presented in the last few paragraphs shows that the oxygen contamination 

can be attributed to water gettered from the base vacuum just as easily as it can be 

assigned to columnar moisture. Our reason for choosing the latter over the former con-

cerns our more recent work with cryolite. We have found that doubling the evaporation 

rate of Na3AIF 6 (from 0.6 nm/s to 1.2 nm/s) increased the oxygen content of the films by 

about a factor of 1.2. The coatings compared had the same final thicknesses and Eq. (4.1) 

would therefore predict a two-fold decrease in the oxygen concentration; certainly not an 

increase. The extra oxygen, however, is consistent with oxygen or water vapor taken in 

through a columnar microstructure - the faster evaporation rate would give the adatoms 

less time to rearrange themselves in the films (compared to the time they would have with 

the slower rate), resulting in a slightly more pronounced columnar structure and an 

expanded surface area for the adsorption of oxygen or moisture (as observed). We feel 

there are enough similarities between cryolite and MgF2 (they both exhibit columnar 

microstructures [Pulker and Jung 1971, 1972], both appear to getter water vapor from resi-

dual chamber gases [Pulker and Jung 1969], and our RBS measurements show that both are 

contaminated with oxygen) to claim that the excess oxygen found in our MgF 2 films enters 

after the evaporation, not during. 

Conclusions 

We have investigated the chemical and mechanical properties of conventional and 

ion bombarded MgF 2 films with Rutherford backscattering spectrometry. The accurate 

stoichiometries obtained from the technique have allowed us to quantify a slight fluorine 

deficiency in the conventional films, and have shown that preferential sputtering magnifies 

the defect in the lAD films. 

We have also found small concentrations of oxygen in the conventional films, and 

have noted that the contamination gradually decreases with bombardment flux. We feel 
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the oxygen represents atmospheric moisture trapped in the coating voids, and substantiate 

our claim by showing that the decrease in contamination with bombardment flux is consis

tent with the reports of a bombardment-induced increase in the packing density of the 

MgF2 films. 

The optical clarity of the conventional and lightly-bombarded films implies that 

their fluorine deficiencies are compensated by the moisture (oxygen) trapped in the films. 

We propose that some of the water in the pores dissociates on the columnar surfaces to lib

erate oxygen or hydroxyl anions that then migrate through the bulk of the columns to oxi

dize magnesium or Mg-F cations. This is consistent with the small oxygen supplies found 

in our heavily bombarded, optically absorbing, coatings - the absence of oxygen can be 

attributed to a lack of microstructure and the associated top-to-bottom channels that allow 

complete water (oxygen) exposure. Without these channels the surplus cations deep in the 

films can only be oxidized by the few anions that are lucky enough to migrate through the 

entire coating. The probability of complete oxidation of a dense slab of material is small, 

and as a result the unsatisfied valence bonds in the coating absorb light. 

Our explanation of the relationships between the oxygen contamination, the fluor

ine deficiency and the optical properties suggests an unpleasant compromise - the argon 

bombardment can either create very dense structures that are impervious to moisture but 

absorb light (we show, however, that the absorption can be removed by post-deposition 

anneal), or it can produce transparent coatings with less than optimal packing densities. 

We suspect the trade-off can be avoided by bombarding with a different gas, but have 

already seen that oxygen bombardment has a different consequence - a factor of four in

crease in the oxide fraction (the MgO fraction in dense oxide bombarded films is approxi

mately 8% by weight). It seems apparent that the ideal bombardment gas would be able to 

dOllate fluorine, and this is left for future studies [Gibson and Kennemore 1986]. 



CHAPTER 5 

EXAMPLES OF DIFFUSION IN OPTICAL COATINGS 

The depth profiling abilities of Rutherford backscattering spectrometry (RBS) make 

the technique ideal for studying diffusion effects in optical coatings. This chapter presents 

two specific examples of diffusion in thin film systems, and discusses the role of RBS in 

each investigation. The text begins by addressing Bateson [1952], Benjamin and Weaver's 

[1960] speculations of oxygen migration to the substrate/film interface of aluminum coat

ings, and shows the interfacial oxide exists, but is not an artifact of gettered oxygen. We 

then consider Song et al's [1985] discovery of copper diffusion through silver films, and 

present evidence that implies the coatings may be further improved by a low temperature, 

post-deposition anneal. 

RBS is touted as a nondestructive surface analysis technique, and we verify that 

the interrogation beam does not alter the stoichiometry or thickness of coatings. However, 

we have found the beam causes carbon to migrate from graphite substrates into the voids 

of porous films, and explain the anomaly as an artifact of a localized, low temperature 

(approximately 300 oc) anneal. The text concludes with two simple models of heat flow in 

thin films, and shows that a substantial beam-induced temperature rise is more likely to be 

a result of imperfect coupling between the coatings and their substrates than it is to be due 

to abnormally low thin film thermal conductivities. 

Oxygen Diffusion Through Aluminum Coatings 

Benjamin and Weaver [1960] have shown that the adhesion of reactive metal films 

(aluminum and iron) on glass substrates improves with time, while the adhesion of non

oxidizing metals (gold) remains poor. They concur with Bateson [1952] and speculate the 

101 
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enhancement is caused by an oxide layer at the film/glass interface that changes the stick

ing mechanism from a physisorbed bond (aluminum on Si02) to a chemisorbed bond 

(A120 3 on Si02). Benjamin and Weaver, as well as Laugier [1981], show the oxide 

gradually forms over a period of two to three weeks, and propose the interfacial layer is an 

artifact of the post-deposition migration of oxygen gettered by the metals during their 

evaporations. Gettered oxygen is considered the source of the layer because Laugier has 

found that the temporal change in adhesion is independent of film thickness, implying the 

oxygen does not diffuse through the films. 

We have investigated these speculations with RBS and have found that, for the 

most part, they are true. Figure (5.1) shows the oxygen peak of an aluminum film on a 

graphite substrate. (The aluminum was evaporated from a resistive coil onto room temper

ature graphite in a base vacuum of 10-2 Pa. The deposition rate was approximately 3.5 

nm/s.) The peak shows an oxide layer at the air/film interface, as well as the subsurface 

oxide predicted by Bateson, Benjamin and Weaver. However, there is no indication of 

oxygen inside the films that might be attributable to gettered gases. 

The fact that the early authors were able to posit the subsurface oxide from a 

series of straightforward experiments is a compliment to their foresight and deductive abil

ities; however, the absence of oxygen inside the film implies the adhesion layer is not due 

to the relocation of gettered gases. The adhesion changes gradually over a two to three 

week period [Benjamin and Weaver 1960, Laugier 1981], but the backscattering measure

ments were made just six hours after the aluminum evaporation; the (proposed) gettered 

oxygen therefore could not have completed its migration to the interface before the RBS 

measurement was made. The effect also occurs in aluminum films overcoated with Si02; 

a week old coating shows the subsurface oxide, but there is no oxygen inside the alumi

num layer. 



tn 
.+-J 
C 
::s 
o 
u 

oxygen at 
the substrate/film 
interface 

~ 
~ 
.. , 

:;';"; i~~ .: no oxygen 
inside the 
film 

103 

oxygen at 
the fi 1 m/ air 
interface 

~ 
~ 
~ 

~L-~ _____________ ~j~n~~D~~T~~~Q~~~~1';~~0.·~ ____ 7 ~ 

Backscattered Energy 

Figure (5.1) - Oxygen Peak of an Aluminum Film 

The peak shows the surface and subsurface oxides, but there is no oxygen inside 
the film. Assuming the accumulations of oxygen represent bulk density Alz0 3 , 

the subsurface layer is 4 ± I nm thick (the film itself is about 200 nm thick). 
Note, however, that the RBS measurement was made just six hours after the 
aluminum evaporation and the oxide is expected to grow with time. 
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The adhesion and RBS experiments clearly show that the interfacial oxide exists, 

but the backscattering measurements just as clearly show that the layer can not be an arti-

fact of gettered oxygen. We therefore propose the subsurface oxide is not supplied by 

trapped gases in the films, but by air that migrates along the substrate/film boundary. 

Diffusion along the interface may seem counterintuitive, but all the aluminum grains in the 

vicinity of the interface must terminate at the substrate, so the mechanism can be thought 

of as a special case of grain boundary diffusion. The process would be inherently slow, 

but is consistent with the gradual change in film adhesion, and pinholes in the aluminum 

films would improve the oxidation efficiency by allowing the adhesion layer to grow uni-

formly across the interface. Interfacial diffusion is also consistent with the report that the 

temporal change in adhesion is independent of film thickness [Laugier 1981] - the oxygen . 
does not penetrate the films, but simply creeps along the substrate/film boundary . . 

Oxygen diffusion along the subsurface interface explains the behavior of the alu-

minum films, but additional tests are needed to prove the interfacial oxide is not supplied 

by some other source. More insight into the system might be gained by monitoring the 

adhesion layer over a four to six week period to see how the oxide thickness changes with 

time; this work is in progress. 

Copper Diffusion Through Silver Films 

An excellent example of diffusion in thin films is the startling discovery that a 

copper underlayer improves the corrosion resistance of a silver overlayer. The find was 

made by D.-Y. Song and co-workers [Song et al 1985] at the Optical Sciences Center 

during their attempts to improve the environmental stability of silvered astronomical mir-

rors. The enhanced durability was immediately evident, but the authors found it difficult 

to pinpoint the cause of the improvement through optical measurements. The puzzle was 

finally solved with backscattering spectrometry; the RBS spectra showed that a thin copper 
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layer floats to the surface of the silver layer to act as a shield against chemical attack (see 

Figure (5.2». 

We have quantified Song's RBS data and have found that the copper protection 

layer is only 0.2 ± 0.1 nm thick (assuming bulk copper density). This incredibly thin layer 

gives an appreciation of the sensitivity of backscattering spectrometry, and explains Song's 

inability to discern a difference between the reflectance of the silver/copper system and 

that of pure silver. The result also shows that just a few monolayers of copper are suffi

cient to transform silver from a fragile, corrosion-prone film into a robust mirror coating. 

The copper migration is another microstructure-enabled phenomenon. We know 

this because room temperature diffusion of the two metals is not allowed for bulk mater

ials. As proof, consider the mean-square distance a copper atom travels through silver in a 

time t; the distance and time follow the expression: 

(X2) = 2Dt 

where D represents the copper/silver diffusion constant, which is assumed to follow the 

Arrhenius relationship: 

D = Doexp (- -RT) 

where Q is the activation energy, R is the universal gas constant (8.31229 J/K·mole) and T 

is the temperature of the copper/silver system. The constants that describe the diffusion 

of copper into crystalline silver are Do = (2.9 ± 0.8) x 10-2 cm2/s and Q = 164 ± 1.6 

kJ/mole [Dorner et a1 1980]. At room temperature the diffusion constants imply the 

copper would need 1014 years to penetrate the first 10 nm of a perfect, crystalline silver 

film, and 1016 years for it migrate through the entire 70 nm film thickness! 

The copper obviously can not diffuse through the bulk of the silver, and two alter

native explanations for the surface lay~r come to mind. One is that the copper may float 

on top of the silver as the latter is deposited. This does not seem likely, though, because 
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the corrosion resistance of silver is also enhanced when silver is deposited before copper 

[Song et al 1985]. 

A better explanation is that copper skirts along the grain boundaries in the silver 

layer and gradually wanders to the silver surface. Schoen et al [1979] have used RBS to 

show that silver migrates along the grain boundaries of a copper overlayer, and we believe 

the same mechanism holds when the order of the layers is reversed. This interpretation 

explains how a few monolayers of copper can significantly improve the corrosion resistance 

of the silver layers - each grain receives the benefit of a protection layer so the copper 

does not just shield the top monolayers of the silver films, but all the surfaces vulnerable 

to chemical attack. 

The more efficient grain boundary diffusion might account for the room tempera

ture diffusion in Song's coating, but Schoen's work raises an interesting question. The 

latter author has found that silver/copper bilayers must be heated to 275 °C for 11 minutes 

to saturate the copper grain boundaries with silver and to subsequently allow silver to col

lect at the copper/air interface. Why, then, does copper collect at the silver surface of 

Song's coating at room temperature? 

The answer may be that the grain boundaries of Song's films are not saturated with 

copper before the RBS measurements, but become filled as the interrogation beam locally 

heats the sample. Figure (5.3) is a photograph of the copper/silver film analyzed by Song 

et al; the picture shows the condition of the film 31 months after the original RBS meas

urements. The coating exhibits three distinct stages of corrosion - a badly damaged area 1 

mm square (region A), a small adjacent patch that shows little corrosion (region B), and 

the surrounding area which is not as bad as region A but shows more wear than region B. 

Regions A and B are the two sections of the coating exposed to the 2 MeV 4He+ ions (we 

know this because their sizes match the dimensions of the beam), and we suspect region A 

was measured at normal incidence (since it is square) while the rectangle defined by the 
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Figure (5.3) - Photograph of Song's Copper/Silver Coating 

The photograph is taken 31 months after the RBS analysis. The sample was 
illuminated at an angle as it was photographed, so the highly reflecting regions of the 
coating appear dark and the defects scatter light into the camera and appear bright. 
The interrogated regions of the film are clearly visible; region A is badly damaged 
and was probably exposed to the RBS beam longer than the pristine section, 
region B. 
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sum of regions A and B repre~ents the portion of the coating sampled when the film was 

tilted to 450 (the second measurement wac; needed to verify that the small peak in Figure 

(5.2) is surface copper). We now propose that regions A and B were locally annealed by 

the RES interrogation beam, and that the temperature rise allowed copper to fill the gaps 

between the silver grains and then spill out onto the silver surface. The added protection 

of the copper would improve the environmental stability of the interrogated regions, and 

hence the difference between region B and the untouched sections of the sample. 

The weak link in our argument is the badly damaged sector of the film, region A. 

Why is it severely pitted while region B is pristine? We believe region A was exposed to 

the interrogation beam longer than region B, and that the extra dose of radiation damaged 

the sector and accelerated later corrosion processes. This explanation is supported by the 

reflectivity of the silver that surrounds the blemishes in region A - Figure (5.3) indicates 

these portions of the coating reflect light at least as well as region B, and they are clearly 

better than the un-interrogated portions of the coating. 

Whether the RBS beam does or does not push copper into the silver film is in some 

respects irrelevant; the corrosion experiments clearly show that there must be copper in 

the silver layer at room temperature. However, we wonder if the copper seen on the 

surface of the silver is present be/ore the RBS analysis, and we question its necessity -

perhaps the improved corrosion resistance is explained by a small concentration of copper 

that resides in the grain boundaries at room temperature. If this is the case, then a low

temperature, post-deposition anneal might saturate the grain boundaries with copper and 

further improve the corrosion resistance of the copper/silver coatings (similar to the effect 

noted in Figure (5.3». 
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Anomalous Carbon Diffusion 

Oxide, fluoride and nitride films are the backbone of the optical coating industry. 

Unfortunately, the layers are generally deposited onto silicates and can not be directly ana

lyzed by backscattering spectrometry - the RBS peaks of oxygen, fluorine and nitrogen are 

buried in the higher-energy substrate peak (see Figure (5.4». The conflict between stan

dard optical coatings and their substrates appears to preclude a marriage between RBS and 

the optical coating industry, but the dilemma is easily resolved with a compromise - the 

relative concentrations of the interesting constituents can be unobtrusively studied if the 

films are not deposited glass, but on light-element substrates such as carbon or beryllium. 

The reader is by now aware that we have substituted carbon in the form of gra

phite for glass substrates. Graphite is inexpensive, non-toxic and has a low atomic mass, 

but it is not without its problems. The difficulties stem from the implicit requirement that 

the stoichiometries of coatings on graphite be the same as those deposited onto glass. 

Although it seems obvious that the chemical make-up of films evaporated onto either 

substrate would merely reflect the composition of the evaporant stream, the RBS results in

itially cast doubt on this essential assumption. The spectra showed a sizable carbon con

tamination in porous films grown on graphite, but we have since found that the infection 

occurs during the RBS measurement, not during deposition. In this section we discuss the 

carbon contamination and its source, and show that it does not flaw the correspondence 

between coatings on glass and those on graphite, but rather serves as a convenient indicator 

of relative film porosity. 

Carbon Contamination 

The RBS spectrum of a typical, conventionally deposited MgF 2 coating is shown in 

Figure (5.5). The distinct peaks are due to oxygen, fluorine and magnesium, and the long, 

broad peak represents projectiles backscattered from carbon in the graphite substrate. The 
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Figure (5.4) - Ideal RBS Spectrum from a Silicate Substrate 

The silicon peak would mask the presence of fluorine, oxygen and nitrogen (as 
well as any other material whose atomic mass is less than that of silicon). The 
problem is avoided by using light element substrates such as carbon or beryl
lium. 
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Figure (5.5) - RBS Spectrum of a Typical, Conventionally Deposited MgFz Coating 

The pronounced peaks correspond to magnesium, fluorine and oxygen, and the long, broad peak is due to the 
graphite substrate. The shelf on the leading edge of the substrate peak represents carbon inside the film. IV 
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shelf at the leading edge of the substrate peak denotes events caused by carbon inside the 

film (because projectiles scattered from interior carbon atoms have more energy than those 

that pass through the entire coating and backscatter from substrate atoms), and since RBS 

is fairly insensitive to carbon (recall the backscattering cross section of an element decre

ases as the square of its atomic number), the short shelf represents a sizable carbon fraction 

- in fact, 13% of the atoms in this particular film are carbon! 

The contamination is hardly expected; the films were deposited in a cryopumped 

vacuum chamber to prevent hydrocarbon backstreaming, and an attached quadrupole mass 

spectrometer showed only negligible pressures of residual hydrocarbons and CO2• The only 

large supply of carbon present during the evaporations was the graphite substrates, and this 

realization caused considerable alarm - if the films are infected by the substrates then the 

stoichiometries of films on graphite are definitely not representative of those on glass. We 

therefore embarked on a more thorough investigation of the spurious carbon to verify its 

source, and if our suspicions were founded, to determine how and when the carbon mig

rated from the substrates into the coatings. 

Alternative Substrates 

The graphite substrates are disturbingly soft; in fact, they can be substituted for 

pencils in a pinch. We feared the contamination was a result of loose graphite on the sur

faces that migrated through the films during the evaporations, and attempted to avoid the 

problem with harder forms of carbon. Diamond, of course, would be an ideal substrate, 

but two more reasonably priced alternatives are Poco graphite (manufactured by Poco 

Graphite, Inc., 1601 South State Street, Decatur, Texas, 76234) and vitreous carbon. Poco 

graphite leaves a faint smear when rubbed on paper, but does not write as clearly as the 

original substrates. The RBS results, however, did not reflect this difference - films on 

Poco contain as much carbon as films on the original substrates. Vitreous carbon appeared 



114 

to be more promising than the other carbon-based mounts because it is harder than glass; 

we found it almost impossible to scribe with a diamond stylus. The RBS analysis, how

ever, was inconclusive; we discovered that vitreous carbon contains about 3% oxygen, and 

the overlap between the carbon and oxygen peaks made it diffi~ult to quantify the carbon 

contamination. 

Our poor luck with carbon-based substrates convinced us to try beryllium mounts. 

We originally shied from these because the oxide that accrues on beryllium surfaces is 

toxic, but we have learned the health risk is minimal provided the oxide is not inhaled or 

ingested [Sax 1968]. The RBS spectra of MgF 2 coatings deposited simultaneously onto 

carbon and beryllium substrates show the extra caution required with" the beryllium mounts 

has its rewards - there is a conspicuous lack of carbon in films deposited onto beryllium 

(see Figure (5.6». The spurious carbon is therefore an artifact of the graphite substrates, 

and the following section shows the contamination occurs during the RBS measurement, 

not during deposition. We close the discussion of beryllium substrates by pointing out that 

they, too, have an inherent flaw - the oxide layer that induces their toxicity also makes it 

difficult to quantify the oxygen concentration in films, and limits the use of beryllium 

mounts to special cases. 

Damage Induced by the Probe Beam 

Backscattering spectrometry is touted as a nondestructive analysis technique, but 

some films deposited on graphite show a clear imprint of the probe beam after the RBS 

measurement. The effect is most pronounced with conventionally deposited MgF 2 coatings 

where the thumbprints look distressingly like the uncoated substrates. Our initial fear was 

that the probe beam sputtered material out of the samples, and the soft MgF 2 coatings 

were being completely eroded away. We became more alarmed when we discovered that 

the interrogation beam left only a faint shadow on ion bombarded MgF 2 films - if the 
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Figure (5.6) - Carbon Peaks of Conventional MgF ~ Films 

The films were simultaneously deposited on a) a graphite substrate and b) a 
beryllium substrate. The absence of carbon in b) indicates the carbon contami
nation is due to the graphite mount. (We attribute the small carbon contamina
tion in b) to adsorbed atmospheric hydrocarbons.) 
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coatings were indeed being sputtered by the interrogation beam, the hard ion-assisted 

MgF 2 [Kennemore and Gibson 1984] would logically show less wear than conventionally 

deposited MgF 2' 

Our fears were quieted by a simple experiment - the beam thumbprints were re

measured with RBS. The results were surprisingly reassuring - they showed the interroga

tion beam does not alter the stoichiometries of conventionally deposited MgF 2 films by 

more than the measurement error (tenths of a percent) and the absolute concentrations of 

the film constituents are similarly unchanged (the original and second measurements differ 

by less than two percent). The RBS beam therefore does not erode the coatings, but the 

thumbprints on the conventional films and their absence on the bombarded coatings was 

still unexplained. 

The puzzle became clear with an additional piece of information - the RBS ana

lysis shows the ion-bombarded MgF2 coatings are not contaminated with carbon (see 

Figure (5.7». However, conventional and ion assisted films are indistinguishable before the 

RBS measurements - how could one contain 13% carbon while the other was essentially 

MgF 2? Our conclusion is that neither film contains carbon prior to the measurements; the 

graphite migrates into the columnar voids of the unbombarded films during the analysis, 

and the graphite-colored thumbprint left on the conventional films'is simply an artifact of 

the 13% carbon that has climbed into their pores. The lack of carbon in the ion bom

barded films and the faint beam-induced thumbprints follow from their improved micro

structure - the columnar channels that facilitate carbon migration in the conventional films 

are not present in the bombarded coatings (see the arguments in Chapter 4), and the ion 

bombarded samples remain carbon (and thumbprint) free. 

The stoichiometries of coatings on graphite are then representative of those on glass 

because carbon does not enter the films during the depositions. The carbon infection is 

then not a detriment, but a bonus - the migration serves as a convenient, qualitative 
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The films were simultaneously deposited onto graphite substrates; a) conven
tional deposition and b) ion bombarded (300 eV argon ions, "I = 0.l0). The 
surface carbon in b) may be due to a thin oil layer that accrued during the 
coating's exposure to air. 
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measure of film porosity. As further proof, Figures (5.8) - (5.12) show the carbon peaks 

of a number of different materials studied in our labs over the last two years; the carbon 

concentrations (indicated by the peak heights) follow the accepted packing densities of the 

thin film materials. 

Beam Heating Effects 

We have attributed the improved durability of the interrogated region of Song's 

copper/silver coating to a beam-induced anneal, and loosely base our claim on Schoen et 

aI's report [1979] that silver/copper coatings must be heated to approximately 300°C to 

saturate the grain boundaries of copper films with silver (the specific temperature required 

depends on the temporal length of the anneal, of course). We believe the beam-induced 

carbon migration discussed in the preceding section is another example of a localized 

anneal, and our justification is. similar to the one tendered for the copper/silver system -

we have found that the carbon diffusion can be activated by a one hour, post-deposition, 

300°C anneal. (The presence of carbon inside the films is indicated by color - the coat

ings take on the appearance of the graphite substrates when their pores are filled with 

carbon. Backscattering spectrometry verifies the color change is not due to a difference in 

thickness.) 

The apparent copper diffusion and the anomalous carbon migration can both be 

explained as artifacts of a significant (at least 300°C), beam-induced temperature rise, but 

the difficulty lies in proving that such a temperature can be generated by the RBS beam. 

The following sections consider two simple heat transfer models - one assumes a film is in 

intimate thermal contact with its substrate, and the other supposes the coating is thermally 

isolated. The models show that a significant temperature rise is more likely to be an arti

fact of poor thermal coupling between the films and substrates than it is to be due to 

abnormally low thin film thermal conductivities. 
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The peak heights reflect the carbon content, and the peak widths vary according 
to the individual film thickness. The packing densities are from Pulker [19791. 
(The carbon peaks of other materials are shown on the following five pages.) 
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The packing densities are from Pulker [1979]. 
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The packing densities are from Pulker [1979]. 
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Temperature Rise for a Film in Intimate Contact with Its Substrate 

We estimate the temperature increase during the RBS measurement by assuming all 

the energy lost by the projectiles is converted to heat. We further assume the beam energy 

decays exponentially with depth: 

E(z) = Eoexp [- ~o) (5.1 ) 

where Eo is the incident beam energy, z is the depth in the film and Zo is an appropriate 

decay constant. The power pumped into an increment of film of thickness dz and cross-

sectional area A is then (see Figure (5.13»: 

power/volume = l ~; = Ctexp (- ~o] 

where: 

and i represents the beam current and Eo is measured in electron volts. 

The temperature would follow a two dimensional heat transfer equation that varies 

with time, but we only concern ourselves with the highest possible temperature rise and 

thus consider the one dimensional problem at steady state. The relevant heat transfer 

equation is then [Whitaker 1977]: 

a2
T(z) = _ ~exp [-~) 
az2 

'" Zo 

where '" represents the thermal conductivity. The differential equation has the general 

solution: 
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Figure (5.13) - Geometr?l for the Calculation of the Temperature Increase 

The beam has current i, and cross sectional area A. The beam energy decays 
according to the expression: E:::: Eoexp( -z/zo)' The temperature at the surface 
of the film is T(z=O), and the temperatUre at tHe back surface of the substrate is 
To (room temperature). 
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where Co and C1 are constants to be determined by the boundary conditions. 

Now consider a simplified model of a film of thickness Tf that is in intimate con-

tact with a substrate of thickness TS' The general solution to the heat transfer equation is 

applied to the film and substrate with the boundary conditions: 

1) the temperature rise is a maximum at the air/film interface, 

2) the heat flow (-I\.~!) is continuous across the substrate/film interface, 

3) the temperature at the rear of the substrate is fixed at To (room temperature), 

and 

4) the temperature is continuous across the sub~trate/film interface. 

These conditions imply the temperatur~ at a point z inside the film is given by: 

T(z) - To ~ T(z=O) - 2~Z2 for 0 < z < Tf 

where: 

(5.2) 

and it has been assumed that Tf « Zo « TS' 

An appropriate value of the beam decay constant, zo' is needed to evaluate the 

previous expression. From the exponential form of the beam energy it is apparent that 

dE = - .lexp [_l], 
dz Zo Zo 

and Eq. (2.5) implies: 

where N is the density of the material and €(Eo) is the stopping cross section evaluated at 
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the initial energy. The decay constant can then be approximated as: 

The density and stopping cross sections of MgF 2 and graphite are such that Zo is either 5 

J.Lm (in the film) or 7 I'm (in the substrate), so we assume it is a constant 6 J.Lm throughout 

the film-substrate system. 

The initial beam energy, Eo, is 1.892 MeV, the beam current, i, is roughly 75 nA 

and the cross-sectional area of the beam, A, is I mm2 so: 

a = 2.8 x 104 W /cm3 • 

The thermal conductivities of the bulk materials are [Handbook of Chemistry and Physics 

1977]: 

ICMgF
z 

= 0.1 W/cm2·K (crystalline material) 

ICgraphite = 1.3 W /cm2
• K 

and for this example their thickness are: 

TMgF
2 

= 100 nm 

r graphite = 1.5 mm. 

Now to estimate the temperature rise. For the sake of argument, assume the ther-

mal conductivity of a thin, columnar, amorphous film of MgF2 is five orders of magnitude 

less than the conductivity of bulk, crystalline material. Equation (5.2) then indicates a 

maximum temperature rise of 3.4 °C in the MgF 2 coating, with just 1.4 °C being contri-

buted by the film term (the one that goes as 1/1Cf). The same analysis can be applied to 

the glass/copper/silver system discussed earlier (with different parameters, of course, but 

again assuming the film conductivity is l/IOO,aaOth the bulk value). The low thermal 

conductivity of glass pushes the estimated temperature rise to 140 °C in this case, but only 

0.2 °C is due to the film term. 
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A 300 °C temperature rise can obviously not be explained by this model unless the 

thin film thennal conductivities are seven orders of magnitude less than the bulk values. 

We are unwilling to suggest such a large discrepancy, but are unshaken in our belief that 

the measurement anomalies described in this chapter are caused by heat. We propose that 

the model just presented fails because the films are not in perfect thennal contact with 

their substrates, and investigate the opposite extreme - films that are thermally isolated 

from their mounts. 

Temperature Rise for a Film Isolated from Its Substrate 

The temperature rise experienced by a coating completely isolated from its mount 

is easily estimated on the basis of energy conservation. The energy lost by a single projec-

tile that passes through a film of thickness Tf is (assuming the exponential decay described 

in Eq. (5.1»: 

so the energy implanted per unit volume by all the projectiles passing through the coating 

is: 

QE 
energy/volume = AO 

Zo 

where A is the cross sectional area of the beam, Eo is measured in electron volts and Q, 

the total charge incident on the coating, is equal to the beam current multiplied by the 

total exposure time. If we assume the excess energy is all converted to heat and is equally 

distributed among the molecules in the exposed volume, then the temperature attained by 

each molecule is: 
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where k is Boltzmann's constant (l.381 x 10-23 J/K) and N is the molecular density of the 

film. Assuming Q = 50 J.LC and substituting the density of MgF 2 (3.14 g/cm3 ) yields a 

temperature rise of 3 x 107 OC! 

Such an enormous temperature could never be realized, of course - radiative heat 

transfer would become an increasingly important mechanism for heat dissipation as the 

temperature of the films increased, and the coatings would disintegrate before they reached 

even 104 °C. The model employed is also not realistic - the films could not be perfectly 

isolated from their substrates, and the lost beam energy is not entirely converted to heat. 

However, the calculation shows that 300 °c is not an unreasonable expectation for the 

temperature rise in a weakly coupled substrate-film system. We therefore conclude the 

proposed beam-induced heating effects can be explained by imperfect film adhesion, but 

the anomalies are not likely to be due to exceptionally low thin film thermal conductivities. 

Conclusions 

The migration of copper along the grain boundaries of overlayed silver films and 

the subsurface oxide that forms on aluminum layers are good examples of the reciprocity 

that can exist between standard characterization techniques and surface analysis tools. The 

corrosion experiments of Song et al [1985] show that a copper underlayer dramatically 

improves the environmental stability of silver coatings, but the fundamental mechanism is 

brought to light by Rutherford backscattering. Similarly, the oxide adhesion layer associ

ated with aluminum films was predicted by Bateson [1952] more than thirty years before it 

was verified by RBS; however, the backscattering results go a step further and show that 

the oxide can not be due to the rdocation of gettered oxygen. 

The previous section and. Figure (5.3) point out that Rutherford backscattering 

spectrometry, like any other analysis technique, can alter a system by the act of measure

ment. The method is touted as nondestructive, and in the sense that it does not sputter 
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material out the coatings, we have found that it is benign. However, the interrogation 

beam allows carbon to migrate into the pores of columnar films and improves the corrosion 

resistance of copper/silver coatings; since these effects also occur during post-deposition , 

anneals, we conclude the RBS beam locally heats the samples. 

It is difficult to show how the incident beam can raise the temperature of the 

coatings enough to explain the observed migration effects. A simple model of a film in 

intimate thermal contact with its substrate does not predict an appreciable temperature rise 

unless the thermal conductivity of the film is seven orders of magnitude less than the bulk 

value. We do not believe the thin film conductivities are this small, and instead propose 

that the anneal is related to imperfect coupling between the film and substrate. A ther-

mally isolated coating could easily attain a temperature sufficient to allow copper and 

carbon diffusion (only 300°C is required), and the preliminary results from the aluminum 

films give evidence of the imperfect coupling - if oxygen does indeed migrate along the 

interface between the aluminum films and their substrates, the coatings are certainly not in 

intimate thermal contact with their mounts. 



CHAPTER 6 

SUMMARY AND SUGGESTIONS FOR FUTURE WORK 

Rutherford backscattering spectrometry (RBS) is an ideal tool for the chemical 

characterization of optical coatings. The technique quantifies the subtle stoichiometric 

changes initiated by ion-assisted deposition (lAD), and by its nondestructive depth-profiles, 

it allows for detailed study of the corrosion and diffusion anomalies that often plague thin 

films. We now highlight the results, discoveries and conclusions of our RBS studies, and 

present suggestions for future studies. 

Conventional and Ion-bombarded MgF2 Coatings 

Low energy ion bombardment removes the columnar microstructure common to 

MgF2 coatings, and leaves the hard, dense, slab-like morphology that is usually only 

achieved by evaporating the material onto heated substrates. Rutherford backscattering 

spectrometry provides a detailed account of the stoichiometric compromises which accom

pany the bombardment - it quantifies the relative magnesium and fluorine sputtering 

yields, as well as the fraction of the bombarding species that become implanted into the 

films. Backscattering spectrometry also elegantly verifies the improved packing density; 

the nondestructive depth profiles show that oxygen diffuses freely through annealed, con

ventionally deposited coatings, but is impeded by the structurally dense lAD films. 

Perhaps the most enlightening result of the RBS analysis concerns the oxygen con

tamination in MgF2 films. The conventionally deposited coatings contain a slight over

abundance of magnesium atoms, but the layers are also optically clear; the disparity 

between poor stoichiometry and good transmittance is resolved by postulating that the 

oxygen compensates for the fluorine shortage. Argon bombarded films strengthen this 
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conjecture; the ions preferentially sputter fluorine, but the layers remain transparent so 

long as there are (on the average) one to two oxygen atoms for every surplus magnesium 

atom. The fluorine deficiency becomes progressively worse with increased ion flux, and 

unfortunately the oxygen supply also dwindles; consequently, heavily bombarded coatings 

do not contain enough oxygen or fluorine to passivate all their surplus magnesium atoms, 

and the layers absorb light. 

The importance of the oxygen contamination is made clear by the RBS analysis, 

but its source remains a question. We believe the oxygen is provided by atmospheric 

moisture in the coating voids, and therefore the absorption threshold by definition equals 

the densification threshold - an ion flux sufficient to completely close off the columnar 

channels also removes the mechanism for the efficient oxidation of surplus magnesium 

ions, so the coatings absorb light. A more appealing view of the contamination is that it 

represents oxygen or water vapor adsorbed by the coatings, during evaporation, from the 

residual gases of the vacuum chamber. This explanation implies that good optical and 

mechanical performance are not mutually exclusive; the optical absorption threshold could 

be shifted beyond the densification threshold by simply increasing the partial pressure of 

oxygen or water vapor in the coating plant. Unfortunately, our preliminary evidence 

agrees with the first view, not the latter - we have seen that the oxygen content of other 

fluoride films is independent of deposition rate, implying the oxygen enters the films after 

deposition. 

If the beneficial oxygen is indeed supplied by moisture in the columnar voids, then 

the recipe for transparent, corrosion resistant, argon-bombarded MgF2 coatings begins with 

heavy ion fluxes to ensure a durable, slab-like structure, and closes with an 800 K anneal 

to oxidize the uncompensated magnesium atoms. Needless to say, the post-deposition 

anneal is an undesirable additional step; it increases the oxide fraction of the films at the 

expense of the fluoride fraction (as does oxygen bombardment), it may activate diffusion 
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anomalies in the other layers of a multilayer coating, and it would not be applicable for 

some plastic substrates. Since the anneal is an unattractive complication, we feel its 

necessity should be verified. We suggest a series of evaporations with systematically varied 

deposition rates or base vacuum pressures to certify that oxygen is supplied by columnar 

moisture, not the residual gases of the coating plant. If the oxygen concentration decreases 

in proportion to the evaporation rate (or increases in proportion to the residual gas pres

sure), the beneficial contamination is largely supplied by the base vacuum and the post

deposition anneal is avoidable. However, if our preliminary results are confirmed, the 

post-deposition anneal is an important step in the production of the most durable, trans

parent, MgF 2 coatings. 

Subsurface Oxide Layer in Aluminum Coatings 

The nondestructive depth-profiles provided by RBS give new insight into the 

adhesion of aluminum to glass. The long-speculated subsurface oxygen layer is indeed 

found, but surprisingly there is no oxygen inside the freshly-evaporated coatings that could 

be attributed to contaminants adsorbed from the residual gases of the coating plant. The 

RBS evidence then agrees with the early workers who postulated that the superior adhesion 

of aluminum is due to an interfacial oxide layer, but contradicts their belief that the 

gradual improvement in coating adhesion is an artifact of the slow migration of oxygen 

gettered during the aluminum's evaporation. 

In light of the RBS evidence, the adhesion of aluminum to glass must be reconsi

dered. We feel that the adhesion and RBS data are better explained by either of two 

effects - oxygen migration along the substrate/film interface, or the gradual dissociation of 

the mono layers of water vapCi: that inevitably accumulate on substrates as they await to be 

coated. Fortunately, both mechanisms can be tested with backscattering spectrometry. The 

first hypothesis can be checked by monitoring the thickness of the interfacial layer over a 
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period of several months to see if the layer grows with time (this work is in progress). 

The second theory can be tested by depositing aluminum onto glass substrates that are pre

cleaned by ion bombardment; if the adhesion is indeed related to water vapor adsorbed to 

the substrate surface, it will not change when the aluminum coatings are applied to these 

ultra-clean substrates. 

The absence of oxygen inside the aluminum layers alters the conventional view of 

the adhesion of aluminum to glass, and just as importantly, the missing oxygen challenges 

the belief that residual chamber gases are efficient sources of coating contaminants. Alu

minum is considered a ready adsorber of oxygen and water vapor, but the RBS spectra of 

the aluminum films (like the preliminary results from fluoride layers) show that these gases 

can play a surprisingly small role in coating composition and behavior. Obviously, no 

broad statements concerning the effects of residual chamber gases can be made from this 

single study; however, we feel that the absence of oxygen in aluminum coatings points to 

a deficiency in our understanding of the growth of thin films, and that the weakness can 

be remedied by careful chemical characterization of other materials. 

Measurement-Induced, Localized Anneals 

Rutherford backscattering is considered a nondestructive surface analysis technique, 

and we verify that it does not alter the thickness nor the composition of optical coatings. 

However, we have found that the RBS measurement activates low-temperature diffusion 

effects (those that occur at temperatures below 300°C), and we therefore conclude that the 

2 MeV, 75 nA probe-beam locally heats the samples. The beam-heating is disquieting, but 

in the two cases we have discovered, it is a benefit, not a detriment. The localized anneal 

is responsible for a substantial improvement in the corrosion resistance of copper/silver 

mirrors, which indicates that these already robust coatings might be made even more dur

able by a low-temperature, post-deposition anneal. The measurement-induced anneal also 
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allows carbon to migrate from graphite substrates (the preferred substrates for RBS 

analysis) into the voids of porous coatings, but since the diffusion occurs during measure

ment, not deposition, the migrant carbon merely acts as a convenient, non-intrusive 

indicator of relative film porosity. 

The mechanism behind the measurement-induced anneal is not clear. It may be a 

microstructure-related phenomenon, or more likely, it may reflect the imperfect thermal 

coupling between the coatings and their substrates. In either case, the evidence of a local

'. ized, measurement-induced anneal should caution those who study low-temperature 

diffusion effects with RBS. 

Other Areas of Study 

We have found that Rutherford backscattering spectrometry is an ideal tool for the 

chemical characterization of optical coatings, as well as for investigations of corrosion and 

diffusion in thin films. RBS is certainly not limited to these studies, though; we see other 

areas where the technique can enhance our understanding of thin films. One of these con

cerns mechanical stress; Pulker and Maser [1979] argue convincingly that compressive 

stress results from surplus atoms embedded in the coatings, and as a partial confirmation, 

our RBS studies show that certain oxides grow with a subs~antial overabundance of oxygen. 

In particular, we have found that aluminum oxide grows with one to two surplus oxygen 

atoms for every Alz0 3 molecule, a ratio that changes considerably with deposition condi

tions. Since layers of aluminum oxide also suffer a high compressive stress, the material 

appears ideal for a study of the relationship between the oxygen contamination level and 

the resulting compressive stress. 

Another area of interest is the hydrogen content of the coatings. RBS is of course 

insensitive to this element, but other types of ion-beam analysis are not. A promising 

technique is ion-scattering spectroscopy, and the Ion-beam Analysis Group of the 
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University of Arizona's Physics department is developing the capability to probe hydrogen 

with this tool. The additional information will give a better indication of the water con

tent in the films (the amount of water could be inferred by grouping hydrogen atoms with 

oxygen atoms), and it may point to an important, but overlooked, role of hydrogen in 

certain materials. 

Conclusion 

Rutherford backscattering spectrometry is a viable and valuable tool for the char

acterization of optical coatings, and like any good research tool, RBS answers old questions 

as it raises new ones. We hope the specific examples presented here benefit those inter

ested in the structure, growth and adhesion of optical coatings, and that the questions 

raised by our RBS studies stimulate further research into the fundamental physics and 

chemistry of thin films. 



APPENDIX A 

HIGHER-ORDER APPROXIMATIONS 
TO THE ATOMIC CONCENTRATION 

All calculations of the atomic concentration of a film begin with the general forms 

of the peak integration and peak width methods (Eqs. (3.7) and (3.B» which are repeated 

here for convenience: 

~Eo 

Anet 1() "'J dE --·DTR·CFB·· - E 2 + E2 = cos,!, -
O'of'lQ 1 2 0 E feE) 

(A.I) 

and: 

dE dE f
Eo fKE 

cos¢ E feE) = cosO E f(E)" 
1 

(A.2) 

The stopping cross sections can be expanded in Taylor series about appropriate 

energies (Eo and E1 are usually chosen) to give the polynomial forms of the peak integra-

tion and peak width methods: 

00 

Anet 1 cos¢ L n n --·DTR·CFB·· -(E 2 + E2) = ·(E - E) (-1) a (E )·(E - E) 
0' onQ 1 2 0 f(Eo) 0 n 0 0 

(A.3) 

n=O 

and: 
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where: 

(A.S) 

The first-order and mean-energy approximations assume the atomic concentrations 

can be calculated with just the low-order terms of the expansions (those terms that do not 

require derivatives of the cross section). These approximations are excellent for most of 

the coatings analyzed in our labs, but they are inadequate for thick films «(N}r/cos¢ on the 

The approximations can be improved by fitting the cross sections to some func-

tional form so the derivatives in (A.3) and (A.4) can be evaluated. Ideally, the formula 

would exactly mimic the tabulated cross sections, its reciprocal could be directly integrated, 

and it would retain the linearity of Bragg's rule so the stopping cross section of compounds 

could be easily calculated. There are no (known) expressions that meet all of these criteria, 

but several come close. This section presents three least-squares fits to the stopping cross 

sections and discusses the role of each in thin film analysis. 

Power Law Fit to the Stopping Cross Section 

One of the simplest fits is the power law proposed by Behrisch and Scherzer [1973] 

to describe the stopping cross sections experienced by IH ions. They have found the cross 

sections follow the form: 

where Av varies from atom to atom but v remains stable over certain energy ranges. 

The power law has two adv,antages, the first being that the A-coefficient of a 
'. 

compound is simply the weighted average of the A-coefficients of its constituents. This 
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follows directly from Bragg's rule - for a given energy range the net cross section of the 

compound PCi.Q{J (where Ci. + (J = 1) is: 

€ = Ci.€p + {J€Q = (Av)E
v 

where the < > brackets represent the Bragg-averaged value: 

(Av) = Ci.AvP + {JAv Q 

(In this text the < > brackets also represent averages over the sample thickness - for in

stance, (N)r; the type of average should be evident from the context.) The second advan

tage is that the reciprocal of the power law can be directly integrated, making the peak in

tegration and peak width methods (Eqs. (A.1) and (A.2» particularly simple to solve. 

These advantages make Behrisch and Scherzer's method ideal for determining the 

atomic concentrations of samples probed with IH projectiles. Unfortunately, the technique 

meets limited success when applied to 4He projectiles. The problem is the power law fit -

it is adequate for 4He energies greater than 1.2 MeV (see Figure (A.I», but abysmal at 

lower energies. The power law can therefore be substituted into the peak integration 

method since the incident energies are close to 1.892 MeV, but it can not be used with the 

peak width method since the projectiles lose a large fraction of their energies when they 

rebound from target atoms. 

The limited applicability of the power law hinders the (N)r calculat~ons, but Beh

risch and Scherzer's fit is far from useless. The incident beam energy is almost always 

greater than 1.2 Me V so the power law gives an excellent description of a term that pops 

up time and again in Chapter 3 - €(Eo)/Eo' The v term for 4He ions is close to -1/2 so 

€(Eo)/Eo goes as I/Eo3/2, and from this we can infer that the error in the first-order 

approximation can be halved by increasing the projectile energy from 1.892 MeV to 3.00 

MeV (see Eq. (3.14», or the 1/Eo3/2 dependence can be used with Eq. (3.20) to determine 

the optimum beam energy for the RBS analysis of a sample of given thickness. 
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Skewed-Gaussian Fit to the Stopping Cross Section 

The empirical fit to the stopping cross section only needs to be valid for energies 

less than the initial beam energy (the projectiles certainly do not gain energy as they travel 

through the samples). Since our coatings are usually probed with 1.892 MeV 4He ions it 

makes sense to look for an expression that describes the cross sections at energies less than 

2 MeV; we have found that for energies between 0.4 and 2.2 MeV: 

(A.6) 

where €o and Ep are characteristics of an element (the name Ep refers to the fact that the 

€(E) curve peaks at E = Ep). The values of €o and Ep are given in Table II of this manu

script; Figure (A.2) shows the fit for aluminum and oxygen. 

We refer to the previous equation as a skewed-Gaussian even though it is obvi-

ously a skewed-exponential. The misnomer arises because it is difficult to think in terms 

of square-roots of energies; we prefer to take advantage of the relationship between 

energy and velocity and write the stopping cross section as: 

v [V2) €(v) = €o --exp - -2 2 
vp vp 

which is a skewed-Gaussian. However, the detector measures a projectile's energy, not its 

velocity. We therefore resign ourselves to writing the stopping cross section in its skewed-

exponential form, but we think in terms of skewed-Gaussians. 

The peak energies (the Ep's) change very little from element to element (see Table 

II). This is a nice artifact of the fit and implies that, to a good approximation, the stop-

ping cross sections retain their skewed-Gaussian form when Bragg's rule is employed. As 
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an example, the stopping cross section of the compound PaQp (a + p = 1) is: 

, '" ('0> J (ip ) exp b(ip ) 1 
where the Bragg-averaged parameters are defined as: 

(EO) = aEo
P + PEo Q 

and: 

(Ep) = aEpP + PEp Q. 
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The skewed-Gaussians have some important advantages - they accurately describe 

the stopping cross sections in the crucial energy range (less than 2.2 MeV), and the param

eters of a compound can be calculated from those of its constituents by a simple relation

ship (the Bragg-averages). 

The skewed-Gaussians also have a glaring disadvantage - their reciprocals can not 

be directly integrated. The peak integration and peak width methods can be solved by 

resorting to the Taylor series expansions of Eqs. (A,3) and (A.4), but since the skewed

Gaussians do not exactly mimic the cross sections the added effort hardly seems worth

while - for most samples the error is probably comparable to that generated by the low

order approximations. 

So what good are the skewed-Gaussians? Well, besides being intuitively pleasing 

(they compact the stopping cross sections from 0.4 to 2.2 MeV into two parameters) their 

derivatives are especially easy to evaluate, and this allows for quick estimates of the error 

in the low-order approximations (see Eqs. (3.14) and (3.18». 
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For future reference, the first four a-coefficients are (from Eqs. (A.5) and (A.6»: 

2!", = [4 [ ~p - ~)] 

3"a = [1 [_I _ 1)]2 + 
• 2 2 Ep E 

I 
2E2 

4"a = [1 [_I _ 1)]3 + -L.[1 [_I _ 1)] __ I 
• 3 2 E E 2E2 2 E E £3 p p 

which are understood to be evaluated at the appropriate energy (usually Eo or E1) and, for 

compounds, Ep is replaced by (Ep). Note that the Ep's in Table II are fairly constant, and 

I/Ep can generally be approximated by 1/(l MeV). 

Polynomial Fit to the Stopping Cross Sections 

The higher-order terms of Eqs. (A.3) and (A.4) can also be found by fitting the 

stopping cross section itself to a polynomial. The approach lacks finesse, but it has two 

advantages - first, if enough orders are included the polynomial can be made to exactly 

mimic the cross sections of the elements, and second, by Bragg's rule the polynomial coef-

ficients of a compound are weighted averages of the coefficients of its constituents. 

Chu, Mayer and Nicolet [1978] have found that fifth-order polynomials are needed 

to describe the stopping cross sections from 0.4 to 4.0 MeV (the coefficients are listed in 

Table VII of their text). The fit is excellent, as indicated in Figure (A.3). 

As with the skewed-Gaussian approach, the integrals of II € must be solved by 

Taylor series expansions. The algebraic expressions for the first four coefficients in Eqs. 
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(A.3) and (AA) are: 

where the stopping cross section and its derivatives are understood to be evaluated at the 

expansion energy (usually Eo or E1). 

The advantage of the polynomial fit is that its accuracy is only limited by the error 

in the measured stopping cross sections. The drawback is that the (N)r calculations are 

tedious. Analysis by the polynomial fit is well suited to a microcomputer, but can be done 

on a programmable pocket calculator. 

Sample Calculation with Polynomial Fit. The stopping cross sections and the a-

coefficients needed for a fourth-order approximation to the aluminum concentration in the 

exanlple film of Figure (3.2) are given in Table A.I. These values are substituted into the 

polynomial forms of the peak integration and peak width methods (Eqs. (A.3) and (A A», 

Table A.1 - Parameters for Polynomial Fit 

Energy (Me Y) 

Eo = 1.892 
.- .E1 = 0.910 

€ (10-21 MeY'cm2) 

40.63 
51.00 

which can then be solved numerically. 

~ 

0.1295 
0.0614 

~ 

0.0014 
0.0774 

~ 

-0.0094 
-0.0326 
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The peak integration method (Eq. (A.3» has the solution E = 1.807 MeV, which 

implies an A10.3840o.58sAro.o298 concentration of: 

{N)r = 20.61 x 1017 molecu1es/cm2 

and therefore the concentration of aluminum atoms is: 

{NA1)r = 7.911 x 1017 atoms/cm2. 

The peak width method (Eq. (A A» is solved for a beam energy of E = 1.817 Me V; 

the number of hybrid molecules per unit area is then: 

{N)r = 18.24 x 1017 molecules/cm2 

and therefore: 

{NAl)r = 7.003 x 1017 atoms/cm2. 

The polynomial fit gives the best possible approximation to the atomic concentra

tion, but only differs from the first-order and mean-energy approximations by one-tenth 

and one-hundredth of a percent, respectively (the 13% discrepancy between the peak in

tegration and peak width methods is attributed to the uncertainty in the tabulated cross 

sections, and is discussed in Chapter 3). The agreement is an artifact of the thickness of 

the example coating, and would not be expected from a substantially thicker film. 

Most films are kept thin to prevent their RBS peaks from overlapping; in fact, the 

example film of Figure (3.2) is the thickest coating considered in this manuscript. We 

therefore rely on the low-order approximations, and leave the higher-order methods for 

the rare occasions when thick films ({N)r/cosqS on the order of Eo/€(Eo» must be analyzed. 

A final caveat concerning thick films - the error in the atomic concentration is in

variably much greater than that obtainable for thin films. This is because the peak integ

ration and peak width methods start to break down - the peak integration method because 

the beam energy can no longer be assumed to change linearly with depth so (E2) can no 

longer be approximated by (E02 + P)/2, and the peak width method because energy strag

gling in thick films degrades the measurement of E1. 



APPENDIX B 

STOPPING CROSS SECTIONS OF THE ELEMENTS 

The stopping cross sections of the elements for incident 4He+ ions between the 

energies 0.4 MeY and 3.0 MeY are tabulated on the following four pages. The cross sec

tions were calculated by Prof. Larry McIntyre of the Department of Physics, University of 

Arizona, from the values compiled by Ziegler, Biersack and Littmark [1985]. The beam 

energy is given in keY, and the stopping cross sections are in units of 10-15 eY'cm2 (for 

example, the stopping cross section of nitrogen at 400 keY is 40.00 x 10-15 eY·cm2). 

148 



149 

element atomic no. 400 600 800 1000 1200 1400 1600 

H 1 11.99 12.32 11.78 10.96 10.11 9.31 8.61 
He 2 14.93 16.47 16.72 16.24 15.43 14.53 13.63 
Li 3 22.08 23.39 23.08 22.04 20.78 19.51 18.33 
Be 4 27.27 26.58 25.45 24.27 23.12 22.03 21.00 
B 5 37.11 37.72 36.06 33.79 31.53 29.46 27.64 
C 6 37.67 39.36 38.68 36.94 34.87 32.81 30.88 
N 7 40.00 43.44 44.02 42.94 41.03 38.83 36.60 
0 8 39.03 42.84 43.92 43.30 41.79 39.88 37.87 
F 9 37.28 42.06 44.18 44.46 43.60 42.13 40.38 
Ne 10 36.28 41.16 43.42 43.86 43.18 41.89 40.31 
Na 11 57.01 57.92 56.86 55.05 52.96 50.77 48.60 
Mg 12 56.29 58.04 57.47 55.68 53.37 50.92 48.52 
Al 13 55.62 55.81 54.83 53.37 51.64 49.77 47.88 
Si 14 71.51 70.78 67.25 63.38 59.77 56.50 53.56 
p 15 73.77 77.78 75.03 70.30 65.55 61.30 57.61 
S 16 73.11 80.53 79.33 74.77 69.60 64.81 60.61 
Cl 17 80.49 84.45 82.25 77.83 72.98 68.39 64.26 
Ar 18 81.12 87.22 85.75 81.28 76.09 71.13 66.67 
K 19 88.66 91.16 89.41 86.01 82.00 77.88 73.89 
Ca 20 74.70 81.27 83.42 82.66 80.23 76.97 73.41 
Sc 21 88.49 94.55 94.78 91.84 87.46 82.64 77.90 
Ti 22 84.17 89.78 89.65 86.92 83.21 79.28 75.45 
V 23 88.15 97.93 99.55 96.87 92.33 87.24 82.21 
Cr 24 79.54 84.37 85.18 83.83 81.37 78.43 75.31 
Mn 25 75.55 82.04 83.72 82.88 80.77 78.05 75.11 
Fe 26 80.67 86.27 86.85 85.25 82.63 79.60 76.45 
Co 27 74.45 81.62 83.40 82.63 80.61 78.01 75.19 
Ni 28 68.16 73.30 75.69 76.25 75.59 74.17 72.32 
Cu 29 64.76 72.06 74.86 75.29 74.47 73.00 71.19 
Zn 30 65.89 72.41 76.12 77.36 77.00 75.69 73.86 
Ga 31 68.90 77.32 81.12 81.74 80.49 78.27 75.65 
Ge 32 76.23 82.00 83.73 83.20 81.52 79.31 76.92 
As 33 87.28 91.27 91.06 88.77 85.61 82.23 78.90 
Se 34 84.81 90.33 90.16 87.79 84.75 81.61 78.60 
Br 35 91.52 100.95 100.40 96.24 91.45 87.01 83.13 
Kr 36 98.62 107.70 106.90 102.43 97.17 92.17 87.70 
Rb 37 111.19 114.52' 113.65 110.77 106.96 102.79 98.56 
Sr 38 112.08 121.13 122.53 119.25 113.74 107.56 101.50 
Y 39 112.01 119.66 119.99 116.42 111.18 105.51 100.01 
Zr 40 118.75 128.10 127.64 122.67 116.18 109.57 103.43 
Nb 41 115.08 121.44 121.91 119.57 115.89 111.63 107.22 
Mo 42 105.20 111.64 112.15 110.04 106.70 102.86 98.87 
Tc 43 115.12 120.48 119.30 115.80 111.54 107.14 102.83 
Ru 44 105.81 113.64 115.51 114.27 111.45 107.86 103.98 
Rh 45 105.52 111.50 113.08 112.05 109.55 106.28 102.68 
Pd 46 98.36 106.10 109.32 109.57 108.03 105.49 102.44 
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element atomic no. 400 600 800 1000 1200 1400 1600 

Ag 47 94.70 105.92 110.72 111.36 109.56 106.45 102.76 
Cd 48 108.77 116.34 117.10 115.05 111.81 108.09 104.24 
In 49 105.30 115.34 117.89 116.72 113.80 110.14 106.22 
Sn 50 110.28 119.62 121.54 119.66 116.01 111.68 107.20 
Sb 51 122.98 125.88 123.98 120.57 116.60 112.43 108.27 
Te 52 118.07 125.91 127.83 126.12 122.45 117.88 113.05 
I 53 134.73 142.68 139.96 133.65 126.71 120.17 114.29 
Xe 54 133.46 142.60 140.62 134.71 128.00 121.60 115.81 
Cs 55 140.40 146.07 145.68 142.47 137.91 132.78 127.52 
Ba 56 152.77 158.24 154.45 147.80 140.66 133.82 127.51 
La 57 149.23 154.58 152.95 148.42 142.68 136.57 130.51 
Ce 58 141.72 148.37 143.74 136.09 128.53 121.88 116.16 
Pr 59 131.84 137.15 136.26 133.33 129.57 125.48 121.28 
Nd 60 128.60 135.92 135.48 132.37 128.34 124.03 119.72 
Pm 61 126.69 136.96 138.85 136.50 132.30 127.45 122.53 
Sm 62 123.36 133.49 137.10 137.17 135.19 132.04 128.29 
Eu 63 108.59 117.73 121.55 121.97 120.43 117.85 114.79 
Gd 64 119.44 131.03 133.95 132.47 129.02 124.82 120.45 
Tb 65 113.11 123.40 126.12 125.27 122.80 119.65 116.23 
Dy 66 114.22 123.25 125.47 124.75 ~22.66 119.88 116.78 
Ho 67 102.97 110.60 112.85 112.69 111.34 109.34 106.99 
Er 68 110.02 .117.97 120.97 121.47 120.44 118.46 115.92 
Tm 69 106.38 115.23 117.38 116.60 114.54 111.93 109.11 
Yb 70 107.34 117.72 121.78 121.85 119.67 116.41 112.73 
Lu 71 107.08 117.17 119.85 118.86 116.26 113.07 109.73 
Hf 72 109.18 118.67 120.19 118.60 115.90 112.83 109.70 
Ta 73 105.70 115.93 118.72 118.41 116.75 114.44 111.83 
W 74 107.72 116.35 119.97 120.44 119.01 116.50 113.43 
Re 75 104.17 113.43 117.15 118.17 117.51 115.80 113.47 
Cs 76 102.44 112.18 116.42 117.82 117.43 115.89 113.67 
Ir 77 102.22 113.52 117.12 117.56 116.50 114.63 112.31 
Pt 78 99.55 112.82 117.58 117.86 116.05 113.39 110.43 
Au 79 96.70 111.62 119.68 122.79 122.70 120.73 117.77 
Hg 80 101.66 117.93 125.27 126.66 124.78 121.39 117.47 
Tl 81 112.04 126.39 130.85 130.20 127.29 123.55 119.62 
Pb 82 120.08 133.78 139.23 139.40 136.60 132.36 127.58 
Bi 83 134.67 147.06 151.03 149.81 145.81 140.56 134.94 
Po 84 127.26 146.50 152.80 151.14 145.95 139.73 133.59 
At 85 133.89 152.60 156.70 153.75 148.12 141.84 135.74 
Rn 86 143.67 158.33 160.31 156.33 150.18 143.61 137.34 
Fr 87 146.05 161.02 164.74 162.04 156.29 149.46 142.56 
Ra 88 150.28 167.68 172.79 170.08 163.55 155.70 147.84 
Ac 89 160.64 178.38 181.70 177.52 170.19 161.99 153.99 
Th 90 148.59 166.58 171.61 169.34 163.62 156.64 149.53 
Pa 91 139.33 157.81 165.48 165.73 161.83 156.04 149.69 
U 92 136.07 152.29 155.73 153.49 149.07 144.01 138.93 
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element atomic no. 1800 2000 2200 2400 2600 2800 3000 

H 1 7.99 7.45 6.98 6.57 6.21 5.88 5.59 
He 2 12.79 12.03 11.35 10.74 10.20 9.71 9.27 
Li 3 17.26 16.30 15.45 14.68 14.00 13.39 12.83 
Be 4 20.05 19.16 18.34 17.58 16.88 16.24 15.64 
B 5 26.03 24.61 23.34 22.22 21.20 20.29 19.46 
C 6 29.15 27.59 26.20 24.96 23.84 22.84 21.93 
N 7 34.48 32.54 30.78 29.20 27.77 26.50 25.35 
0 8 35.91 34.08 32.39 30.85 29.46 28.20 17.05 
F. 9 38.56 36.76 35.06 33.48 32.02 30.68 29.45 
Ne 10 38.63 36.98 35.40 33.92 32.55 31.28 30.12 
Na 11 46.50 44.52 42.66 40.93 39.32 37.82 36.44 
Mg 12 46.26 44.16 42.22 40.45 38.83 37.34 35.98 
Al 13 46.00 44.20 42.49 40.88 39.36 37.95 36.64 
Si 14 50.91 48.52 46.35 44.38 42.59 40.94 39.43 
P 15 54.41 51.61 49.14 46.94 44.97 43.19 41.57 
S . 16 56.98 53.83 51.10 48.69 46.55 44.64 42.91 
Cl 17 60.62 57.41 54.58 52.07 49.83 47.82 46.00 
Ar 18 62.76 59.35 56.36 53.73 51.40 49.32 47.45 
K 19 70.13 66.65 63.46 60.54 57.87 55.43 53.20 
Ca 20 69.86 66.47 63.31 60.41 57.77 55.36 53.18 
Sc 21 73.45 69.40 65.75 62.48 59.55 56.92 54.56 
Ti 22 71.86 68.55 65.52 62.74 60.21 57.88 55.75 
V 23 77.53 73.27 69.45 66.04 62.98 60.24 57.77 
Cr 24 72.22 69.25 66.43 63.80 61.35 59.08 56.98 
Mn 25 72.14 69.26 66.53 63.95 61.55 59.32 57.25 
Fe 26 73.34 70.36 67.56 64.93 62.50 60.24 58.14 
Co 27 72.33 69.56 66.91 64.42 62.09 59.92 57.90 
Ni 28 70.26 68.11 65.96 63.87 61.86 59.95 58.l4 
Cu 29 69.23 67.21 65.22 63.28 61.42 59.64 57.95 
Zn 30 71.77 69.59 67.41 65.28 63.24 61.30 59.47 
Ga 31 72.93 70.26 67.74 65.37 63.18 61.16 59.28 
Ge 32 74.50 72.l5 69.90 67.77 65.77 63.89 62.12 
As 33 75.76 72.85 70.l6 67.70 65.43 63.34 61.42 
Se 34 75.78 73.15 70.70 68.44 66.33 64.37 62.54 
Br. 35 79.75 76.78 74.l5 71.78 69.62 67.63 65.80 
Kr 36 83.75 80.27 77.l7 74.40 71.89 69.60 67.51 
Rb 37 94.46 90.56 86.90 83.50 80.35 77.43 74.73 
Sr 38 95.92 90.93 86.50 82.59 79.14 76.07 73.32 
Y 39 94.92 90.33 86.21 82.54 79.25 76.30 73.63 
Zr 40 97.90 93.00 88.68 84.84 81.42 78.36 75.60 
Nb 41 102.88 98.72 94.80 91.14 87.75 84.60 8l.68 
Mo 42 94.95 91.19 87.65 84.34 8l.27 78.42 75.77 
Tc 43 98.72 94.85 91.25 87.90 84.79 81.91 79.23 
Ru 44 100.07 96.26 92.64 89.24 86.05 83.09 80.33 
Rh 45 99.01 95.40 91.95 88.69 85.62 82.75 80.08 
Pd 46 99.19 95.90 92.6~ 89.59 86.66 83.89 81.29 
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element atomic no. 1800 2000 2200 2400 2600 2800 3000 

Ag 47 98.90 95.09 91.45 88.04 84.87 81.93 79.22 
Cd 48 100.44 96.78 93.30 90.04 86.99 84.14 81.48 
In 49 102.32 98.56 94.99 91.64 88.52 85.61 82.90 
Sn 50 102.84 98.72 94.88 91.32 88.04 85.02 82.22 
Sb 51 104.23 100.38 96.74 93.33 90.15 87.18 84.42 
Te 52 108.30 103.80 99.62 95.76 92.23 89.00 86.05 
I 53 109.08 104.44 100.31 96.59 93.24 90.18 87.38 
Xe 54 110.65 106.05 101.93 98.22 94.86 91.79 88.98 
Cs 55 122.37 117.45 112.83 108.51 104.49 100.77 97.32 
Ba 56 121.75 116.53 111.78 107.45 103.50 99.89 96.56 
La 57 124.72 119.28 114.24 109.58 105.30 101.36 97.73 
Ce 58 111.24 106.94 103.14 99.72 96.63 93.80 91.20 
Pr 59 117.14 113.13 109.30 105.68 102.27 99.08 96.08 
Nd 60 115.53 111.52 107.74 104.18 100.84 97.72 94.81 
Pm 61 117.82 113.39 109.29 105.50 102.01 98.78 95.80 
Sm 62 124.29 120.23 116.26 112.44 108.80 105.36 102.12 
Eu 63 111.57 108.35 105.22 102.24 99.42 96.75 94.25 
Gd 64 116.19 112.14 108.35 104.82 101.54 98.50 95.67 
Tb 65 112.78 109.40 106.15 103.05 100.12 97.36 94.75 
Dy 66 113.56 110.34 107.19 104.15 101.25 98.48 95.87 
Ho 67 104.47 10l.90 99.34 96.83 94.42 92.09 89.88 
Er 68 113.09 110.11 107.14 104.21 101.38 98.67 96.09 
Tm 69 106.23 103.40 100.64 98.00 95.47 93.08 90.80 
Yb 70 108.99 105.38 101.98 98.81 95.88 93.18 90.67 
Lu 71 106.45 103.32 100.35 97.57 94.97 92.53 90.24 
Hf 72 106.62 103.64 100.81 98.11 95.56 93.15 90.87 
Ta 73 109.07 106.30 103.56 100.90 98.34 95.89 93.55 
W 74 110.l1 106.74 103.43 100.24 97.21 94.34 91.64 
Re 75 110.79 107.96 105.10 102.28 99.55 96.93 94.43 
Cs 76 111.06 108.28 105.45 102.66 99.94 97.32 94.83 
Ir 77 109.75 107.09 104.42 101.80 99.25 96.80 94.46 
Pt 78 107.45 104.55 101.79 99.17 96.70 94.37 92.18 
Au 79 114.37 110.86 107.42 104.14 101.05 98.17 95.50 
Hg 80 113.52 109.75 106.24 103.01 100.05 97.33 94.83 
T1 81 115.80 112.l8 108.81 105.67 102.75 100.04 97.52 
Pb 82 122.78 118.l8 113.90 109.97 106.38 103.09 100.09 
Bi 83 129.43 124.24 119.45 115.09 111.11 107.50 104.21 
Po 84 127.94 122.87 118.35 114.32 110.69 107.41 104.43 
At 85 130.13 125.04 120.46 116.33 112.59 109.18 106.07 
Rn 86 131.61 126.44 121.81 117.64 113.87 110.45 107.33 
Fr 87 136.06 130.12 124.78 119.99 115.71 111.86 108.39 
Ra 88 140.54 133.98 128.18 123.05 118.52 114.49 110.88 
Ac 89 146.59 139.92 133.95 128.63 123.87 119.59 115.7-3 -" 
Th 90 142.79 136.60 131.01 125.98 121.46 117.39 113.69 
Pa 91 143.42 137.55 132.16 127.26 122.83 118.82 115.17 
U 92 134.07 129.52 125.29 121.37 117.74 114.37 J 11.24 



APPENDIX C 
SKEWED-GAUSSIAN PARAMETERS OF THE ELEMENTS 

The skewed-Gaussians are discussed in Appendix A, where they are written as: 

where €o and Ep are characteristics of an element. This expression can also be written: 

where €p == €oe-l/z. The stopping cross section then peaks at €p when E = Ep. The €p 

and Ep parameters of the elements are listed on the following two pages; they are based 

on the cross sections given in Appendix B, and span the energies from 0.4 to 2.2 MeV. 

The probable error is a measure of the accuracy of the skewed-Gaussian fit, and is 

defined as 0.6745·s, where s is the estimate of the standard of deviation [Fischer 1969]: 

s= rI In::IJ 
and n is the number of points fit (in this case, 10), p is the number of parameters needed 

to describe the data (in this case, 2) and So is the residual sum of squares: 

where €i is the accepted value of the stopping cross section at a given energy and € * i is the 

value predicted by the skewed-Gaussian fit. For example, the probable error in a stopping 

cross section calculated from the skewed-Gaussian fit for hydrogen is 2.9%, which is well 

within the 5% to 10% error of the tabulated cross sections. 
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element atomic no. Ep (10-21 MeV'cmll ) Ep (MeV) (0.6745·s) x 100% 

H 1 11.96 0.6387 2.9 
He 2 16.46 0.7751 1.1 
Li 3 23.06 0.7332 2.1 
Be 4 26.34 0.7422 4.2 
B 5 36.68 0.6830 3.5 
C 6 38.85 0.7346 2.4 
N 7 43.66 0.7921 1.1 
0 8 43.58 0.8492 0.9 
F 9 43.95 0.9597 0.7 
Ne 10 43.33 0.9980 0.7 
Na 11 58.07 0.8022 3.1 
Mg 12 58.21 0.7955 2.6 
Al 13 56.38 0.8254 3.3 
Si 14 69.21 0.7114 4.2 
p 15 75.17 0.7023 3.1 
S 16 77.96 0.7145 2.3 
C1 17 82.50 0.7156 2.7 
Ar 18 85.12 0.7208 2.3 
K 19 90.66 0.7633 2.7 
Ca 20 83.30 0.8742 0.8 
Sc 21 94.50 0.7726 1.5 
Ti 22 89.73 0.8082 2.0 
V 23 97.89 0.7983 1.2 
Cr 24 85.98 0.8739 1.8 
Mn 25 84.12 0.9117 1.3 
Fe 26 87.47 0.8718 1.9 
Co 27 83.70 0.9268 1.3 
Ni 28 77.55 1.0278 1.4 
Cu 29 75.97 1.0511 1.0 
Zn 30 77.84 1.0843 0.7 
Ga 31 81.38 1.0116 0.6 
Ge 32 84.86 0.9580 1.8 
As 33 92.06 0.8439 2.5 
Se 34 90.80 0.8663 2.5 
Br 35 99.18 0.8191 2.5 
Kr 36 105.86 0.7972 2.4 
Rb 37 115.60 0.8304 2.7 
Sr 38 121.55 0.7934 1.4 
Y 39 119.74 0.7971 1.8 
Zr 40 126.68 0.7688 2.0 
Nb 41 123.24 0.8638 2.1 
Mo 42 113.26 0.8710 2.0 
Tc 43 120.73 0.8332 2.7 
Ru 44 116.57 0.9123 1.6 
Rh 45 114.88 0.9176 1.9 
Pd 46 111.20 0.9910 1.4 
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element atomic no. €p (10-.21 MeV·cm2 ) Ep (MeV) (0.6745·s) x 100% 

Ag 47 111.05 0.9941 0.6 
Cd 48 118.22 0.8938 2.0 
In 49 118.29 0.9298 1.4 
Sn 50 121.73 0.8873 1.5 
Sb 51 126.70 0.8390 3.1 
Te 52 128.70 0.8790 1.6 
I 53 140.18 0.7746 2.8 
Xe 54 140.46 0.7896 2.7 
Cs 55 147.89 0.8492 2.4 
Ba 56 156.20 0.7735 3.1 
La 57 155.05 0.8103 2.6 
Ce 58 144.56 0.7619 3.5 
Pr 59 138.94 0.8776 2.8 
Nd 60 137.24 0.8774 2.5 
Pm 61 139.24 0.8905 1.8 
Sm 62 139.42 0.9895 1.4 
Eu 63 123.82 1.0190 1.4 
Gd 64 134.25 0.9327 1.5 
Tb 65 127.53 0.9752 1.7 
Dy 66 127.71 0.9844 1.9 
Ho 67 115.67 1.0216 2.0 
Er 68 124.39 1.0371 1.8 
Tm 69 119.31 0.9896 2.0 
Yb 70 122.84 0.9853 1.1 
Lu 71 120.82 0.9695 l.7 
Hf 72 121.51 0.9582 2.1 
Ta 73 120.80 1.0248 1.7 
W 74 122.38 1.0126 1.4 
Re 75 120.46 1.0731 1.5 
Cs 76 119.88 1.0972 1.3 
Ir 77 119.55 1.0722 1.4 
Pi: 78 118.29 1.0512 1.1 
Au 79 121.72 1.1649 0.8 
Hg 80 124.83 1.0613 1.1 
Tl 81 130.63 0.9887 1.2 
Pb 82 139.31 0.9726 0.8 
Bi 83 151.14 0.9128 1.2 
Po 84 149.50 0.9228 1.4 
At 85 153.92 0.8974 1.5 
Rn 86 158.91 0.8605 1.8 
Fr 87 163.34 0.8690 1.2 
Ra 88 170.08 0.8594 1.1 
Ac 89 179.21 0.8427 1.4 
Th 90 169.44 0.8894 1.1 
Pa 91 164.01 0.9599 0.9 
U 92 155.00 0.9347 1.5 
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