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ABSTRACT 

Backscattering spectrometry with MeV 4He ion beams is investigated as a tool for 

determining composition with applications to optical coatings. Equations for the com

positional analysis of thin i11ms are reviewed. The effect of nuclear charge screening 

on compositional analysis by MeV 4He beams is discussed and examples involving the 

lanthanide trifluorides illustrate the importance of this correction to avoid possibly 

erroneous conclusions about sample composition. High probe beam energy is also bri

efly discussed as a method of reducing the overlap of peaks in backscattering spectra 

which reduces the technique's accuracy. Complications such as non-Rutherford scatter

ing cross sections for light elements are addressed and an example given. 

The application of backscattering spectrometry to the depth profiling of elemental 

constituents in thin films is discussed. It is found that the backscattering spectrum 

itself provides a reasonable depth profile; however, its depth resolution is limited by the 

energy resolution of the detection system and energy straggling of the probe beam in 

the solid. In addition, the depth profile suffers from considerable noise. A method is 

derived using the principle of maximum likelihood which allows hypothetical depth 

profiles to be tested and the effects of energy straggling and detection system resolution 

to be separated from the dJpth profile. Several examples involving two hypothetical 

depth profile models are presented. 

Finally, backscattering spectrometry is combined with scanning electron micros

copy, transmission electron microscopy, electron diffraction. x-ray photoelectron spec

troscopy, and spectrophotometry i:\ a microstructural survey of hafnium dioxide optical 
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coatings deposited by electron beam evaporation and ion-assisted deposition (lAD). It is 

found that hafnium dioxide illms deposited at temperatures below 3000 C are amor

phous and exhibit a negative optical inhomogeneity. The refractive index as well as the 

inhomogeneity are strongly influenced by the oxygen present during iIlm deposition. 

The inhomogeneity can be removed by lAD which also increases the refractive index of 

the iIlm. In addition. low energy lAD is found to increase the refractive of the illms 

without affecting the inhomogeneity. This is explained by the preferential sputtering of 

hydroxide from the growing fIlm surface by the bombarding ions. 
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CHAPTER 1 

INTRODUCTION TO TIDN FILMS AND MICROSTRUCTURE 

Felix qui poluit rerum cognoscere causas. - Virgil from Georgics 

Introduction 

Optics is, in large part, a science of interfaces. Four basic optical phenomenon 

occur at a boundary between two media: reflection, transmission, refraction, and dif-

fraction. Only absorption and propagation require a volume to occur. The optical 

characteristics of the boundary between two media can be described by the optical con-

stants of the two media. These constants are most commonly expressed in the optical 

community by the refractive index n and extinction coefficient k. Equivalently, we 

may express these constants in terms of the admittance y which is defined as [Macleod 

1986a] 

(1.1) 

where H and E are the magnitudes of the magnetic and electric field vectors at the in-

terface and the equality is valid in the optical region of the spectrum (ultraviolet to far 

infrared). 

It is often desirable to modify the optical performance of this interface for a spec

ific application. This can be accomplished by coating the surface with another material 
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which selectively absorbs or scatters (diffracts) the undesired portions of the spectrum. 

For many applications. however. no suitable materials can be found which have the 

proper transmissive or reflective characteristics over the region of interest. 

If we add a second interface in close proximity to the ill'St interface we alter the 

optical properties of the assembly by introducing multiple reflections betw~n adjacent 

surfaces. Such assemblie::; that exhibit coherent addition of the multiple reflections in 

the spectral region of interest we refer to as being lhin. By combining a number of 

such individual thin layers, a great variety of spectral r.ttering requirements can be met. 

The optical performance of p such thin layers each with their respective admit-

tance Y'l' on a semi-infinite substrate of admittance Yr can be found from [Macleod 

1986a) 

[] 
p [ Ar • 1· ] [ ] B CO;)Oq lYq - smSq I 

C 1:1 IT iyqsinSq cosSq Yr 
Q=l 

(1.2) 

where 

(1.3) 

is the phase factor for the optical wave in layer q of thickness dq propagating at angle 

Oq in the layer. Where B and C are, respectively. the normalized electric and magnetic 

field vectors for the entire assembly. The transmittance T, reflectance R, and absorp-

tance A pf the assembly can be found from EQ. (1.2). The transmittance is given by 

T _ 4YoRe(Yr). (1.4) 
(YoB + C)(YoB + C) 

where Yo is the admittance of the incident media and Re indicates the real part is taken. 

The rl!flectance and absorptance are 

R. [YoB -C) [YoB -C)· 
YoB + C YoB + C 

(1.5) 

and 

---------------- -.--- ----_. - -_._- .---------
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IS 

(1.6) 

It becomes obvious that with a judicious choice of materials and clever manipulation of 

their thicknesses spectral performances unattainable by a single material can be achi-

eved. 

Unfortunately, only a limited range of optical admittances are available in a given 

spectral region. For example, the range of real admittances available in the visible 

region is only 1.35 for Na3AIFe to about 2.7 for rutile TiOI • In addition, once a suit

able combination of materials is chosen, fabrication of the thin 111m assemblies by ava-

ilable methods often results in poor performance because the optical constants for the 

thin films differ from the bulk material. In fact, it is now recognized that the perfor-

mance limitations of optical thin film coatings are connected with material problems 

and not with their design [Macleod 1986b]. Most commercial optical thin film coatings 

are still produced by thermal evaporation in vacuo [Pulker 1984, Macleod 1986a] which 

leads to a pronounced columnar microstructure [Movchan and Demchishin 1969, Pulker 

and Jung 1971, Ogura 1975, Guenther and Pulker 1976, Gee, Hodgkinson, and Macleod 

1985] which is sensitive to deposition conditions, particularly the substrate temperature 

[Movchan and Demchishin 1969], angle of incidence [Dirks and Leamy 1977], as well as 

inert gas pressure in the chamber [Thorton 1974]. The result is films with less than unit 

packing density [Pulker and Jung 1971] and refractive indices below those of the bulk 

material along with poor environmental stability [Gee, Hodgkinson, and Macleod 1985]. 

In addition, this columnar microstructure has been implicated in producing the 

optical inhomogeneity seen in a number of thin films, particularly the refractory oxides 

[Harris, et al 1979]. The magnitude as well as the sign of the inhomogeneity depends 

upon the typ!) of columns exhibited by the material in question [Ogura 1975]. The 

three basic column types are shown in fjgure 1.1. 
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(a) 

(b) 

(e) 

Figure 1.1: Three idealized models lor the columnar microstructure 01 thin Iilms. (a) 
Cylindical model, (b) expanding columns, and (c) contracting columns. Model (a) is 
lor an optically homogeneous Iilm. Model (b) would exhibit a positive inhomogeneity 
while model (c) would exhibit a negative inhomogeneity. [after Ogura 1975] 
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It is evident from figure 1.1 that anisotropy as well as inhomogeneity should result 

from this columnar growth. Indeed, this -form birefringence- has been investigated for 

both metal iJJms [Gee, Hodgkinson, and Wilson 1986) and dielectrics [Horowitz 1983). 

The columnar microstructure has chemical consequences as well. The pores 

between columns adsorb water from the environment [Pulker and Jung 1971, Ogura 

1975, Macleod and Richmond 1976). This consists of a reversible part which can be 

removed by placing the iIlm under vacuum and an irreversible part which cannot 

[Pulker and Jung 1971]. The reversible part is found to be proportional to the number 

and size of the iIlm pores while the irreversible part correlates well with a monolayer 

coverage of the internal surface area of the filrll. Such monolayer coverage is indicative 

of chemisorption [Hayward and Trapnell 1964]. 

The internal surface area of a thin film also has been shown to dictate the varia

tions in refractive index as a function of packing density for iIlms with moderately 

high packing densities where the columns begin to touch (see fig l.l(c» [Harris, 

Bowden, and Macleod 1984). 

Additionally, thin films fabricated by thermal evaporation in vacuo differ from the 

bulk material on a smaller scale. This may be referred to as nanostruclure. The most 

common of these nanostructural changes is the crystal structure. Thermal evaporation is 

a non-equilibrium process so that the structure of the films is driven by kinetics. Thus, 

the materials may undergo a glass transition [Zallen 1983] or result in a mixture of pol

ycrystalline grains. Naturally. this depends on the substrate temperature at which the 

films condense relative to the melting point of the condensate [Movchan and 

Demchishin 1969]. 

Another nanostructural change seen in thermally evaporated films is fractionation 

[Pulker 1984]. The composition of the condensing film can differ markedly from that 

------------------- - ---- ---
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of the source material. This can be particularly severe for alloys where the melting 

points of the two metals differ greatly. In addition, many compounds will be reduced 

by the heat from the evaporation source to some degree. Electron beam sources are 

particularly bad in this regard. 

Improving the Microstructure of Thin Films 

After recognizing the universality of the columnar microstructure seen in evapo

rated thin films, Lite focus of attention has shifted to methods of eliminating this struc

ture. There now exists a large number of deposition techniques that, for certain appli

cations, are particularly well suited. For an overview of the basic types, as well as 

some of the more popular variations, we refer the reader to Jacobson [1989]. They fall 

into three basic categories: sputtering techniques, chemical techniques, and evaporative 

techniques. Although the sputtering techniques yield dense films, the low deposition 

rates, particularly of dielectric materials, as well as the often severe decomposition of 

complex compounds limits their utility in the optical thin film industry. Chemical tech

niques can deposit films at high rates; however, coating uniformity can be a problem 

for larger substrates. In addition, the specificity of chemical reactions as well as the 

often high substrate temperatures required to make the reactions proceed inhibits wides

pread application of chemical techniques to optical coatings. 

We are left with the evaporative techniques. These are primarily evaporation 

enhanced by ion processes. An excellent review of these processes is provided by 

Martin [1986J. We will briefly discuss only the two most popular techniques here. 

A technique rapidly gaining popularity in the optical coating community is ion 

plating [Mattox 1982]. In ion plating, material is evaporated by a convenient source. 
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The evaporant flux enters a plasma, usually an inert gas such as Ar, which ionizes the 

flux. The resultant positive evaporant ions are accelerated toward a highly negative 

biased substrate, arriving with energies in the tens of eV (Pulker, Buhler, and Hora 

1986]. The advantages of ion plating come from the substrate biasing and energetic 

evaporant ions. These include very good nIm adhesion to the substrate, high deposition 

rates, high illm densities, and uniform coverage of irregularly shaped substrates. Some 

of the disadvantages include difficulty in depositing halides, high compressive stress in 

the resultant coatings, inert gas inclusion, and considerable substrate heating from ion 

impact. 

A less dramatic approach than ion plating is offered by ion-assisted deposition 

(lAD). Source material is evaporated in a conventional manner and the evaporant 

arrives at the substrate with thermal energies. Concurrently, a source of ions (positive 

or negative) bombards the growing film, disturbing the columnar growth and densifying 

the nIm. The ion species is variable as is the ion energy. Unlike ion plating, no severe 

substrate heating from ion impact occurs primarily because the ion flux is one or more 

orders of magnitude below the ion plating case. Some of the advantages of lAD in

clude film densification, tensile stress reduction, and enhanced film adhesion. The dis

advantages include ion damage, ion inclusion, and preferential sputtering of the lighter 

element in an alloy or compound. However, because of the user-controlled variability 

in ion energy, species, and flux, many of these problems can be minimized or elimi

nated. In fact, ion inclusion can be used to advantage. For example, Hwangbo el al 

[1989] used a nitrogen ion beam and oxygen backfill to produce the continuously vari

able compound AIOxNy • Chapter six deals with the ion-assisted deposition of hafnium 

dioxide. 

---------------------------- ----- -- ----- - _. --_._- --- -
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Microstructural Characterization 

With the proliferation of novel deposition techniques in recent years, it has become 

increasingly important to characterize the microstructural changes in the iilins fabricated 

by these techniques. This is particularly true for the ion-based techniques where the 

number of process variables that affect coating performance is Iarrs'. These changes 

can be morphological, composjti~nal or both [Auciello and Kelly 1984]. 

One powerful tool for studying the morphological changes induced by the ion 

processes is electron microscopy. Both scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) are excellent direct methods of examining film 

microstructure. Guenther and Pulker [1976] used the indirect method of replica pro

duction for TEM to examine thin film microstructure; however, in so doing they lost 

the valuable nanostructural information that can be obtained by electron diffraction. 

Electron diffraction is an excellent method for obtaining structural information from 

amorphous [Zallen 1983, Heidenreich 1964] as well as crystalline itIms. The main prob

lem with electron microscopy as a tool for examining the microstructure of thin films is 

the small film area examined by the microscope. Thus care must be taken to insure 

that quantitative measurements are representative of the film as a whole and not the 

specific area under examination. 

Compositional changes also play an important role in the optical performance of 

thin films produced by ion-based techniques. A number of different analytic tech

niques exist to examine compositional changes in the surface and near surface region. 

Each method has certain advantages and disadvantages. Some of the common tech

niques are Auger electron spectroscopy (AES), x-ray photoelectron spectroscopy (XPS), 

ion scattering spectroscopy (ISS), secondary ion mass spectroscopy (SIMS), backscatter-

--------------------- .---
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ing spectrometry (or Rutherford backscattering spectrometry. RBS). and nuclear reac-

tion analysis (NRA). These can be divided into three general categories: electron spec-

troscopies (AES and XPS), ion techniques (ISS and SIMS), and nuclear techniques (RBS 

and NRA). In general, the electron spectroscopies are difficult to quantify (although 

progress is being made [Nebesny, Maschoff, and Armstrong 1989)} but yield useful 

chemical bond information. The ion techniques have the best depth resolution (ISS) but 

are also difficult to quantify. In addition, SIMS has the highest elemental sensitivity of 

any surface analysis technique. The nuclear techniques are extremely quantif"'Iabte but 

do not yield chemical bond information. Table 1.1. adapted from Holloway and 

McGuire [1978], briefly summarizes the properties of the various techniques. 

Table 1.1: Selected properties of surface and near-surface spectroscopies [adapted from 
Holloway and McGuire 1978]. 

Characteristic AES XPS ISS SIMS RBS NRA 

Elemental 
Resolution good good fair poor fair good 

Depth Resolution Atomic Atomic Atomic -Atomic 10 nm 10 nm 
layer layer layer layer 

Quantitation S. R.t S. R. S.R S. R. absolute absolute 
very 

difficult 

Chemical state yes yes no yes no no 

Depth Analysis sputter sputter sputter sputter non- non-
destruct;ve- destructive-

t S. R. - standards required 
• sample heating and defect production occur 

------------------------------_ .. _-- - ... - .. ---.. --. 
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We have found backscattering spectrometry to be an excenent tool for examining 

the compositional changes in optical coatings brought about by ion-based deposition 

techniques [Messerly 1987]. In addition to its quantiimbility. its deeper probe depth 

allows compositional examination of the entire ntm, not just the ntm surface. Compo

sitional changes correlate wen with changes seta in the optical characteristics. As a 

result of these strengths. a large fraction of this dissertation is devoted to the specifics 

of accurate compositional analysis of optical thin itlms by backscattering spectrometry. 

Since backscattering spectrometry does not yield chemical bond information. occa

sional problems arise in which the composition of a iIlm as measured lacks sufficient 

information for a proper chemical identity to be made. An example is distinguishing 

between water and oxygen in thin iIlms. Due to the columnar microstructure of thin 

films. water is adsorbed into i11m voids not all of which can be removed by placing the 

sample under vacuum. Backscattering spectrometry cannot distinguish between the 

oxygen in water or oxygen included in the film (or even hydroxyl groups) and is insen

sitive to the hydrogen that would accompany the water molecules. Thus. we often see 

"extra" o~ygen in our backscattering spectra [Messerly 1987, Targove 1987]. Such ambi

guities in chemical species identification can be resolved by supplementing backscatter

ing analysis with an analytic technique which is sensitive to chemical bonds such as 

XPS. An example of such a situation is presented in chapter six. 

Although composition is a crucial parameter in determining the applicability of a 

deposition technique to a given material, the meterstick by which an optical thin film 

deposition technique must be measured is the optical performance of the films depos

ited. Spectrophotometry is a time-honored analysis technique for .examining the optical 

characteristics of thin films. It is sensitive to roth the composition and morphology of 

the films. From spectrophotometry one can determine film optical constants, optical in-

------------------- -----
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homogeneity, and packing density (Kinosita and Nishibori 1960]. Although much less 

sensitive than ellipsometry or guided wave techniques, spectrophotometric data is both 

easier to coUect and to interpret. Because of its capabilities to examine critical optical 

characteristics of thin iIlms and relative ease of data coUection and interpretation, spec

trophotometry is the standard characterization technique in the optical coatings industry. 

In chapter six we employ spectrophotometry to obtain the optical constants and inhomo

geneity of HfOJ thin iIlms. Combining this data with the compositional and morpho

logical information obtained by the techniques mentioned above yields a consistent 

explanation of the behavior of mOJ as an optical material as deposited by a variety of 

evaporative techniques. 

Conclusion 

We have outlined some of the motivations for the study of the microstructure of 

thin films. The macroscopic optical properties ultimately reflect the microscopic pro

perties of these films. To understand and predict the behavior of films we need power

ful characterization tools. We have discussed several such tools in brief here but by no 

means exhausted the vast array of such tools available. This dissertation prominently 

features one such technique, backscattering spectrometry, although many of the capabil

ities of even this technique are not discussed. 

A number of other techniques are employed to supplement backscattering spectro

metry so that a complete picture of the micro and nanostructural features leading to the 

observed optical behavior of thin films can be obtained. 
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Outline of Dissertation 

This dissertation represents two distinct, although not entirely separate, research 

efforts. The majority of this dissertation is dedicated to the application of backscatter

ing spectrometry as an analytical technique for the determination of thin illm composi

tion. It is written for a person with a physics background but little or no knowledge of 

backscattering spectrometry as an analytical technique. Chapter two reviews the funda

mental physical processes that give rise to a backscattering spectrum. Readers familiar 

with backscattering spectrometry should examine chapter two to familiarize themselves 

with the nomenclature used throughout the remainder of the text and which may differ 

somewhat from the literature. 

Chapter three presents the equations necessary for performing stoichiometric calcu

lations from backscattering data. This is presented in tutorial form. 

Chapter four reviews two more advanced topics of backscattering spectrometry: 

nuclear charge screening correction and high energy analysis beams. Nuclear charge 

screening correction is seen to be necessary for stoichiometric analysis where the consti

tuents are well separated in atomic number. High energy analysis beams are found to 

reduce spectral peak overlap which reduces measurement accuracy. 

Chapter five deals with profiling of inhomogeneous compositions with backscatter

ing spectrometry. Conventional techniques are briefly reviewed and a new technique 

for modelling a depth distribution based on the statistical principle of maximum likely

hood is outlined. 

Finally. chapter six represents a shift in emphasis. We supplement backscattering 

spectrometry by a number of different characterization techniques to reveal the micro 

and nanostructure of films of hafnium dioxide prepared by a variety of evaporative 

----------------------- .. --------- -------_._ .. -.-.-. --
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deposition techniques. This investigation leads to insights into both the nature of baf

nium dioxide as an optical material as well as the methods of deposition. 
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CHAPTER 2 

REVIEW OF THE BASIC PHYSICS OF BACKSCATrERING SPECTROMETRY 

Introduction 

In 1911, Ernest Rutherford hypothesized that the atom consisted of a small dense 

core (nucleus) of positive charge surrounded by a lighter shell of negative charge. In 

1913, Geiger & Marsden conilrmed that their colleague's atomic model was correct. 

Their simple apparatus directed a pencil of alpha particles at a very thin, free-standing 

gold foil suspended in an evacuated metal box. To observe the scattered alpha particles, 

a phosphorescent screen was attached to microscope which could be rotated almost a 

full 3600 about the gold foil. Their apparatus is shown schematically in cross section in 

figure 2.1. They saw bright flashes resulting from alpha particles scattered almost 

directly backwards toward the alpha source. These backscattered particles confirmed 

Rutherford's atomic model and remain of intense interest to analysts of thin targets and 

surfaces. 

In the years since Geiger and Marsden's initial experiments huge strides have been 

made in backscattering and nuclear physics instrumentation. We now have devices that 

produce monoenergetic streams of charged particles with well-defined charge-to-mass 

ratios. In addition, the scattering analysis has improved profoundly. Surface barrier 

------------------- ------------------- -- -- --- ----
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F A. 

B 

Figure 2.1: Schematic drawing of Geiger and Marsden's apparaLUS for testing Ruther
ford's aLomic model. The apparaLus consisted of a metal box A with a microscope M 
with a small zinc sulphide screen S al/ixed to a circular plaLform B that could be 
r:JtaLed about the airtight joint C. Allatched to the staLionary base E was the gold foil F 
and alpha source Q which was directed aL the foil through the small apeture D. The 
apparatus was evacuated through V. [after Geiger and Marsden 1913] 
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detectors, multichannel pulse-height analyzers and digital computers have made scatter

ing measurements more accurate and precise. As a result, backscattering spectrometryf 

has become an important and extremely quantUl3ble tool for chemical analysis. 

We begin our discussion of backscattering spectrometry with a review of the basic 

physical mechanisms that combine to yield a backscattering spectrum. Emphasis is 

placed upon those processes that will contribute to the n-mainder of the discussion. For 

a more exhaustive discussion of the topics discussed in this chapter we refer the reader 

to BacksCaltering Spectrometry lehu, Mayer, and Nicolet 1978]. 

Kinematic Factor (KM ) 
2 

The simplicity and accuracy of backscattering spectrometry comes from the 

(usually) well-justified approximation of elastic scattering. Consider an incident projec

tile particle of mass Ml and velocity Yo that collides with an initially stationary target 

particle of mass Ms. The target particle will move off at some angle t/J with velocity v s 

and the projectile particle at some different angle 8 with velocity v 1 measured relative 

to the direction of the projectile particle's initial velocity. The situation is sketched in 

figure 2.2. Assuming an elastic collision, the principles of conservation of energy and 

momentum yields the equations 

(2.1) 

(2.2) 

tWe use the term backscaltering spectrometry as opposed to Rutherford backscattering 

spectrometry because we will depart from the Rutherford formula in our analysis in 

chapter 4. 
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and 

(2.3) 

In backscattering spectrometry we are interested in the energy of the backscattered par

ticle Er To this end we deime the kinemolic factor K. 

(2.4) 

With deimition 2.4 and combining equations 2.1-2.3 we imd 

(2.S) 

where the M2 subscript has been added to identify the target and the plus sign holds 

for Ml < M2• Occasionally we will denote the kinematic factor by KA to represent the 

average kinematic factor for an element A or for monoisotopic elements. If we know 

the projectile's initial energy and mass and measure its final energy after scattering at 

the angle 8, we can derive the mass of the target particle. Backscattering spectrometry 

identifies elements by their mass. This has two consequences: 1) It allows us to identify 

the target species if its isotopic profile is known or, conversely, measure the isotopic 

profile of a target whose identity is known and 2) element identification can be ambi-

guous. The second consequence is not normally a problem, however, since most ele-

ments have a unique primary isotope. The notable exceptions are argon and calcium; 

their primary isotopes both have an atomic mass of 39.96 amu and relative abundances 

of 99.6% and 96.8%, respectively. Thus, small amounts of either one of these elements 

would be impossible to distinguish. 

We see that the general features of the kinematic factor are 1) it increases as 8 

tends toward 1800 (perfect backscattering), 2) if Ml < M2, we do not have backscatter

ing particles (8 > 900) as can be easily seen from conservation of momentum considera-



Figure 2.2: The geometry for the calculation of the kinemalic factor KM . 
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Figure 2.3: Geometry of the one-body problem of scatlering by a scatlering celller equi
valem to Rutherford scattering. 
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tions. and 3) as the ratio MiMJ gets smaller the difference in kinematic factors for a 

change in target mass approaches zero. Expressed mathematically 

lim 
dKMz 0 

N1 dM'" • 
"'i-o J 

Clearly. for light projectiles the targets' kinematic factors approach unity. making dif-

ferentiation more difficulL 

Rutherford Scattering Cross Section 

The preceding section described the kinematic relationships involved in back-

scattering spectrometry; however. no attempt was made to predict at what angle (J or 

energy E projectiles would be scattered. These particulars are addressed by the scatter-

ing cross section u. For the angle (J to be well defined we consider only particles scat-

tered into a differential solid angle dO. After Marion [1970]. we define the differential 

scattering cross section du/dO for scattering into an element of solid angle at 8 to be 

Number of interactions per target particle 
du ... that lead to scattering into dO at the angle 8 
dO Number of particles per unit area 

(2.6) 

In nuclear physics it is more convenient to interpret the differential scattering cross sec-

tion as the probability that a particle will scatter into dO at angle O. Thus if dN is the 

number of particles scattered into dO per unit time. then 

dO' I dN 
dO - i dO' (2.7) 

where! is the flux density of particles defined to be the number of particles which pass 

in unit time through a unit area normal to the direction of the beam. 

For finite area detectors we need to integrate over the solid angle they subtend as 

seen from the target. This leads to the definition of the average scattering cross section 

-------------------- . _. 
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(2.8) 

where dw .. 2~in8d/1 is the incremental change in solid angle at scattering angle /1 and 

the approximation is good for detectors whose solid angles are very small. The integral 

scattering cross section is defined as 

~ rdwdO' ...n .... dO'n 
U = J 0 dw = UII - dOli, (2.9) 

where again the approximation holds for small solid angle detectors. The detector in 

the Ion Beam Analysis Facility in the University of Arizona Physics Department sub-

tends a solid angJe of 0.78 ± 0.02 millisteradians, validating the above approximations. 

For the sake of brevity, the symbol 0' will represent the average cross section in the 

small detector solid angle approx;matioll. 

Having defined scattering cross section, we need an explicit expression to describe 

it. For scattering in a central-force field, we have the center-of-mass solution for the 

scattering angle /1 [Marion, 1970]: 

00 

/1 = 71' - 2J (b/r2)dr 
rminJI - (b2/r2) - (UITo') 

(2.10) 

where b is the impact parameter, rmin is the radius of minimum approach to the 

scattering center given by the root to the denominator of (2.10), U is the potential 

energy, To' is the equivalent one-body kinetic energy, 

To'" M2 E 
Ml + M2 

where E is the kinetic energy of the projectile, and Ml and M;& are the masses of the 

projectile and target, respectively. The situation is sketched in figure 2.3. If we choose 

the central-force field to be the Coulomb potential U(r) - Qlq2/r, and express the 

differential scattering cross section in terms of the impact parameter [Marion 1970], i.e. 

-----------------_ ... _-_ .. _-_._.- " ... __ ..... -
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dO' b I dbl 
dn = sinD d9' 

(2.11) 

we obtain, after some algebra, the center-of-mass expression 

(de) q12q22 1 
dn CM = (4To')2 sin4(9/2)" (2.12) 

This is the expression Geiger and Marsden [1913] verified for the scattering of Q-parti-

cles by gold nuclei. Transforming (2.12) to laboratory coordinates yields the familiar 

Rutherford formula [Rutherford 1911]: 

: 

4 {J 1 - (M1/M2)2sin26 + cos9 } 

sin48 J I - (M1/M:)2sin26 

2 

(~)R = (Zl:~e2] (2.13) 

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

the projectile kinetic energy before scattering, Ml and M: are the respective masses of 

the projectile and target, e is the scattering angle, and the R su~..cript indicates Ruther-

ford scattering. The above allows us to quantify our scattering experiments and thus 

the number of target atoms per unit area. This, in tum, permits us to calculate stoichi-

ometries of target surfaces. For now, let us examine the Rutherford formula to eluci-

date important features of backscattering spectrometry: 

I) The scattering yield increases as the squared product of the atomic numbers 

of the projectile and the target. Thus a high atomic number probe beam shows 

greater sensitivity than a low one. (Remember, however, that Ml < M2 for 

backscattering to occur.) Also, the technique is more sensitive for high atomic 

number elements than low atomic number elements. 

2) The scattering cross section decreases as the square of the incident beam 

energy. 

3) The angular dependence is approximately l/sin48 for light projectiles scatter

ing off heavy targets (M1 « M2). 

-------------------- -
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Several important assumptions are needed to derive the Rutherford formula. The 

lust is that we have derived this equation using the principles of classical mechanics 

when the problem should be approached quantum mechanically! Luckily. the quantum 

mechanical and classical solutions are the same assuming the Coulomb potential except in 

the low angle scattering limit (8 < 2xl0-6) [FJQgge. 1971]. Neils Bohr found that this 

equivalence of the quantum mechanical :md c!3ssical solutions is unique to a potential of 

the form l/r. This fortunate set of coincidences allowed nuclear physics to advance 

two decades before the birth of quantum mechanics. 

The second important assumption is that the scattering potential is a pure. uns

creened Coulomb potential. This would mean bare nuclei scattering off one another. 

This is not the case LIl backscattering spectrometry where typically singly ionized <4 He 

impinges upon a thin solid target consisting of 1017 nuclei in a sea of electrons. Con

nected with this concept is the additional assumption that the target and projectile are 

perfect structureless point particles. We know that this is not the case; the two particles 

can interact by forces other than the Coulomb force resulting in nuclear resonances and 

reactions. The consequences of these assumptions are discussed in detail in Chapter 4. 

Energy Loss and the Stopping Cross Section 

As mentioned, backscattering targets are not merely bare nuclei suspended in 

vacuum but consist of atoms with their electrons. In addition to backscattering from 

single nuclei, projectile particles can be scattered multiply by target nuclei. interact with 

electrons, excite or ionize target atoms, and produce Cerenkov radiation. All of these 

processes are fueled by the kinetic energy of the projectile and cause the projectile to 

slow down as it passes through the target material. For Rutherford backscattering, the 
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projectile energies are usually low enough that Cerenkov radiation is not produced (vo 

«c/ntarpt). All of the other processes, however, do extract energy from the projectile 

with electronic collisions and atomic ionizations dominating. We understand the physics 

behind most of these processes well enough to formulate models that calculate slopping 

power dE/dx in elemental targets [Bethe and Ashkin, 1959]. The least well understood 

of these processes is energy loss due to excitations below the ionization threshold [Segre 

1977]. Therefore, models of energy loss are inexact and we are forced to employ semi-

empirical tables lChu, Mayer, and Nicolet 1978] compiled from various sources for 

quantitative analysis. 

Since backscattering is a secondary process, most of the incident beam becomes 

imbedded in our target. Projectile energy loss is the primary result of beam interaction 

with the target. What effect does this energy loss have on the backscattering spectrum? 

The first effect is that projectiles scattered deeper in the target have less energy than 

projectiles scattered near the target surface. This can be seen from our definition of 

the kinematic factor (equation 2.5) in conjunction with the following gedanken experi-

ment Along the inward path our projectile particle loses energy. Immediately before 

scattering by an embedded target atom of mass Ma at depth Xo the particle has energy 

E' given by 

J
xo 

E' = E - dE(E) dx 
o dx o 

(2.14) 

where Eo is the incident beam energy and the stopping power dE/dx has been written 

to express its energy dependence and the minus sign indicates that stopping power is 

taken as a positive quantity. Immediately after backscattering the particle has energy 

KM E'. It then loses energy along the outward path; upon entering our detector at a 

scattering angle 0 has energy E" given by 
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(2.15) 

We see that projectiles scattered by particles deeper in the target will have less energy 

than those scattered nearer the surface. (Note. however. that the conversion from 

energy to depth is nonlinear due to the energy dependence of dE/dx.) 

The second effect of the energy loss is to increase the yield of backscattered pro

jectiles for a 111m of uniform composition. This is due to the I/E2 dependence of the 

scattering cross section u. These effects are illustrated in figure 2.4(b) for a hypotheti-

cal compound film of composition AB. 

Compilations of stopping powers conveniently allow us to find the thickness of 

elemental films from backscattering spectra. More often. however. the films of interest 

are compounds or alloys for which the stopping powers have not been measured. A 

way around this problem is expressed in the stopping cross section E. which we intro-

duce with a simple thought experiment. Imagine a projectile beam of cross sectional 

area S incident upon a target of thickness ax and number density N atoms/cm3• The 

beam effectively projects the atoms in the beam-target interaction volume (Sax) onto 

an area S yielding a surface density SNax/S - N~x. This quantity increases linearly in 

ax as does the energy loss aE III (dE/dx)~x Setting aE proportional to N~x. we 

arrive at the definition of the stopping cross section 

Ell ~ :;(E). (2.16) 

The units of E are eV-cm!. The stopping cross section may be thought of as the stop-

ping power with the density normalized. Alternatively. it may be thought of as the 

stopping power per atom. 

Although the stopping cross section is a material dependent parameter. it does not 

contain assumptions on density and is thus preferable for work on compounds and thin 

------------------ . -' 
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(a) 

(b) 

(c) 

Figure 2.'1:- (a) Schemalic of sCaltering by a compound film of composition AB. (b) The 
resultant backscaltering spectrum. Note the widths of the peaks are dil/erent. (c) The 
backscattering spectrum for a film whose composition is identical to (b) but whose thick
lIess r is much grealer. 

----------------------- ---- ---- --
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films where densities often deviate from bulk values. The stopping cross sections for 

the elements have been compiled by Chu. Mayer and Nicolet (1978) and more recently 

by Ziegler. el a! rI98S). Messerly (1987) found skewed Gaussian parameters for fitting 

the stopping cross sections for the elements below 2 MeV, which fall within the errors 

of Ziegler. el al's table. 

If our sample is a compound or alloy. we have additional obstacles to overcome 

when calculating energy loss in our targets beside the departures in density from bulk 

form. The presence of other atomic species affects the energy loss for each constituent. 

Fortunately. these effects are quite predictable by Bragg's rule or principle 0/ linear 

addilivily 0/ slopping cross seclions. For a compound target AmBn. Bragg's rule states 

that the stopping cross section of the compound ~nn is given by the following: 

(2.17) 

where EA and EB are the stopping cross sections of the atomic species. Thus the stop

ping cross section of Hf02 is given by 

(2.18) 

This rule has been shown to agree with experiment to within 10% for most compounds 

and alloys [Chu. Mayer. and Nicolet 1978). 

Although beam energy loss allows us to profile the composition of our samples 

with depth. it also limits the depth we can probe and may diminish the accuracy with 

which we can determine target composition. For samples thicker than 10 pm. the limit 

is less than half the ion penetration range. This is easily understood by considering that 

the ions must enter. scatter. then exit the sample. The ion rangt is a function of the 

projectile and target identity and projectile energy. For thin compound targets. the sit

uation is more complicated. The broadening of the individual peaks for each atomic 

constituent due to energy loss results in peak overlap. shown in figure 2.4(c) for our 
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hypothetical compound AB. This problem is particularly severe for elements with simi

lar masses. In addition, since the kinematic factors tend to a common value of unity 

for massive elements, peak overlap is more likely for massive, similar elements. Peak 

overlap reduces the stoichiometric accuracy due to uncertainty in identifying the ele

ment responsible for the amplitude in the overlap region. Examples and solutions to 

this problem are discussed in chapter 4. Shown in figure 2.4(b) and (c) in the lower 

left comer is the peak for the substrate which is usually graphite, carbon, which is 

chosen to avoid overlap of the substrate peak with as many heavier elements as possible. 

The elements masked by the graphite substrate peak are H, He, Li, Be, B; however, 

backscattering spectrometry using tHe cannot detect He or H anyway. The choice of 

carbon is advantageous for two other reasons: I) it is nontoxic, and 2) it is relatively 

inexpensive in pure form. Graphite is not without its disadvantages. The substrates 

tend to be rough (1-2J.&m rms roughness) and quite soft. They are difficult to free of 

adsorbates and therefore should be cleaned under vacuum. Also, carbon from the sub

strate tends to migrate throughout porous films [Messerly 1987]. 

Energy Straggling 

The stopping power (dE/dx) allows us to convert our backscattered energy scale 

into a depth scale for each atomic constituent in our target. This process is hindered by 

spreading of the beam energy as it penetrates the sample. This ultimately limits the 

precision with which we can know the depth distribution of elements. 

The energy loss discussed in the previous section is, in reality. only the mean 

energy loss; the result of the many quant!Jm (statistical) events. As a result. our in

itially monoenergetic probe beam has an energy spread about the mean energy value E' 
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given by (2.14) after traversing some thickness of the target material. This spread is 

referred to as energy straggling. We would expect the primary source of energy strag-

gling to be ion-electron interactions as the electrons far outnumber the nuclei in the 

target. This turns out to be the case. Bohr [1915] used a simple classical model to 

derive an analytic expression for energy straggling in elemental targets as a function of 

the traversed target thickness T. The Bohr expression for energy straggling is given by 

(2.19) 

where 0B 2 is the variance of the energy spread, Zl is the projectile atomic number, N 

is the target atomic density (in atoms/cm3), and Z2 is the target atomic number. From 

(2.19) we see energy straggling is proportional to the target atom's atomic number, 

atomic density . and the distance covered by the ion (i.e. the number of electrons . 

encountered by the beam). 

The Bohr model for energy straggling implies the energy spread is normally distri-

buted, a consequence of two assumptions made during the derivation, J) the number of 

collisions is large and 2) the collisions exhibit a Poisson distribution. These conditions 

are necessary for application of the DeMoivre-Laplace theorem [Frieden 1983] which 

approximates a discrete random variable (here ion energy) by a continuous function (the 

normal distribution). 

In analogy to the stopping cross section E we can also express the energy straggling 

in normalized form as 
o 2 

1" .. 2 B !!B..:.. 471' (Z e2)2 Z 
-D NT 1 2 (2.20) 

which may be thought of as the energy straggling per target atom. We will use this 

normalized form exclusively to avoid confusing it with the detector solid angle O. Chu 

[1976] has proposed, again in analogy to the stopping cross section, the linear additivity 



41 

of straggling for compound targets. Chu's analysis yields a result similar to Bragg's rule 

for E"s, 

(2.21) 

where (Wa Am cn)Z is the energy straggling per molecule of compound Am Cn• Then the 

energy straggling of a beam upon crossing the compound target Am Cn of thickness l' is 

(OsAmCn)Z == (WaAmCn)Z NA..uCD1'. (2.22) 

Equations 2.21 and 2.22 are conjectural and have yet to be proven; however, they seem 

reasonable in light of the behavior of the stopping cross sections and their dependence 

on the same physical processes. 

Additional complications arise in the Bohr picture of energy straggling if we go 

beyond the simple classical (and therefore incorrect) model. The Bohr expression exhi

bits no ener&y dependence; in reality, the energy straggling is a weak function of 

energy. The discrepancies between more careful calculations and the Bohr expression 

are primarily at low projectile energies [Chu, Mayer, and Nicolet 1978]. In addition. 

Lander, et a/ [1966] have demonstrated an asymmetry in energy straggling of a high 

energy proton beam passing through silicon. For the energies of interest in backscatter

ing spectrometry, on the other hand. most detectors cannot resolve this asymmetry [Chu, 

Mayer, and Nicolet 1978] so that the normal distribution of the Bohr model is adequate. 

Detectable limits of RBS 

Any method for chemical analysis must be sensitive to elemental constituents. This 

sensitivity will ultimately limit the accuracy with which the stoichiometry of a sample 

can be measured. The theoretical measure of sensitivity for RBS is the differential 

scattering cross section (do/dO). From the form of the Rutherford scattering cross sec-
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tion, EQ. (2.13) repeated here for convenience, 

% 

(~)R = (z~~e%) 

we see that the sensitivity decreases as the beam energy increases. If we hold the 

scattering angle, beam energy and beam species constant then we see that the sensitivity 

increases roughly parabolically with atomic number. The Rutherford scattering cross 

section for 2 MeV 4He scattering at 9 = 1700 is plotted in figure 2.S. 

If we interpret the scattering cross section as the probability that an ion from our 

beam will be scattered into our detector we see that we will need about 1.71 x 108 C to 

detect a single Ar atom/cm%. If we use SO pC , a typical beam charge, in our measure-

ment we need 3.43 x 101% atoms/cm% (4.19 x 10-3 monolayer) to get a single count at 

the detector from Ar. This is a very small number and in practice is unattainable. The 

main reasons for this are I) statistical variance in the mean number of counts and 2) 

background noise in the measurement. The second of these is certainly the more severe 

since it becomes impossible to determine whether a count is due to noise or signal. 

To determine the practical limit on detecting elements in a film we posed the fol-

lowing question: "What signal to noise ratio is necessary to detect the presence of a 

leading edge in an RBS spectrum?" 

Statistical Inference 

In an attempt to answer the above question, we found it necessary to apply the 

techniques of statistical inference. Specifically, we turned the question around hypothe

sizing, "there is no edge present and the spectrum results from noise." We then attempt 
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to reject this hypothesis at some confidence level. say 0.1%. This is the form needed 

for application of the Xi statistic [Frieden 1983]. 

To apply the Xi test to our backscattering spectrum we chose a test window S 

channels wide. The reasons for this were I) an odd number of channels allows for a 

simple determination of the center of t.'le window, 2) a larger window means the data 

will be better approximated by a normal distribution. and 3) too large a window results 

in too large an uncertainty in locating the edge position. The window width was chosen 

by balancing these factors. Since the background level was expected to change slowly 

and monotonically with channel number. the expected background value NPi was con

tinuously updated. Since our background was considered constant over the window 

then 

x +12 

NPi ~ 110 r mi E , 

j=xo+3 

where Xo is the center channel for our window. Then we form the following Xi: 

I XL+2 (mi - ~)2 
X2 =Xo S 

j=xo-2 Illxo 
This statistic is not very sensitive to outliers, i.e. points more than a standard deviation 

from the mean value tI1,c , but to abrupt sustained changes in the signal as would be 
o 

seen in the high energy edge of a spectrum. 

We applied the above test on four Hf02 films that had been bombarded by low 

energy Ar ions. Thus it was known a priori that there was Ar in these films. We arbi-

trarily decide on a 0.1 significance level. Table 2.1 summarizes the results. 

This analysis allows derive a signal-to-noise measure of backscattering spectrome-

try sensitivity. We see that only a signal to noise of - 0.3 is needed to detect an edge. 



44 

This is below the level that can be detected by eye. When the signal-to-noise ratio in-

creases to - 0.6, one can begin to see a signal appear. 

We use this as a guideline for preparing an expression of the minimum atomic 

concentration reliably detectable given a set of system parameters. Using the expression 

developed in the following chapter for the absolute atomic concentration, we imd the 

minimum atomic concentration detectable to be 

[NT]min = O~) 

where (n) is the mean noise level, 0 is the detector solid angle, a is the scattering cross 

section, and Q is the total number of projectiles incident upon the target. This equation 

defines the practical sensitivity for a backscattering system. 
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Table 2.1: X2 analysis summary with S channel window. 

Film Front Edge X2 Signai+Noise Noise SIN 

86SA 697±2 

869A 699±2 

870A 

871A 69S±2 

20.S 

20.0 

19.3 

3.S±0.6 

3.9±0.6 

4.S±0.6 

2.7±0.S 

3.0±0.S 0.27±0.06 

2.S±0.S 0.6±0.1 

6.S±0.8 

1.9±OA OA±O.1 

Comments 

"none detected" 
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CHAPTER 3 

STOICmOMETRIC AND DENSITY CALCULATIONS 

Introduction 

In Chapter 2 we introduced the basic physics of backscattering spectrometry. 

There, knowing our target composition, we were able to predict the form of the resul

tant backscattering spectrum. Now we tackle the inverse problem: Knowing the beha

vior of the backscattered ions for targets of known composition, can we determine the 

composition of an unknown target? 

From our definition of the differential scattering cross section, Eq. (2.7), and the 

integral scattering cross section, Eq. (2.9), we arrive at the following expression for the 

number of counts dA from a target of differential thickness dx (so that our beam 

energy is well defined) and atomic density N: 

dA .. QNo{E(x»)Odx .. (ISt)No{E(x»Odx (3.1) 

where Q is the total number of projectile particles incident upon the sample, I is the 

beam intensity, S is the beam's cross sectional area, t is the measurement time, (1 is the 

average cross section given by Eq. (2.8) written to emphasize its energy dependence, 

and 0 is the solid angle of our detector as seen from the target. If our target film has a 

finite thickness r then the total number of backscattered counts from the film A is 

--------------_._-- --
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(3.2) 

where Uo is the scattering cross section at I MeV and the Rutherford formula is the 

source of the l/Es dependence. We have assumed the f'11m is thin enough that the det

ector solid angle is constant throughout the f'11m and the beam is not seriously depleted 

by passage through the f'11m. The latter two approximations are excellent since our 

f'tlms are very thin compared to the f'11m-detector distance and the scattering cross sec

tions are on the order of 10-23 ems/steradian for a 2 MeV "He beam. EQ. (3.2) cannot 

be inverted to f'md N(x) without exact knowledge of E(x), which is inextricably tied to 

N(x) through the stopping cross section. This conundrum seems insoluble. However, if 

we interest ourselves in the average areal density 

(3.3) 

we can invert Eq. (3.2) yielding 

Nr.,. --ES - A -I 
uoOQ 

(3.4) 

where 

(3.S) 

Eq. (3.4) is the fundamental equation of RBS; most stoichiomet'ic analysis in back

scattering spectrometry is accomplished through Eq. (3.4) and its extensions. 

It is important at this point to stress that the natural units of atomic density in 

backscattering spectrometry are atoms/ems as exemplified by Eq. (3.4). This is a 

natural consequence of the relationship between atomic density and energy loss. As a 

simple example to clarify this relationship, consider an elemental film of atomic density 

N and thickness r. After a monoenergetic beam of initial energy Eo crosses our film it 
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now has mean energy EI ... Eo - ENT where E is the stopping cross section. Now sup

pose we have a second f1lm of the same material but deposited such that its packing 

density is only 1/2 that of the iust il1m but is twice as thick. Our mean probe beam 

energy after passing through this second il1m is EI' - Eo - E'N'T' .. Eo - E(N/2)(2T) .. 

E l • the same as our iust il1m! Thus illms with the same NT product will have the same 

energy width in their backscattering spectrum. This holds true for graded densities as 

well. which means that backscattering spectrometry is not a good tool for measuring 

density gradients. However. it can effectively measure changes in average density when 

coupled with an independent measure of il1m thickness. (This latter calculation will be 

discussed in greater detail later in this chapter.) We see that "thickness" in backscatter-

ing spectrometry is not me2.:urOO in length but in areal density thickness. Backscatter-

ing spectrometry measures thickness in terms of atoms traversed rather than length tra-

versed. 

We can easily extend Eq. (3.4) for use with compounds and alloys if the peaks for 

the individual elements do not overlap. For each element i we have 

- Ai-[NT]i .. ·_-E2 
tloiOQ 

(3.6) 

where tloi and Ai are the scattering cross sections at 1 MeV and peak areas (integrated 

counts) for element i, respectively. Note that the Fin Eq. (3.6) has no subscript. This 

is because energy loss is a property of the solid as a whole and not a function of the 

element which scattered the probe ion. This last statement is easily justified from 

Bragg's rule CEq. (2.17». 

Stoichiometry calculations employing Eq. (3.6) are referred to collectively as the 

peak integration method to differentiate them from calculations based on another possi-

ble method, the peak width method. The peak integration method is quite accurate and 
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simple. For these reasons it is used almost exclusively by our laboratory. We shall only 

briefly touch on the peak width method. For extended discussions of both methods, we 

refer the reader to the excellent book by Chu, Mayer, and Nicolet [1973] or Messerly 

[1987]. 

Sample Stoichiometry Calculation 

Armed with Eq. (3.6) we may now begin by calculating the stoichiometry of a 

lanthanum fluoride film (Run 493A) deposited by thermal evaporation with argon ion

assisL In addition to the lanthanum, fluorine, and argon expected in the iIlm, we 

observe that the film also contains a small amount of oxygen and carbon. Messerly 

[1987] has shown that most of the carbon observed in the films is a direct consequence 

carbon diffusion from the graphite substrates. Being a function of the substrate and 

not the iIlm, we wiD ignore the carbon content in our example. The backscattering 

spectrum for this iIlm is shown in figure 3.1. We may express the film stoichiometry 

in many ways; two are 1) Atomic Fraction Stoichiometry and 2) Cation Normalized Sto

ichiometry. 

A. Atomic Fraction Stoichiometry 

This method of presenting stoichiometry has the ability to report contaminants on 

an atomic percent basis. Our ion assisted lanthanum fluoride film's stoichiometry can 

be expressed as 

La(FaOpAr" 

where a + fJ + 'Y + ~ • 1. Then using Eq. (3.6) and the above definitions we find 
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(3.7) 

Similar expressions hold for Q, p, and,. Note that the common factors Q, n, and EZ 

cancel The peak areas for our sample film are (after subtracting background counts) 

ALa ... 91024 ± 302, 

AF ... 6107 ± 80, (3.8) 

AO ... 164 ± 20, 

and 

AM ... 127 ± 19. 

The Rutherford scattering cross sections at 1 MeV are (in units of 10-24 cmZ/steradian) 

UoLa - 17.07, 

ul = 0.3898, 

Uo 
0 - 0.2965, 

and 

UO
M .. 1.671. 

(3.9) 

Substituting these values into the expression for r and the analogous expressions for at 

Pt and 't we arrive at the following stoichiometry for our film: 

Lao.247 FO.724 0 0.026 ArO.OO36· 

Uncertainty Calculations for Atomic Fraction Stoichiometry 

All physical measurements are uncertain to some degree and backscattering spec-

trometry is no exception. The peaks of a backscattering spectrum exhibit counting 

statistics (i.e. they are Poisson distributed) as does the background. The variances of 

------------_ .. -- ._--
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the counts in the peak and background are assumed to add in quadrature so that the 

standard deviation /lAi in the net number of counts Ai = (Ai 0 - Aback) is then given 

by 

I::1Ai .. JAi 0 + A~ (3.10) 

where Ai 0 is the peak area before subtra:tin& background counts and A~ is the total 

number of background counts subtracted from Ai 0- The error in the calculated scatter

ing cross sections is assumed to be much less than the error due to the uncertainty in 

the peak area. This has been shown to be the case for light elements in the energy 

region where nuclear reactions can be neglected (usually referred to as the Rutherford 

region for this reason) [Ziegler and Baglin 1974, MacDonald el aJ 1983]. The situation 

for heavy elements will be discussed in detail in chapter 4. For now let us assume that 

the Rutherford formula holds in our example and that we may neglect any error in the 

cross section. This leaves only the uncertainty in the net number of counts Ai to con-

tribute to the uncertair.ty in the atomic fraction stoichiomtltry. Then the relative uncer-

tainties in the atomic fractions are 

AQ = (1 _ Ck) AAF + p AAo + 1 AAM + r I::1ALa 
Q AF AO AM ALa' 

~ _ Q AAF + p AAO + (1 _ 1) AAM + r AALa 
1 AF A 0 AM ALa ' 

and 

~ _ Q AAF + p AAo + 1 I::1AM + (1 _ r) AALa 
~ AF A 0 AM ALa • 

Calculating the uncertainties for our example lanthanum fluoride film yields the com-

plete stoichiometry 

LIlo.247:tO.003 F 0.724:tO.003 OO.026:tO.OO2 ArO.0036:tO.OOO2 • 
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The most uncertain of the atomic fractions is oxygen's with 8% relative error. This is 

due to the small number of counts and scattering cross section. (If only the number of 

counts were responsible argon would have the greatest uncertainty.) Given that oxygen 

represents only 2.5% of the 111m, however, this error is quite tolerable. 

B. Cation Normalized Stoichiometry 

Typically the film material under consideration will have a chemical formula like 

MgFz' HfOz' AIF3 , etc. If we express the stoichiometry in this form we immediately 

see how close our films are to the desired stoichiometry. Expressing our lanthanum 

fluoride film of Fig. 3.1 in this manner, we have the stoichiometric form 

LaFaOJJAr'J. 

Here, a + p + ,., '" 1 (in general). Solving for a, p. and ,., we arrive at the expressions 

[tlr]F AF uoLa 
a... - , 

[Nr)La ALaul 

and 

A.AzuoLa 
,., - ALau.Az· 

o 

Again we see the common factors Q, 0, and EZ cancel. After substituting the A and Uo 

values from Eq. (3.8) and (3.9), our film stoichiometry becomes 

LaF2•94 0 0,10 Aro.014-

We immediately notice that our lanthanum fluoride film is below the desired stoichiom-

etric ratio LaF 3' but more than enough oxygen is in the film to compensate for this 

fluorine deficiency, assuming 1 bond per oxygen, as in a hydroxyl group. This example 
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illustrates the utility of cation normalized stoichiometry as a convenient method of 

"bond counting". Note. on the other hand. backscattering spectrometry. being a nuclear 

technique. does not yield valence band information for the targeL 'Olat task must be 

left to other techniques such as spectrophotometry and x-ray photoelectron spectros-

copy. 

Uncertainty Calculations for Cation Normalized Stoichiometry 

The uncertainties for cation normalized stoichiometry assume a particularly simple 

form. If we again assume that the errors in the scattering cross section'! are negligible. 

the relative uncertainties are given by 

~a -a 
a [~'tr + [~~Fr 

[~ALa]2 + [~AO]2 ALa AO' 
and 

where ~AI is the uncertainty in AI as given by Eq. (3.l0). Calculating the uncertain-

ties for the lanthanum fluoride fjJm yields the cation normalized stoichiometry 

LaF2.9UO.04 OO.10±O.Ol ArO.014±O.OO2· 

Here, unlike the atomic fraction stoichiometry, the element exhibiting the greatest rela-

tive uncertainty is argon with about 14%. This is a direct result of the Poisson statistics 

from the peak data. The smaller the total number of counts in a peak, the greater the 
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relative uncertainty. 

Absolute Areal Density 

Backscattering spectrometry has the unique capability of measuring absolute areal 

densities. Again the defining equation is EQ. (3.4). Unlike our stoichiometric calcula

tions, the common terms 0, Q, and E~ do not cancel. They must be determined to an 

acceptable uncertainty. Solid angles 0 are difficult to determine to an accuracy of 

better than a few percent, and sample positions on mobile stages may not be perfectly 

repeatable. Variations in the substrate thickness also alter the geometry of the measure-

ment. The measurement of the number of incident particles Q is hampered by secon-

dary ions sputtered from the sample as well as by the possibility of projectile ion neu-

tralization or further ionization along the beam path. To compensate for these errors in 

o and Q, a reference standard, consisting of a known concentration of bismuth imp-

Ian ted in silicon, is measured along with the sample. This procedure produces the so-

called bismUlh correction factor CFBi . 

In addition to the uncertainties in Q and 0, the peak counts Ai may be biased by 

the finite processing time of the measurement electronics. The counting events occur in 

rapid succession and a backscattered particle's pulse may not be processed while the 

electronics are handling the previous pulse. The dead time ratio DTR is introduced in 

an attempt to correct this problem: 

OTR & measurement time 
electronics "up" time· 

and implies that OTR ~ 1. The counts in a particular peak Ai are then approximately 

ALOTR. 



With the introduction of these factors Eq. (3.4) becomes 

- A-
Nr = uJ1Q E2(DTR)CFB1 • 
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(3.11) 

If we can neglect the uncertainty in E2, the introduction of CFB1 results in a particu

larly simple form for the uncertainty in the areal density, 

[~Nr] = [~A]2 + [~]2 , 
Nr A CFB1 

(3.12) 

where AA is given by Eq. (3.10) and ~CFBdCFBi is typically 3%. 

This leaves one factor in Eq. (3.11) to be determined, the mean square energy E2. 

To determine E2, we must know the stopping power dE/dx or, alternately, the stopping 

cross section qE(x)] at all points along the projectiles' inward and outward paths. As 

mentioned in chapter 2, our knowledge of e(E(x)] (or dE/dx) is inexact; the more heav-

ily we choose to rely on our semiempirica1 tables (which may have errors up to ±15%), 

the more inaccuracy we should expect in areal densities. 

The task of finding E2 is complicated by the route taken by the projectile. Ima

gine a particle incident on a film at an angle 4J with respect to the film normal. The 

projectile penetrates the film, losing energy along the inward path. It reaches the rear 

interface of the film with kinetic energy E and scatters off a target atom at angle e. 
Immediately after scattering, the projectile possesses a kinetic energy KE. The projec-

tile loses more energy along the outward path, emerging from the film with kinetic 

energy El , and enters the detector. This situation is illustrated in figure 3.2. This pro

jectile, scattered at the film-substrate interface, sees the entire Nr of the film on both 

the inward and outward journeys. Combining this observation with the definition of 

the stopping cross section (Eq. (2.16» we find 

--..--..-------------------------------- ----_._. 
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Figure 3.2: Geometry for finding the kinetic energy of the projectile at the rear film 
surface. 

---------------------_. --_. --.-- ---- ---_._. __ .... -



along the inward path and 

_ E 
Nr J 0 dE' 

COS;· E qE') 

_ KE 
Nr J dE' 

cos8 • . E E(E') 
1 
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(3.13) 

(3.14) 

along the outward path. The I/cosine terms account for the effective illm thickness 

traversed over the oblique trajectories. 

Eqs. (3.13) and (3.14) have Nr and E as unknowns. Therefore we have two equa-

tions and two unknowns and should, in principle, be able to solve for these unknowns. 

Multiplying both sides of Eqs. (3.13) and (3.14) by their respective cosine factors and 

equating the right hand sides we arrive at the equation 

dE' dE' 
J
EO JKE 

COS; E E(E') = cosO E E(E')' 
1 

(3.IS) 

This is the defining equation for the so-called peak width method. Messerly [1987] has 

shown that the peak width method is suspect due to its reliance upon the semiempirical 

values of E(E'), which may have uncertainties as large as :tIS%. 

We can do better than this by reconsidering Eq. (3.11). If we approximate the 

stopping cross section by a constant (to be determined) then F defined by Eq. (3.5) 

becomes i(E02 + EoE + E2). We then equate the right hand side of Eq. (3.11) with the 

left hand side of Eq. (3.15) to find 

(3.16) 

where E is chosen so that both sides of Eq. (3.16) are equal. We could equally well 

substitute the right hand side of Eq. (3.15) into the above equation; however, due to 

energy straggling, E1 is not known with the precision of Eo' Several ways of finding E 
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that satisfies EQ. (3.16) exist We shall briefly review the most commonly made 

approximations and their applications. A more exhaustive discussion of these (and 

other) approximations appears in Messerly (1987). 

Approximations to the Stopping Cross Sections and Energy 

Ideally, we would have a simple analytic form for €(E) which would allow us to 

evaluate the above integral. However, currently we are limited to sem:empirical values 

or functional fits to the data. If, for example, we fit I/f by a polynomial of the form 

(3.17) 

we can integrate EQ. (3.16) term by term until an acceptable level of precision is 

reached. We believe, however, that this procedure would be a waste of effort in most 

instances since the semiempirical tables of feE) from which we fit our data are typically 

only accurate to ±10%. An exception where the effort might be justified would involve 

films thicker than a few microns were the energy loss ranges over an interval broad 

enough to invalidate lower energy approximations. We present the most common of 

these lower level approximations in the foJJowing sections. 

Surface Energy Approximation (SEA) 

For analyzing the near surface region or very thin films, the relative change in the 

energy along the inward trajectory is small. Therefore, we can approximate E by Eo 

and feE) by f(Eo). These approximations reduce the left hand side of Eq. (3.16) to 

- A 
NT • OQ(DTR)CFBIE02. (3.18) 

0'0 

This approximation has the distinct advantage of determining ::11 of the terms on the 
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right hand side by experimental conditions. We can estimate the error in the areal den

sity introduced by this approximation by expanding E(x) in a Maclaurin series 

E(x) .. Eo + ~ ~ I x-o + ••• 

We can approximate the term dE
d 
I by referring to the def"mition of the stopping 

x x=O 

cross section (Eq. (2.16». We f"md the beam energy at the rear interface of the f"11m 

(EO> -
E ~ Eo - ~ Nr. (3.19) 

Substituting this value for E into Eq. (3.16). we arrive at the first order expression for 

the relative uncertainty in the areal density 

[
.llNr] = (Eo) Nr. 
Nr Iurlace E Eo co~ 

(3.20) 

As we might expect. the error increases with the film thickness. density and the stop-

ping cross section of the material. but decreases for more energetic probe beams. It is 

important to realize that the SEA overestimates the actual areal density since Eq. (3.18) 

does not express the decrease in the scattering cross section as l/E:I. This implies the 

SEA serves as an upper limit for the areal density. 

Sample Surface Energy Approximation Calculation 

We wjJl apply the SEA to our lanthanum fluoride film and calculate the approxi-

mate error introduced in the areal density by making the SEA. From Eq. (3.8). (3.9). 

and (3.18) we find the lanthanum areal density 

[Nr]La .. ALa (DTR)CFB1 E :I.. (91024)(1.000.99 (I 892)2 x 1013 
UoLaOQ 0 (17.07)(0.78)(1.562) . 

.. 1.583 X 1017 atoms/em2• 

The error as given by Eq. (3.20) is 

---------------------_ ... -. _ .... - ..... -



[
.1.NT] La .. 33.837 X 10-21 MeV-cm2/mol-
NT aurface E 1.892 MeV 

- 1.15% 

I.S83x 1017 atoms/cm2 

0.247 atom/mol-
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(3.21) 

where E(E.,) was found through Bragg's rule and we have 0.247 lanthanum atoms per 

pseudomolecule (described below). The error introduced by the surface energyapprox-

imation is not small enough to be negligable when compared to the uncertainties intro-

duced by the experimentally determined quantities in Eq. (3.12). 

Stopping Cross Sections and the Pseudomolecule 

Bragg's rule (Eq. (2.17» assumes a compound of the form AmBn where m and n are 

integers in accordance with standard chemical practice. Bacicscattering spectrometry, on 

the other hand, expresses this molecule as AxBy, where x and y are real. We may 

waste enormous effort finding integers m and n such that min ~ x/y to express stoichi-

ometry in the standard chemical notation or we may apply atomic fraction stoichiometry 

or cation normalized stoichiometry. We introduce the term pseudomo/ecu/e (mol-) to 

describe an atomic fraction or cation normalized "molecule" because such an entity 

cannot exist alone but adequately represents our film stoichiometry. Eq. (3.21) assumes 

the atomic fraction pseudomolecule 

Lao.247 FO•724 00.025 Aro.OO35 

which contains 0.247 lanthanum atoms/mol-. Applying Bragg's rule to this pseudomo-

lecule we have 

(Eo> .. 0.247ELa(Eo> + 0.724e:F (Eo) + 0.02Se:O(Eo> + 0.0035e:Ar(Eo) (3.22) 

.. 33.837 x 10-21 MeV-cm3• 

where we have found the EI(Eo)'s using the polynomial fits for the stopping cross sec

tions given in Appendix F, Table VII in Chu, Mayer, and Nicolet [1978]. 
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An equally valid formulation is based on the cation normalized pseudomolecule 

LaF2.9t 00.10 ArO.o14 • 

Applying Bragg's rule to this molecule we have 

e(EJ - eLa(EJ + 2.94£F(EJ + O.IO£O(EJ + O.OI4£Ar(EJ (3.23) 

.. 137.17 x 10-21 MeV-emS/mol· • 

Now. however, Eq. (3.21) takes the form 

[
ANr] La _ 137.17 X 10-21 MeV-ems/mol· 1.583x 1017 atoms/emS 
Nr .urlace E 1.892 MeV 1.0 atom/mol· 

=1.15% 

We see that the two methods of expressing stoichiometry are equivalent, as they should 

be. although the bookkeeping is slightly different. 

Mean Energy Approximation (MEA) 

The second most common approximation is the mean ellergy approxinuuion. This 

approximation is based upon approximating the stopping cross section by a constant so 

Eq. (3.16) becomes 

3U~OQ (DTR)CFB1 (EoZ + EoE + E2) - e-l(E)cos~Eo - E) (3.24) 

where 

(3.25) 

The energy E of the particle just prior to scattering at the rear film interface is 

not known and must be solved by iteration. We start by substituting Eo as an initial 

guess for E into the left hand side of Eq. (3.24) and the right hand side of Eq. (3.25), 

and then solve the equation for E. We then substitute this new guess at E into the left 

hand side of Eq. (3.24) and right hand side of Eq. (3.25) and solve the resultant equa-

----------------------. __ .- .-



63 

tion again for a better estimate of E. After a few such iterations, the estimates of E 

and feE) converge. Although this method is tedious by hand, it is easily programmable 

on a personal computer. 

Messerly [1987] has shown that the error in the atomic density from the mean 

energy calculation is more than an order 0/ magnitude less than the error introduced by 

the SEA for an aluminum oxide film 160 nm thick (0.02% as opposed to 4.6%). In the 

SEA the right hand side of EQ. (3.16) is identically zero, which is clearly non-physical 

and is the reason for the failure of the SEA for thicker illms. 

If the error introduced by the MEA is an order of magnitude less than that of the 

SEA, we may be able to neglect the MEA error relative to the errors introduced by 

experimental uncertainties. That is, if 

[~Nr] « [~Nr] Nr mean E Nr exp' 

we may neglect the uncertainties introduced by the MEA, which is very desirable as it 

avoids additional complications to compositional analysis. 

Sample Mean Energy Calculation 

Let us again consider our lanthanum fluoride film of figure 3.1 and apply the MEA 

to determine the areal density of lanthanum atoms. After several iterations we obtain a 

the values E 1:1 1855 keY and E = 1874 keY. From Chu, Mayer, and Nicolet [1978] 

Appendix F, Table VII and Bragg's rule in the cation normalized form, Eq. (3.23), our 

polynomial fit to the stopping cross section, becomes 

feE) • 240.42 x 10-21 MeV-cm2/mol· . 

These quantities lead to the areal density 

----------------------- ---
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[Nrb..n E • I.S36 X 1017 atoms/em!. 

The expected error resulting from the MEA is obtained by using the formalism of 

Messerly [1987], and is 

[ ~f]mean E ~ 0.01%. 

This is clearly much less than the relative error from the experimental parameters found 

from EQ. (3.12), 

[ ~:,.r]exp = 3.05%. 

Messerly's formalism predicts the error in the areaI densities introduced by the MEA 

should increase as the square of the areal density. For our lanthanum fluoride film, this 

is an increase in film thickness of roughly 10 times (for a total thickness of I pm) for 

the relative error introduced by the MEA to reach the 1% level. None of our experi

mental films exceed ISO nm, so we need not consider higher order approximations to 

improve our areal density calculations. 

Density Calculation 

In the previous sections we reported two methods for calculating the absolute areal 

density of an element in a film. This information, combined with an independent 

thickness measurement, yields the average density of the thin film target [Simons, 

Crowe, and Brown 19821. The density results from first multiplying the areal density 

for each atomic species [Nr]1 by its respective atomic weight ml (in grams/atom) and 

summing the result over all the elements in the film. Finally this sum is divided by the 

independently measured film thickness r. Expressing this sequence mathematically 



6S 

p = ! ~ [Nrpml = (DTR)CFBIE2~ Aiml 
rL (lQr L (7i 

• • 0 
(3.26) 

1 1 

where the sum extends over all elements in the tllm and an appropriate approximation 

to E2 has been made. If we can neglect errors introduced by the approximation of F 

then the error in the p is given by 

IfP = I~I 4H [ JT1 A[NT1 
1 

= p ~r + ! ~ mi ~rp. 
r r L 

i 

(3.27) 

where ~[Nr]i is given by Eq.(3.12) and ~r is the estimated error in the thickness mea-

surement r. We see from the form of Eq. (3.27) that the error in density is most sensi

tive to traces of massive elements, where [Nr]! is small and mi is large. 

Example Density Calculation 

Referring to the lanthanum fluoride film of figure 3.1 again, we will calculate its 

density and the associated uncertainties. In the MEA the various atomic densities are 

(in units of 1016 atoms/cm2) 

[Nr]La II IS4 ± S, 

[Nr]F - 451 ± IS, 

[Nr]o = 16 ± 2, 

and 

[NrjAr - 2.2 ± 0.3. 

The atomic masses are (in units of 10-23 g/atom) 

mLa _ 23.07, 



mF = 3.155. 

mO = 2.657. 

and 

mAr == 6.634. 
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The Illm thickness as measured by a WYKO optical prof'tlometer was 94 ± 3 nm. 

Inserting all of the above values into EQs. (3.26) and (3.27) yields 

p = (5.4 ± 0.3) gtem'. 

It is important to stress that the errors in the stopping cross sections for the various 

constituent elements in the f'tlm are not accounted for in Eq. (3.27). This means that 

the errors of the density measurements are likely to be slightly larger than those quoted 

above. The errors due to the uncertainties in the stopping cross section depend on 

which elements make up the 111m and on which energies are involved. In addition. the 

presence of elements to which backscattering spectrometry is insensitive. most notably 

hydrogen. will introduce errors in the calculation of stopping cross sections. For com

parisons between films with approximately the same composition and thicknesses. how

ever. the absolute density measurements may be skewed but the relative measurements 

will tend to be skewed in the same direction. Differences between these similarly com

posed films will often lend insight into their deposition; here is where density calcula

tions have their greatest utility. 

Conclusions 

In this chapter we introduced concepts fundamental to the analysis of coatings by 

backscattering spectrometry. The stoichiometric information contained in a backscatter

ing spectrum is extensive. while the calculations are particularly simple and remarkably 
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accurate. These two features have promoted backscattering spectrometry as an in

dispensable analytical tool for thin iIlm characterization in our laboratory. The optical 

properties of materials are inextricably linked to their chemical properties and stoichi

ometric changes of a few percent alter their optical properties noticeably. Backscatter

ing spectrometry is the only technique that can claim this level of accuracy routinely. 

We have demonstrated two methods for representing the stoichiometry of our thin 

film samples: atomic fraction and cation normalized stoichiometry. Both of these meth

ods represent the exact same "real" stoichiometry; preference is a matter of aesthetics or 

interpretational convenience. 

The calculation of absolute areal densities, on the other hand, is not as straightfor

ward as the stoichiometric calculations nor as accurate. The reasons for the loss in 

accuracy are 1) calibration factors are now required and these are not known with pre

cision, and 2) stopping cross sections are only known to 5-10% accuracy, and the asso

ciated energy loss suffers from these inaccuracies. We presented the peak integration 

method for calculating absolute areal densities because it relies less heavily upon the 

stopping cross sections than the peak width method and is expected to be more accu

rate. 

One difficulty in calculating the areal density is primarily a matter of bookkeep

ing. To yield the correct number of atoms per unit area, an accurate accounting must 

be made of the atoms per molecule as defined in Bragg's rule. We introduced the con

cept of the pseudomolecule to clarify this accounting. 

Backscattering spectrometry's natural unit of measure is atoms per unit area. A 

plethora of Nr products appear throughout this and subsequent chapters. To convert 

from backscattering spectrometry's two-dimensional environment to our three-dimen

sional world requires us to measure the target film's thickness independently, which 
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allows us to convert Nr to N so that we may calculate the density p of our target 

Because the density calculations' reliance upon areal densities, they suffer from rela

tively large uncertainties. Despite this problem, such density calculations prove instruc

tive in comparisons between targets of nominally identical materials. 

In short, backscattering spectrometry is a powerful analytical technique in the 

hands of a conscientious researcher who understands its strengths and limitations. 
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CHAPTER 4 

IMPROVING THE ACCURACY OF BACKSCATfERlNG SPECTROMETRY 

Introduction 

In chapter 3 we developed analytic expressions for the compositional characteriza

tion of thin films by backscattering spectrometry. We have made two explicit assump

tions in deriving these expressions: I) the Rutherford formula (Eq. (2.13» is valid in 

the energy region in which we are operating and 2) the spectral peaks for the individual 

elements comprising the target are well separated - the criterion necessary for accurate 

application of the peak integraJion method. In this chapter we will address procedures 

for dealing with departures from these conditions. 

The scattering by our target may depart from the Rutherford law description due 

to 1) atomic electrons screening of the nuclear charge of the target seen by the projec

tile and 2) the incoming particle exciting nuclear resonances or other nuclear processes. 

We will first address corrections to the Rutherford formula to account for electronic 

screening and how they affect our stoichiometry formulae. We will defer discussion of 

nuclear processes to the section on methods for dealing with peak overlap. 
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Correcting the Rutherford Formula for Charge Screening 

In a typical backscattering experiment - for example, 2 MeV 4He projectiles ba~k

scattered through 1700 - the major part of the projectile's deflection occurs at distances 

smaller than the radius of the K-sheU of the targt:t atom [Anderson et al 1980]. How

ever, until the projectile enters this zone, at least some of the nuclear charge is screened 

by the atomic electrons. The projectile ion sees a potential that falls off more rapidly 

than the Ilr dependence of the Coulomb potential and is essentially zero far from the 

atom. In the Rutherford energy regime, deimed for our purpose to be projectile parti

cles with kinetic energies in the 0.6 MeV to 3 MeV range, the projectile is considered 

to be weakly screened because the projectile ion sees essentially all of the nuclear charge 

along at least part of its trajectory. In this regime we would expect relatively small 

departures from the Rutherford formula, so a perturbational approach should be ade

quate to estimate any necessary corrections. We would, however, expect the screening 

to increase with the number of atomic electrons. In addition, the functional dependence 

assumed for the perturbing potential will dictate the form of this correction so care 

must be exercised in choosing it; it is helpful to choose a simple analytic form so as not 

to make the calculation of stoichiometries burdensome. 

A number of investigators have derived corrections to the Rutherford formula. As 

we pointed out in chapter two, departing from the pure Coulomb potential forces us to 

solve our scattering problem quantum mechanically. However, if the radius of mini

mum approach is greater than the De Broglie wa·~·elength of the interacting particles, 

classical mechanics is valid [Bohr 1948]. All the investigators have applied this classical 

limit in their derivations. 



71 

Wenzel and Whaling (1952) were the imt to calculate a correction to the Ruther

ford scattering formula assuming a potential of the form 

VCr) .. ZlZ"e" _ 11 for r < a 
r 

VCr) = 0 for r> a (4.1) 

where Zl and Z" are the atomic numbers of the projectile and target particles respec

tively. e" is the square of the electronic charge (eZ = 1.44 x 10-7 eY-cm) and I1ww = 

32.6Z" 7/6 e V is the screening strength based on the Hartree model of the atom and a = 

Z l Z"eJ./11 is the screening radius. This simple potential leads to the screened scattering 

cross section 

[ 
O.0326Z1Z%7/6] 

(Jww = (JR 1 - ECM(keV) 

where the WW and R subscripts refer to Wenzel and Whaling and Rutherford respec-

tively and ECM is the center of mass energy given by 

M2 
ECM = M M Elab 

1 + % 

where Ml and M" are the masses of the projectile and target respectively and Elab is 

the kinetic energy of the projectile in the laboratory frame of reference. 

More recently. L'Ecuyer. Davies and Matsunami [1979). using the same form for 

the screening potential as Wenzel and Whaling. but substituting I1LDM = O.049Z2
4/3 keY 

from the quantum statistical Lenz-Jensen model. derived the following first order cor-

rection to the Rutherford formula: 

(4.3) 

They found that their formula accurately predicted the behavior of the ratio of bismuth. 
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to manganese atoms implanted in silicon as a function of ECM and Z1 within their 

experimental uncertainties. 

At about the time L'Ecuyer, Davies and Matsunami completed their study, Ander

son el oJ (1980) approached the problem from kinetic energy considerations and arrived 

at the following expression: 

(fA - (fa 1 + V
1
/ECM (4.4) 

where V 1 is the additional kinetic energy of the projectile relative to a pure Coulomb 

force field. Anderson el oJ also based their screening strength on the Lenz-lensen 

model, and express V 1 as 

V1 = 0.049Z1Z2JZ12/lS + Z22/ S keY. (4.5) 

If we expand Eq. (4.4) in the limit ECM > V 1 we find 

(fA ~ (fR[1 - E~ + .. .J. (4.6). 

Additionally, expanding Eq. (4.5) in the limit Z1 < Z2' we obtain 

V, '" O.049Z,Z""[1 + I [~:r/3 -.oJ keV. (4.7) 

Dropping terms higher than first order in Eq. (4.6) and substituting the zero order term 

for V 1 from Eq. (4.7), we arrive at 

[ 
O.049Z1Z2.c/3) 

(fA ~ (fR I - ECM(keV) 

which is the expression of L'Ecuyer, Davies and Matsunami (Eq. (4.3». We see Eq. 

(4.3) is just a limiting case of Eq. (4.4) and we would expect the two to yield similar 

corrections to the Rutherford formula for light, highly energetic projectiles scattered by 

heavy targets. On the other hand, Eq. (4.4) should be useful over a wider range of 

energies and projectiles. In figure 4.1, (fWW/(fR' (fLDM/(fR' and UA/uR are plotted as 
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functions of Z2 for 4He and EJab .,. 1 MeV. We see from this figure that Eq. (4.3) and 

Eq. (4.4) do indeed converge for large Z2' In addition. uWM/uR and uA/uR are plot

ted as a function of Elab for 4He projectiles scattered by rhodium to indicate the die

ferent energy dispersions of Eqs. (4.3) and (4.4). We see from the figure that Eq. (4.3) 

yields a slightly larger U value but approaches the value given by Eq. (4.4) as energy in

creases. 

Anderson el al [1980] and Hautala and Luomajllrui [1980] have used a more accu

rate potential based on the Dirac-Hartree-Fock-Slater (DHFS) electron density calcula

tion. This method simulates the electronic shell structure of atoms better than the sta

tistical mechanics approach of the Lenz-Jensen model. The problem with this method 

is that computers are required so no analytic correction factor can be derived. However. 

it allowed these researchers to investigate the departure of the scattering cross section 

from the Rutherford formula as a function of scattering angle 8. Both groups found 

the angular departure from the Rutherford formula negligible in the region of interest 

in backscattering spectrometry, that is 8 > 140°. Anderson el al's [1980] results indicate 

that their classical analytic expression. Eq. (4.4). mimics the more exact DHFS calcula

tions for 1H. 4He, and 7Li projectiles scattered by Mn and Bi implanted in Si. Both the 

DHFS and classical correction provide good fits to their experimental resUlts. As a 

further test of Eq. (4.4) we calculated the ratio (uAAu/uRAu)/(uAAl/uRAl) for 4He pro

jectiles in the energy range 0.6 MeV to 1.9 MeV and compared these to the experimen

tal results of Hautala and Luomajllrui [1980] and found Eq.(4.4) yielded a value for this 

ratio well within the error bars of their experimental data. Thus it would seem that Eq. 

(4.4) is a good candidate for a universal correction to the Rutherford scattering cross 

section in the Rutherford energy regime. 

------------------_ .. _---_._._------
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Figure 4.1: Screened cross seclions lor J MeV "He projecliles backscallered at 1700 plOI
led as a /wzclion o/largel atomic number (Z2) and normalized by lhe RUlherlord cross 
seclioll. 
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We conclude that the classical correction to the Rutherford cross section given by 

Anderson el aI [1980] (Eq. (4.4» is sufficiently accurate for light projectiles in the 

Rutherford energy regime that no further ref"mements need be made until experimental 

measurements become sufficiently precise to show this correction inadequate. In addi-

tion, Anderson el ai's classical correction has a relatively simple analytic form. On the 

volume of evidence indicating the need to correct the Rutherford formula for high 

atomic number targets we will incorporate this correction into our stoichiometry calcu-

lations. We thus define the screening correction factor (CFz ) to be 
2 

CF = ~= I 
Z2 - O'R [1 + T/Elab ) 

where Elab is the projectile energy in the laboratory frame and 

T = M1 + M2 [0.049Z1Z2(M1 + M2)]JZ 2/3 z 2/3 k V - M V1 = M 1 + 2 e 
2 2 

and Ml and M2 are the masses of the projectile aud target, respectively. 

Effect of Screening Correction on Areal Densities 

(4.8) 

(4.9) 

The correction of the scattering cross sections for nuclear charge screening will 

ultimately affect our stoichiometric equations given in chapter 3. We may express the 

corrected cross section as 

(I ... ~(J-,R~= ... =_(1=-:0 = 
1 + TIE E2 + TE 

(4.10) 

where (10 is the Rutherford scattering cross section at MeV and E is expressed in 

MeV as in chapter 3. Expressing the energy dependence explicitly allows us to derive a 

formula for the areal density analogous to Eq. (3.11), namely 

Nr... AOQ (DTR)CFB1[F+ TE]. 
(10 

(4.11) 

As before, we need to approximate F as well as E. Luckily, Fand E are simply rel-
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ated in the SEA and MEA. We will obtain explicit expressions for the areal density in 

the SEA and MEA. including the screening corrections. in the following sections. 

Screening Correction to the Areal Densities 

A. Surface Energy Approximation 

!he ad~ipon of the scJf!.eniJ)g co.,.~Jion to .tbe !:C\ttering cross sections changes the 

SEA expression to 

(4.12) 

This expression yields a higher value of Nr than Eq. (3.18). It can be shown that the 

expected error from the SEA is still given by Eq. (3.20). 

B. Mean Energy Approximation 

We can obtain the corrected equation for the peak integration method in the MEA 

by exactly the same assumption used in chapter 3: assume that the stopping cross sec-

tion E is a constant. so that the projectile energy varies linearly through the film. With 

this assumption Eq. (4.12) becomes 

Nr. (1o~ (DTR)CFB1 [j(EoZ + EoE + EZ) +~i(Eo +E)] 

.. E-1(E)cos¢(Eo-E) (4.13) 

As before. this equation is solved by iteration. In chapter 3, we found that the error 

introduced in making the MEA is negligible in comparison with the experimental 

uncertainties. This also holds for the screening corrected MEA, so that the uncertainty 

is still given by Eq. (3.12). 

----------------- ----_. --- -
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Because T is a function of the target element. the energy term will no longer 

cancel when we ratio the areal densities in stoichiometry calculations. We now explore 

the consequences of keeping this energy term in the stoichiometry calculations. 

Screening Correction of Stoichiometry Calculations 

The addition of the TE term in the scattering cross section of EQ. (4.10) results in 

a particular scattering dispersion with energy for each element. We must Imd a suitable 

approximation to both E and E2. As we saw in the previous section. the MEA is the 

nearly ideal solution. To Imd the mean energy, however, we must solve for the areal 

densities by iterating Eq. (4.13). Thus we must solve for the areal densities before 

determining the stoichiometry. An example will clarify this point. 

Sample Screening Correction Calculation 

The specific steps required to iterate Eq. (4.13) to find the necessary values of the 

[NT]i's, E and E2 are as follows: 

1) Calculate the areal density for each element [Nf]i in the SEA from Eq. (4.12), 

2) Calculate the projectile energy loss AE upon crossing the layer from the equa-

tion 

AE .. L [NT]I ti(Eo) 

i 

(4.14) 

where tl(EO> is the stopping cross section for element i evaluated at the surface 

energy Eo, 

3) Solve for the projectile energy at the rear surface of the film E from the 

-----------------_._-_.-------_._._--_ .. -
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equation 

(4.1S) 

4) Find the lust E and second EZ moments of the energy. Explicitly, solve the 

equations 

E = i(Eo + E) 

and 

EZ = l(E Z + E E + E2) 
3 0 0 ' 

S) Recalculate the [Nr]l's from Eq. (4.11) using E and E2 from part 4, 

6) Recalculate the energy loss .1.E from Eq. (4.14) but evaluate the E"S at E, 

7) Repeat parts 3,4,S, and 6 until a stable value of E and E2 is reached, and 

8) Use the E and EZ obtained to calculate the stoichiometry. 

The above procedure is easily programmed on a personal computer. 

(4.16) 

(4.17) 

We return to our lanthanum fluoride film of figure 3.1. Applying the above pro-

cedure to this film, we find it converges after only two iterations. The resulting MEA 

absolute areal densities are (in units of 1016 atoms/cm2) 

[Nr]La ... ISS ± S 

[Nr]F ... 4S1 ± IS 

[Nr]O ... 16 ± 2 

and 

[Nr]Ar - 2.2 ± 0.3. 

The stable values of E and EZ are 1.874 MeV and 3.S09 MeV2, respectively. The only 

one of the above [Nr] values that is different from the uncorrected value given in 

chapter 3 is [Nr]La which is 0.6% larger. This is a relatively small change, however 

that represents about 2S% of the error bar for the areal density. For the stoichiometric 
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calculations this skewing to lower concentrations for bigh-Z elements is more severe 

because the uncertainties are not as generous as those for areal density. This point will 

be emphasized by the following sections. 

Screening Corrections to the Atomic Fraction Stoichiometry 

In the MEA our expressions for our example lanthanum fluoride film's atomic 

fraction stoichiometry are easily modified to account for nuclear charge screening. If 

we express our iIlm's stoichiometry in the standard form 

with Q + p + ,., + r = I then the screening corrected expression for r is 

ALa@+TLaEj 
(1 La 

r = 0 
ALa [E2+TLaEJ AF [E2+TF EJ A0[E~T<>EJ AAr (E2+TAr EJ • 

... La + F + 0 + Ar 
"0 Uo Uo Uo 

where the Ai's and uoi's are found in Eq. (3.8) and (3.9). respectively. the 'fI's are (in 

units of 10-3 MeV) 

TLa = 23.27 

TF .. 2.597 

TO .. 2.317 

and 

TAr .. S.644 

and the values of E and F where found in the last section to be 1.874 MeV and 3.509 

Mev2, respectively. Similar equations hold for Q, p, and,.,. Substituting all of the 

above values into the appropriate equations yields the screening corrected atomic frac-

tion stoichiometry, 



Ulo.249±O.OO3F O.722iO.OO3 00.025iO.OO2 Ar O.G03SiO.OOO4 • 

Compare this with the uncorrected atomic fraction stoichiometry, 

Ulo.247iO.OO3 F O.724±O.003 00.025iO.OO2 ArO.OOS6iO.OOO4 • 
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We f"md that correcting for screening raises the percentage of lanthanum in the ntm at 

the expense of the percentage of fluorine in the mm, although the actual areal density 

of fluorine is unaltered. This is an artifact of the normalization a + fJ + , + r = 1. 

Screening Corrections to the Cation Normalized Stoichiometry 

The defining equations for cation normalized stoichiometry are also easily modified 

to correct for nuclear charge screening. The form of cation normalized stoichiometry 

for our example lanthanum fluoride ntm is 

LaFaOpAr" 

where a + fJ + ,,,. 1. The screening corrected expression for a is 

AF [ao
La 1 [ ~(E02 + EoE + E2) + ~ TF(E!J + E) ] 

a = ALa al ~(E02 + EoE + E2) + i TLa(Eo ~ E) 

with similar expressions holding for fJ and,. After substitution of the appropriate 

values we find the screening corrected cation normalized stoichiometry 

LaF2.91iO.04 00.lOiO.Ol ArO.014iO.OO2· 

Compare this with the uncorrected stoichiometry 

LaF2•94iO.04 00.lOiO.Ol ArO.014iO.OO2· 

The difference in the fluorine-to-Ianthanum ratios between the uncorrected and cor-

rected versions is 1%. This is a large fraction of the error bar on the calculation, 

1.35%. This is evidence of the important role nuclear charge screening corrections can 

make in stoichiometry calculations. 
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Correcting for nuclear charge screening also has important interpretational signifi

cance. We notice that our iJlm is considerably farther from ideal stoichiometry, LaF3• 

than we would have been lead to believe from our uncorrected stoichiometry. Addi

tionally. counting bonds in our screening-corrected cation-normalized case. we imd that 

the oxygen almost exactly compensates for the fluorine deficiency (assuming I bond per 

oxygen atom as in a hydroxyl ion). This implies that the oxygen enters the film to fill 

fluorine vacancies [Targove 1987] and dense. stoichiometric LaF3 films would contain 

little to no oxygen. 

Validity of Nuclear Charge Screening Correction 

In the previous sections we emphasized the importance of correcting the Ruther

ford formula for nuclear charge screening. How do we "know" this correction is neces

sary? Certainly the uncorrected fluorine to lanthanum ratio for our representative lan

thanum fluoride film is not unattainable. In addition. water can be chemisorbed in the 

columnar microstructure of porous thin films resulting in extra oxygen being detected 

by backscattering measurements. Since backscattering spectrometry is insensitive to 

hydrogen we cannot be sure if the oxygen in the film is bonded to La as a lanthanum 

oxyfluoride. interstitial oxygen. interstitial water or a lanthanum fluoride-hydroxide 

complex. 

The question comes down to one of plausibility. Several of the lanthanide trifluo

rides. notably YbF3, TbF3 , and HoF3• were measured to be hyperstoichiometric, i.e. 

fluorine to lanthanide ratios greater than 3. This seemed counter-intuitive since we had 

no known sources of fluorine in our chamber with the exception of the source material. 

The chemistry of the rare earths also does not support a hyperstoichiometry [Cotton and 

-----------------------------------_.-
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Wilkinson. 1988]. We fouod that the nuclear charge screening correction elimioated this 

apparent hyperstoichiometry. Table 4.1 contains several examples of "hyperstoichiome-

tric" f'tlms prior to application of the screening correction and the corresponding stoichi-

ometries after correction. The utility and importance of the correction is apparenL 

Table 4.1: Cation normalized stoichiometries of lanthanide trifluorides with and without 
nuclear charge screening correction. 

Run Uncorrected Corrected 

S09D YbF3.0u0.03 YbF2.99±O.03 

S03B HoF3.02iO.03 HoF2.98iO.03 

S02B TbF3.04±O.<K TbF3.00iO.<K 

431B YbF3.01iO.03 YbFU7:tO.03 

421B ErFs.06iO.04 ErF3.02iO.04 

Spectral Peak Overlap 

Introduction 

In the first half of this chapter we detailed methods for correcting inaccuracies in sto-

ichiometric calculations resulting from nuclear charge screening by atomic electrons in 

-----------------_ .... -
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the target. Another common source of inaccuracy in backscattering spectrometry for 

compounds is the overlap of peaks from each element in the target. A severe case is 

illustrated in figure 4.3 for a europium fluoride i11m that alloyed with the molybdenum 

boat source during evaporation. The odd shaped peak above channel number 900 is 

really the sum of the molybdenum and europium peaks. 

Normally, the coating thickness is chosen to avoid peak overlap; however, some-

times other considerations, such as other required measurements, will dictate the coating 

thickness. If this is not the case, we select a film thickness based on the constituents 

which would be expected to be separated by the smallest energy interval. This energy 

separation between elements is influenced by 1) the difference in kinematic factors 

between the isotopes of smallest mass difference for the two elements and 2) the energy 

width of the heavier element's peak. We will develop specific equations to predict the 

width of an elemental peak in the spectrum of a compound film. This is accomplished 

through the stopping cross section factor [fl. 

Stopping Cross Section Factor lE] 

The stopping cross section factor relates the energy at which a particle is detected 

to the depth at which backscattering occurred. To understand how these Quantities are 

related, we refer to the hypothetical compound film with composition AB illustrated in 

fjgure 4.4. The energy of an projectile of initial energy Eo upon traversing the entire 

thickness l' of the film is 

(ICOS; 
E - Eo - J

o 
~;(E)dX. 

If we approximate dE/dx as linear and use the definition of the stopping cross section 
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Figure 4.4: Geometry for calculating the stopping cross seclioll factor [e1. 
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(Eq. (2.16» we have 

(4.18) 

where Em is an appropriate approximation to the energy along the inward path (to be 

found). After scattering by element A at angle (J and traversing the i1lm again. our 

projectile emerges with energy E1A given by 

E1A = KAE - ~f' EAB(E~t). 

After scattering by B a projectile emerges with energy E1B given by 

E1B = KBE - ~1' EAB(E!t). 

(4.19A) 

(4.198) 

The energies E~t and E!t are different because the energies along the outward paths 

are governed by the energy after scattering which is element specific, whereas the 

energy along the inward trajectory Ein is governed by the initial beam energy, which is 

independent of the target species. The energy widths of the peaks, ~EA and ~EB, are 

then 

~EA _ KA E - E A _ [KA EAB(E. ) + _1- EAB(EA )]NAB1' o 1 co~ In cosfJ out , 

and 

~EB _ KBE - E B _ [KB EAB(E. ) + _1- EAB(EB t)]NAB1' 
o 1 co~ In cosfJ ou , 

which lead to the definitions of the stopping cross section factors 

[EA,AB] - [~~ EAB(Ein) + cc!sfJ EAB(E~ut>]. 
and 

[EB,AB) _ [KB EAB(Ein > + _1- EAB(EB t>]. 
co~ cosfJ ou 

(4.20A) 

(4.208) 

(4.2IA) 

(4.218) 

We now need approximations to Ein and E~ut. If we adopt the usual approxima

tions to energy. the SEA and MEA, we find 
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(4.22) 

and 

in the SEA and 

Ein .. ~(Eo + E). 

E~t" i(KAEo + E1A). (4.23) 

and 

E!at" i(KBEO + ElB) 

in the MEA. We will represent the stopping cross section factor in the SEA for ele-

ment A in compound AD by the symbol [EoA.AB] and in the MEA by the symbol 

[~.AB]. 
E 

Sample Calculation Cor Optimal Coating Thickness Design 

Let us suppose that prior to the deposition of the example lanthanum fluoride of 

figure 3.1 we wish to determine how thick we can make the film before the fluorine 

and oxygen peaks in the spectrum begin to overlap. The SEA criterion is 

E F 1:1 KFE - ~EF .. KFE _ [f F.LaF3]NLaF3 r > KOE 
1 0 0 0 o· 

Solving for r we have 

(KF - KO)E 
r < 0 

[foF.LaF3]NLaF3· 

Substituting a typical beam energy of 1.892 MeV, [foF.LaF3] 1:1 4.706 X 10-19 MeV-cm%, 

and NLaF3 .. 1.81 x IOU mol/cm3 assuming bulk density we arrive at the relation r < 

145 nm for the oxygen and fluorine peaks not to overlap in our spectrum. In reality 

this is an upper limit on the maximum coating thickness because 1) the SEA wtderesti-
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mates [EoF.LaF3 ] and 2) energy straggling and fmite resolution of the detector broaden 

the peaks. 

Sometimes other considerations such as subsequent measurements to be performed. 

preclude our choosing the optimal thickness for the backscattering analysis at some 

energy. How can we separate the peaks in this case? We can accomplish this by rais-

ing the primary beam energy Eo. 

High Energy Backscattering 

Introduction 

As we raise the primary beam energy Eo several things change: I) the screening 

corrections to the Rutherford formula become negligible, 2) mass resolution improves, 

and 3) particular combinations of projectile-target combinations may result in nuclear 

resonances or nuclear reactions. We have already addressed backscattering stoichiome-

tric analysis when the Rutherford law holds in chapter 3. We will now discuss the 

effect of primary beam energy on mass resolution and backscattering analysis when the 

scattering cross section deviates from the Rutherford formula due to nuclear interac-

tions. 

Mass Resolution 

The kinematic factor (Eq. (2.S» is not an explicit function of energy; however, the 

energy separation ~EM between two elements, given by 
2 
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is an explicit function of energy. For perfect backscattering, 6 - 180°, we obtain the 

simple expression 

or 

~~ 4EoMI(MJ - MI) 
~J = (MI + MJ)J 

(4.24) 

We see that we can increase peak separation by increasing the primary beam energy or 

the projectile mass if Ml «M2• EQ. (4.24) is plotted as a function of MJ for 2 and 4 

MeV 4He and 2 MeV 1Li in figure 4.5. This figure shows that increasing the projectile 

mass improves the separation of spectral peaks for heavier elements at the expense of 

light element separation. In addition, EQ. (4.24) takes no account of the resolution of 

the detector system. Leavitt el aJ [1988] have shown that heavier projectiles do not 

improve mass resolution below S MeV primary beam energy due to decreased detector 

resolution for the heavier projectile ions. Thus it seems that raising the primary beam 

energy is the best approach to eliminating peak overlap. 

Energy Loss and Stopping Cross Sections 

In addition to the increased energy separation brought about through the kinematic 

factor by increasing the primary beam energy. the stopping cross sections for "He pass-

ing through elemental and compound targets decrease with increasing energy after 

peaking between I and 2 MeV. Examples of this behavior are demonstrated for LaF3 

and Hf02 in figure 4.6. The decrease in stopping cross section with increasing projec

tile energy has two consequences: I) films can be thicker while still having spectra with 

well separated peaks and 2) depth resolution suffers. The depth resolution at the sur-
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face of a material with N particles per unit volume is defined by [ehu. Mayer. and 

Nicolet 1978] 

&x=~ 
N[EeJ 

(4.25) 

where &r is the energy resolution of the detection system and [£01 is the stopping cross 

section factor for the material in the SEA given by EQ. (4.21). EQ. (4.25) clearly shows 

that the depth resolution degrades as the stopping cross section factor decreases. 

Sample Calculation for Optimal Coating Thickness (Revisited) 

As an example of the combined effects of increased peak separation and reduced 

stopping cross section on peak overlap we will recalculate the maximum allowable coat-

ing thickness for our representative lanthanum fluoride film to avoid overlap of the 

oxygen and fluorine peaks. If we raise the primary beam energy to 3.776 MeV we 

find 

r < (KF - KO)Eo = (0.4278-0.3625)3.776 = 413 nm. 
[EoF,LaF3 ]NLaF3 (330.12xI0-21 )1.8IxIOn 

which is nearly three times as thick as the maximum thickness allowed for a primary 

beam energy of 1.892 Me V. 

We see that raising the primary beam energy can separate overlapping backscatter-

ing spectral peaks. Raising the primary beam energy is not without complications. 

however. As the fHe beam energy increases. scattering by light elements can deviate 

from the Rutherford law in a complicated manner. due to the interaction between the 

projectile and target nuclei; it is thus specific to the projectile-target combination. This 

is the case for both fluorine and oxygen at the energy in the example above. 
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Non-Rutherford Scattering Corrections for Light Elements 

In the absence of nuclear reactions, the scattering cross sections may still deviate 

from the Rutherford formula. The energy at which significant deviations from the 

Rutherford law can occur varies widely for different projectile-target combinations. A 

common volatile projectile-target combination is cHe scattered by 16(). This combina-

tion obeys the Rutherford law only in the 0.7-2.2 MeV energy region and exhibits a 

pronounced resonant behavior above this region. If, however, we have sufficiently 

accurate empirical measures of the non-Rutherford cross sections for oxygen and other 

light elements, we can substitute these values for the cross sections used in our stoichi-

ometry calculations in chapter 3. The problem with such an approach is that the energy 

dependence of the cross sections must be known over the interval from the primary 

beam energy Eo to the energy at the rear interface of the film E, so we can find the 

proper average cross section for the layer. If we have only one light element of inter-

est, say oxygen, we can choose the primary energy such that the energy dependence of 

the cross section is well behaved. For cHe scattered by oxygen the 3.5-3.8 MeV and 

4.5-4.7 MeV energy regions are sufficiently smooth that we can interpolate the cross 

section as long as the films are not too thick [Leavitt el al I 989b). We can then modify 

the equations developed in chapter 3 by adding another correction factor to account for 

the non-Rutherford cross section. With this addition, Eq. (3.11) for the areal density 

becomes 

where 

- A-
NT = CF OQ E2(DTR)CFB1 

0'0 NR 

. ..2illL 
CFNR EI O'R (E) 

(4.26) 

and O'a (E) is the Rutherford scattering cross section at energy E. This correction factor 
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is then carried through the subsequent stoichiometry calculations. 

The correction factors for 4He scattered by carbon [Leavitt el aI 1988. 1989a] and 

oxygen [Leavitt el aI 1989b] through 170.50 in the primary beam energy range of 1.8 to 

5.0 MeV are available in the literature. An example stoichiometry calculation will clar

ify the role of this correction factor. 

Sample High Energy Stoichiometry Calculation 

Figure 4.7 illustrates the 4He backscattering spectrum from a 110 nm hafnium 

dioxide thin illm target measured at a primary beam energy of 3.776 MeV. Note the 

odd shape of the carbon substrate peak below channel number 250. This is due to the 

strong deviations from the Rutherford law for carbon starting at about 2.6 MeV. The 

spectrum of the same illm. shown at Eo = 1.892 MeV. exhibiting some peak overlap 

near channel 900 in figure 4.8. The film thickness was chosen to check oxygen unifor

mity in the illm as well as for subsequent electron microscopy investigations. These 

thickness considerations. however. result in the overlap of the hafnium and zirconium 

contaminant peaks at 1.892 MeV. The overlap region is dominated by the hafnium 

peak making extraction of the zirconium contribution in this region difficult. At 3.776 

MeV the hafnium and zirconium peaks are well separated. The various peaks areas in 

figure 4.7 are 

AH! ... 98926 ± 316. 

AZr ... 565 ± 26, 

and 

AO ... 2653 ± 54. 

The Rutherford cross sections at 1 MeV are 

-----------------------_._--------- ._ .. _-----.-
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O'OBI - 27.25. 

O'oZr - 8.388. 

and 

0'00 - 0.2965. 
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The non-Rutherford correction factor CFNR for oxygen at the mean energy of 3.759 

MeV is 1.15±0.02 from Leavitt. et al [1989b). The nuclear charge screening correction 

factor from EQ. (4.8) for a He target. CF'11' at primary beam energy of 3.776 MeV is 

where 

and 

A 0 O'oBl CF7J 
Ii" AHI 0'00 CFNR ' 

Substituting the above values for these quantities yields the stoichiometry 

HfZro.ollI47°2.1S· 

The formulae for uncertainties in the above quantities must account for the uncertainty 

in the empirical non-Rutherford correction factor CFNR• Taking this into account we 

arrive at the formulae 

and 

M 
Ii - [ ~AHI]:& [~AO]:& [ACFNR ]:& AHl + AO + CF

NR 
• 

So our final stoichiometry is 

---------------------------------
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HfZr O.ol8&:tO,OOW 02.1S:tO.o& 

which is hyperstoichiometric (oxygen-to-metal ratio greater than two) even with charge 

screening correction. The hyperstoichiometry of hafnium dioxide will be discussed in 

detail in chapter 6. 

Conclusions 

In this chapter we have demonstrated the importance of correcting for the nuclear 

charge screening by atomic electrons and have found the simple analytic correction of 

Anderson et aJ [1980] to be sufficiently accurate over the greatest range of targets and 

energies. We then demonstrated that this correction removed the anomalous hyperstoi

chiometry in several lanthanide trifluorides without over-complicating our stoichiometry 

calculations. 

In the second part of this chapter we addressed the problem of spectral peak over

lap in backscattering spectrometry. We found that increasing the primary beam energy 

separates these overlapping peaks. In addition, higher primary beam energy resulted in 

significant deviations from the Rutherford law for light target elements. This deviation 

could be accounted for by using empirical cross section values such as those of Leavitt 

et aJ [1988, 1989a, 1989bJ with excellent success. 

It should be noted, however, that increasing the primary beam energy is not the 

only way to deconvolve overlapping peaks. McIntyre, Ashbaugh, and Leavitt [1987J, 

for example, have used computer fitting of overlapping peaks to determine film stoichi

ometry with success. The method assumes uniform composition throughout the film 

which may not hold for some films. In addition, trace contaminants may be overlooked 

due to the large noise associated with the counting statistics. For these reasons, we 
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prefer raising the primary beam energy to computer fitting in facilities that have this 

capability. 

In short. we have shown that the accuracy of backscattering spectrometry can be 

improved by correcting for the presence of atomic shells. and spectral peak overlap is 

reduced or eliminated by raising the primary beam energy. which allows us to accu

rately calculate illm stoichiometry. 
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Up until now we have concerned ourselves with the average stoichiometry of the 

chemical constituents in our fllms. In many instances the composition is homogeneous 

so that the average stoichiometry is adequate. In some instances, however, this is no 

longer true and it becomes important to analyze composition as a function of depth. 

Recall that the depth profile comes "at no extra charge" (pun intended) when we mea

sure a target by backscattering spectrometry. This is accomplished through the stopping 

cross section E. The problem stems from the units in which backscattering spectrometry 

expresses the depth profile. As stated in chapter 3, backscattering spectrometry yields a 

depth profile in atoms per unit area at depth x, i.e. N(X)dX where dX is some small 

thickness of the coating which can be related to the energy width of a channel of the 

multichannel analyzer. We are really interested in the number of atoms per unit volume 

at depth x, N(x). In addition, the depth scales for different elements, given by the 
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stopping cross section factor, Eq. (4.21), are also different. Lighter elements have a 

coarser depth scale than more massive elements. The depth scale is also a function of 

the primary beam energy. For the best depth resolution we choose a primary beam 

energy near the maximum in stopping cross section for the material because dx/dE • 

(dE/dx)-l - lINE is a minimum. If the sample is laterally uniform we can tilt it to 

improve depth resolution, increasing the illm thickness normal to the probe beam. 

Depth resolution is best at the surface of the illm and degrades with depth. This 

is a direct result of energy straggling which spreads energies prior to scattering which, 

in tum, spreads backscattering energies. In this chapter we will demonstrate simple 

Quantitative depth profiling techniques and a procedure for improving the depth resolu-

tion of backscattering spectrometry for certain special cases of interest. 

Height of an Energy Spectrum for a Compound Sample 

Let us suppose we have a hypothetical compound of composition AB and atomic 

density NAB composed of monoisotopic elements A and B. The backscattering spc:c-

trum of this compound is sketched in figure S.l(b). The high-energy edge of each 

peak is defined by the kinematic factor K for each element. The energy width e of 

each channel in our multichannel analyzer is constant, however, the film thickness Ax 

this represents for each element is not the same. (Note the total widths AEI of the 

peaks for A and B in figure S.I(b) are not equal.) This is quantified by applying the 

definition of the stopping cross section factor EQ. (4.21) to find 

l:Jr.xA • f 
[EA,AB)NAB (S.la) 

and 
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Figure 5.1: (a) Schemmic drawing of scmlering from a compoUlld film of composition 
AB. (b) The resultanl backscmlering speclrum i/luslrming quanlilies defined in lhe leXl. 
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AxB - [EB.J]NAB' (S.lb) 

The amplitude at the channel corresponding to the f ... lm surface Hi 0 is found to be, with 

the aid of equation EQ. (3.1) and noting NA _ NB _ NAB, 

A OoAOQe 
Ho .. Eo2[EoA,AB~ (S.2a) 

and 

H B _ ooBOQe 
o Eo2[EoB,AB~ 

(S.2b) 

where 00i is the scattering cross section for element; at I MeV, (} is the detector solid 

angle, Q is the total number of projectiles incident upon ta'te ta.-get, the ['o1's are the 

stopping cross section factors in the SEA, and the I/~ factor accounts for the obli-

quity of the incident beam as illustrated in figure S.I(a). We will consider only the 

normal incidence case so we will drop the obliquity term from our subsequent equa-

tions. 

For particles scattered below the surface the situation is more complicated. The 

energy width of channel i in the peak for element A, ei' can be traced to a width el' 
of energies just prior to scattering by element A at some depth x. Likewise, the energy 

width of channel j in the peak for element B, ej' can be traced to a width ej' of ener

gies different from ei' just prior to scattering by element B at some depth x. The 

energy widths of ei and ej are the same while ei' and ej' are different. Let us examine 

the relationship between, saYr el and el'. A similar analysis holds for ej and el'. 

Assign the front edge of channel; the energy El so that the rear edge has energy E1-e. 
The projectile that arrives at the detector with energy El was scattered with energy 

KAE, and the projectile that arrives at the detector with energy E1-e was scattered with 

energy K(E-e'). Both particles lose about the same energy along the outward path since 

e is small, so that we can set these energy losses equal, i.e. 



Since e and E" are small compared with K A E and El 

~ .... e(KAE) e - f{E
1
)-
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(S.3) 

In addition, if the i11m is thin enough so that f{K A E) and e(E1) are not too different 

then Eq. (5.3) is approximately [Chu, Mayer, and Nicolet 1978] 

~ .... 1 + NADx deAD I e - cosIJ dE-Eout 
(5.4) 

where (NADx)lcosIJ is the material traversed by the projectile along the outward path 

and deAD IdE is the derivative of the stopping cross section with energy evaluated at the 

mean energy along the outward path EOId • Note that if we express the stopping cross 

section E as a polynomial in powers of energy, as in Chu, Mayer, and Nicolet's [1978] 

Appendix F, Table VB, the derivative is easily evaluated and Eq. (5.4) can then be 

solved by iteration with the aid of Eq. (4.23) to imd Eout -

If we add this depth scale correction to our surface energy expression for the 

spectrum height (Eq. (5.2» the following expression results: 

HA(E) • O'oAONADQe [1 + NADx deAD 1_ 1 
1 El2{eA,AD] cosO dE EoutJ 

(5.S) 

with El the energy just prior to scattering by element A that results in energy El at the 

detector. Note that a careful accounting must be taken of this energy because of the 

strong energy dependence of the scattering cross section. A similar expression holds for 

HB. For films under a few hundred nanometers thick the term containing the deriva

tive of the stopping cross section is quite small and can be neglected with little error 

introduced. In this approximation the conversion from backscattered energy to depth is 

----------------_. __ . -
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linear if the composition is homogeneous throughout the iJlm and Eq. (5.5) becomes 

u.AflNABQe 
HA(E1) - ~1S[EA.AB]· (5.6) 

If the composition is strongly inhomogeneous the stopping cross section E and stopping 

cross section factor [E] are strong functions of depth and this must be taken into account 

[Braun 1984]. Doing so complicates the analysis and mandates the use of computers to 

avoid the tedium of repeatedly calculating [E) for each channel. If, on the other hand, 

the element whose depth prome is desired is only a small fraction of an otherwise hom-

ogeneously composed i11m or whose composition proltIe varies only slightly from homo-

geneity then Eq. (5.6) is a good approximation. This is the case for the ltIms we will 

consider. 

We can invert Eq. (5.6) to find NA(xt) corresponding to energy El in the back-

scattering spectrum to find 

where 

KAEO - El 
xt • NAB[E_A.AB)' 

E 

(5.7) 

(5.8) 

and [E_A,AB] is the stopping cross section in the MEA, and we have introduced the bis
E 

muth correction factor CFBI and dead time ratio DTR into Eq. (5.7) as in chapter 3 to 

account for errors in charge measurement and electronics down time, respectively. Note 

that the Rutherford formula is assumed in Eq. (5.7) through the Ell dependence and 

either nuclear charge screening or non-Rutherford corrections should be applied, as 

applicable. Again a similar expression holds for NB(xJ). 

We may apply Eqs. (5.7) and (5.8) to depth profile our elemental constituents in a 

ltIm. The situation, however, is more complicated than suggested by Eqs. (5.7) and 

------------------- _. 
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(5.8). The resolution of the detection system 6r and energy straggling smear the depth 

prof'lle in energy. 

Depth Resolution 

The depth resolution at depth xO' 6x(xJ. in a 111m of atomic density N. is dermed 

by lChu, Mayer. and Nicolet 1978] as 

(5.9) 

where 6r and 6.(xO> are. respectively. the standard deviations for the energy spread in

troduced by the detector and subsequent detection electronics and energy straggling at 

depth xO' lE] is the stopping cross section factor. and the total energy spread is assumed 

to add in quadrature. At the 111m surface Eq. (5.9) reduces to Eq. (4.25). The depth 

resolution 6x(xo) is a measure of the certainty with which we know the atomic density 

of an element at depth xO' Eq. (5.9) tells us that this quantity becomcs more uncertain 

with depth since energy straggling is proportional to the material traversed (see Eq. 

(2.22». 

Note that Eq. (5.9) assumes that the channel width e is less than the system resolu-

tion Gr' This is certainly the case in most backscattering facilities. We have measured 

the system resolution for 1.892 MeV 4He projectiles scattered by various targets for the 

detector electronics at the Ion Beam Analysis Facility at the University of Arizona using 

a maximum likelihood estimator described later in this chapter. We found the system 

resolution under these conditions to be 5.4 :t 0.2 keV, which is in good agreement with 

the value calculated from the paper of Leavitt et aI [1988]. 5.6 :t 0.6 keV. Compare 

this value with the energy width per channel e under the same conditions of 1.815 :t 

------------------ - - -



106 

0.003 keY and we see that Eq. (5.9) is valid. 

The repercussions of energy strag!iling and system resolution will be reinforced in 

the example that follows and throughout this chapter. 

Example - Oxygen Depth Prome in Samarium Fluoride 

Figure S.2 shows the backscattering spectrum of a 92 run thick, ion-assisted depos

ited samarium fluoride thin i11m on a carbon substrate (Run 681A). The samarium, 

fluorine, and argon in the mm appear to be homogeneously distributed throughout the 

mill. The average cation normalized stoichiometry for this ("11m is 

A close-up of the oxygen peak for this film is illustrated in figure S.3. Inspection of 

this figure reveals that the oxygen distribution is not quite uniform but is concentrated 

toward the front and rear interfaces of the mm. We would like to calculate the oxygen _ ... -.,. ... 

profile. 

The oxygen peak extends from approximately channei number 325 to 379 on our 

multichannel analyzer. Oxygen is 99.8% leo so we will not consider the complications 

introduced by the presence of several isotopes. Each channel of our multichannel ana-

Iyzer is 1.815 ± 0.003 keV wide. The experimentally determined offset is -I channel so 

the energy for channel i, Ell, is 

Ell. [(1.8IS); - 1.81S] keV. 

The mean energy just prior to scattering from the rear surface of the film E(r) was 

found by the iteration method described in chapter 4 to be 1.844 MeV. The mean 

energy along the outward path is approximated by 

Eout ~ KOE - ~AE. 0.628 MeV 

-------------- ---"-- -
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where E - i(Eo +E(f'»is the mean energy along the inward trajectory and aE is the 

energy width of the oxygen peak. We use these values to nnd the stopping cross sec

tion factor [£_ SmFUl °o.ogAro.OS] which is 4.48IxI0-lG MeV-eml • Assuming an atomic 
E 

density ~mF2.8l °o.ogAro.os of 2.37x10u molecules/em', corresponding to a packing 

density of about 90%, we imd that each channel in the oxygen peak corresponds to a 

1.7 om thick section of the f'llm. The energy just prior to scattering by an oxygen atom 

Ei and subsequently detected at channel; is 2iven by 

Ei • [0.8889; + 349.1] keV. 

The remaining quantities necessary for applying EQs. (5.7) and (5.8) are 0 ... 7.8xI0'" 

steradians, Q - 3.122xlOlt particles, DTR - 1.01, CFSI - 1.05, and (100 - 2.96SxlO-25 

cml/steradian. The resultant depth prof'lle is shown in figure 5.4. (Note a constant 

background level of 4.8 ± 0.6 counts was subtracted from the spectrum before applying 

Eq. (5.7).) 

We see from the figure that the depth profile obtained is qualital;vely very similar 

to the information obtainable directly from the spectrum. We also see that depth pro-

filing in this manner is very sensitive to the noise in the spectrum. 

As a measure of the confidence we have in this depth profile, it behooves us to 

calculate the depth resolution 6x using Eq. (5.9). First, however, we must obtain the 

variance in energy straggling (6,)1. 

Energy Straggling and the Energy Straggling Factor [Wi] 

In chapter 2 we discussed the physical origins of energy straggling and presented 

the Bohr model to arrive at an expression for the variance Os 1 of this spread, Eq. 

(2.19). This expression, repeated here for convenience, is 

------------------ -_ .. _--_ .. - -_ .. --
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Figure 5.3: Expanded view of the oxygen peak for the samarium fluoride film of figure 
5.2. 
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(5.10) 

where Zl is the projectile atomic number, e is the electric charge, Z2 is the target 

atomic number, N is the target atomic density and x is the thickness traversed. lrJs 

expression states that the energy straggling is proportional to the material traversed by 

the projectile beam. In backscattering spectrometry projectiles traverse the material 

twice. To predict the expected energy straggling we would expect in our backscattering 

spectrum, we introduce the energy straggling /DCtor [wi] in analogy to the stopping 

cross section factor [El. Imagine an element A with atomic number Z2 at a depth x in a 

compound of composition AC where element C has atomic number Z3. Just prior to 

scattering by A our projectile beam has an energy spread with standard deviation tiE,in 

where 

(5.11) 

with NAC being the molecular density of the compound AC, the I/cos; accounts for 

the obliquity of the beam (see Fig. S.I(a». and (WaAC )2 is found from Eqs. (2.20) and 

(2.21) to be 

(5.12) 

After scattering by element A the standard deviation of the energy distribution is 

reduced to KAtiE,in. Along the outward trajectory the standard deviation tiE.out in

troduced to the projectile beam is 

(tiE.out)2. (WaAC)2 N~~X. (5.13) 

where the l/cosO accounts for the obliquity of the exit path. Assuming the energy var

iances of the inward and outward energy distributions add. the variance of the total 

energy spread in the projectile beam scattered by element A at depth x, (S.A(X»2, is 

(6.A(x»2. (KA)2(WaAC)2 ~x + (WsAC )2 N~~X . (5.14) 

This leads to a definition of the energy straggling /DCtOr. 

------------------.- -
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(5.15) 

so that 

(5.16) 

Eq. (5.15) predicts the energy straggling seen in the backscattering spectra of light ele

ments will be less than that seen in the heavier elements. On the other hand, the light 

elements also have narrower spectral peaks because the stopping cross section factors [E) 

are smaller. For an elemental target, the ratio 6.(X)/[E] is approximately proportional to 

1/ ~ so the net effect of reduced energy straggling and reduced stopping cross section 

factor is poorer depth resolution for light elements. The situation is even worse for 

light elements combined with heavy elements in compounds and alloys. 

As an example of the uncertainty in depth prof'iling introduced by the system 

resolution and energy straggling, we have calculated the depth resolution of oxygen at 

the mm surface and at the rear mm interface for the samarium fluoride film of figure 

5.2. The depth resolution was calculated at the surface using Eq. (4.25) and at the rear 

interface using Eq. (5.9). The results are 6x(0) - 6.5 nm and 6x(92 nm) - 8.7 nm. 

These values are plotted as horizontal bars in Fig. 5.4. The depth resolution at the rear 

interface is a measure of the uncertainty in the depth of the interface as well as in the 

equivalent thickness of oxygen atoms contributing to the calculated concentration at that 

depth. 

We see that noise, detection system resolution, and energy straggling all erode the 

confidence with which we can profile elemental constituents with backscattering spec

trometry. In certain cases, however, we may endeavor to do better. A methods of ach

ieving this is discussed in the following sections. 
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Improved Depth Profiling for Backscattering Spectrometry 

The depth resolution, and thus the accuracy, of backscattering spectrometry is deg

raded by the detection system resolution 6r and energy straggling 6.2• The relative 

resolution reduction was shown to be more severe for light elements, especially when 

mixed with heavy elements in the target Many light elements, particularly gaseous 

anions such as oxygen, nitrogen, and fluorine, are critical to the interpretation of chem

ical and optical properties, SO we would like to measure them as accurately as possible. 

Although these elements are among the more difficult to prortIe using backscattering 

spectrometry, we have some options left to us. 

Lengthening the measurement time t will increase the signal to noise ratio due to 

the statistics as Vi but will also increase the background noise at this same rate. More 

importantly, lengthening the measurement time will not diminish the smearing of the 

depth profile due to the system resolution and energy straggling. 

If, on the other hand, we suspect a particular depth prortIe for an element within 

a sample, we can model the backscattering spectrum and compare it to the observed 

spectrum. It is such a modelling approach that we will employ to improve the utility of 

backscattering spectrometry for depth profiling of light elements. 

Statistical Inference and Maximum Likelihood 

The energy of projectiles backscattered by the target into the detector can have a 

kinetic energy that ranges continuously from nearly zero to the primary beam energy Eo. 

The multichannel analyzer sorts these pulses from these incoming projectiles into energy 

bins (channels) of equal width. The width of each bin is much smaller than the possi-

----------------_.-_.- ----
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ble range of energies of incoming projectiles. In addition, the probability aN~ that a 

given particle will enter our . ~etector with an energy in the interval corresponding to a 

particular channel is extremely small while the total number of projectiles Q is Wag. 

These conditions imply that the number of counts in each channel is Poisson-distributed 

[Frieden 1983]. 

The counts that comprise a backscattering spectrum are the result of a number of 

underlying physical processes as outlined in chapter 2. Let us suppose that counts in 

the spectrum are the most likely to have occurred given the physics of the projectile-

target interaction. We can then apply the statistical principle of nuzx;mum likelihood to 

extract the "true" continuous backscattering spectrum from the Poisson noise. Let us 

call this signal i.(y), which, after "binning" by the multichannel analyzer becomes 

i.(Ym)' where m is the channel number. Each channel is assumed to be statistically in

dependent. We wish to maximize the joint probability p(n) of obtaining our data set n 

given our signal i.(Y) 

Pen) = -IT p(nm) • exp [- I: i.(Ym)] -IT [i,(tr'" (5.18) 
m-l m-l m-l 

and M is the number of channels we are considering. Taking the logarithm of the 

above [Frieden 1989], we obtain the maximum likelihood statistic 

M M M 

'7 !!II lnP(n) • - L i.(Ym) + L nmtn{i.(Ym)) - L tn{nml]. (5.19) 

m-l m-l m-l 

The last term in Eq. (5.19) is a constant and is unaffected by the choice of i.(Y). 

Dropping this term, our fitting statistic becomes 

---------------_ .. _ .. _._ ... -
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M 

"5i L Dmtn[i.(Ym» - i.(Ym)· (5.20) 

m-l 

The data set D is rued by the measurement. The signal set i.(Y) is determined from a 

plausible physical model. "is maximized by adjusting the parameter'S of the model. 

This may be done analytically or iteratively, depending upon the complixity of the phy

sical model. 

As a measure of the goodness of fit of the data to our physical model we intra-

duce the parameter 

(5.21) 

~ is zero for a perfect fit and increases as i.(Y) and D diverge. 

We will demonstrate the utility of this maximum likelihood estimator in improving 

prof'Iling by choosing two models which incorporate analytic formulae for i.(Y). 

Maximum Likelihood Measurement of Detection Impulse Response 

The system resolution Sr of a backscattering system is a measure of the standard 

deviation of the impulse response hey) of the detection electronics. We will assume the 

standard model for this impulse response function, a Gaussian. Explicitly, 

--r; 
hey) - ~ e 26r • (5.22) 

V2dr 

It is further assumed that this impulse response smears the spectrum by a simple convo-

lution, that is 



lIS 

;,(y) - r: I,(y')h(y-y')dy". (S.23) 

where I.{y) is the data before being smeared by the impulse response of the detection 

system. Also, note that hey) is normalized, i.e. 

(S.24) 

so that the impulse response does not scale the spectrum. We wish to measure the stan-

dard deviation 6r of the impulse response as well as validate the following hypotheses: 

1) the assumed Gaussian shape is an adequate approximation and 2) the convolution, 

EQ. (S.23), is valid. 

Film Model 

To verify the second hypothesis we need to measure the impulse response at two 

or more well-separated energies on a sicgle spectrum. This was accomplished by con

sidering the high energy edges of the peaks from monoisotopic elements in compound 

films of homogeneous composition. The compound films chosen were TbF 3 and HoF 3' 

Terbium, holmium and fluorine are all monoisotopic and the metal and fluorine peaks 

are well separated in energy. 

We modelled the high energy edge of a monoisotopic element as a step function 

which was then convolved with the impulse response of our detection system hey) as is 

illustrated in figure S.S. Analytically, the convolution takes the form 

J
y y'2 

i.(y) • *-Sr _ooe-'26? dy', (S.2S) 

where A is the height of the peak, y • (KEo - E) and K is the kinematic factor of the 



116 

element. The multichannel analyzer yields discrete data i.(Ym)' so Eq. (5.25) becomes 

(5.26) 

where Ym - (KEo - Em). Deiming the variables 

z. -..:L- and Zzn • ...!IL. 
-v26r -v2Gr 

(5.27) 

Eq. (S.26) becomes 

(S.28) 

Eq. (S.28) is in the form of the deimition of the error function. erf(z). so that Eq. 

(S.28) becomes 

i,(Ym) - ~I + erf(z,.») - ~ [I + err [ ~; ) l (5.29) 

Eq. (S.29) has three parameters to be determined: 1) the step height A. 2) the front 

edge position KEo. and 3) the standard deviation of the impulse response Gr. The step 

height can be determined from theoretical yields or by measuring the mean sample 

height from the spectrum at a point slightly removed from the front edge. We opted 

for the second approach. We averaged over 10 channels to reduce the error in determi

nation of the mean by a factor of v'iO - 3.16 [Frieden 1983]. Note that the sample 

mean is a maximum likelihood estimator for our model more than a few Gr's from the 

front edge. We are left with two parameters in our model to be determined. KEo and 

To maximize" (Eq. (5.20» given our model i.(y) (Eq. (S.29» we take the deriva

tive of Eq. (S.20) with respect to the parameters to be determined and set them equal to 

zero. That is 
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(S.30) 

and 

M _ ~ (.2!m..... -1) di,(Zm) 5n. _ 0 
dP L i.(Zm) dZzn dP 

m-l 

(S.31) 

where fJ • KEo' Eqs. (S.30) and (S.31) were solved by Newton-Raphson minimization 

with bounding [Press el al 1988] on a personal computer. ImpI6IiiCin~~il (if Newton-

Raphson minimization requires the derivatives of the functions to be minimized. The 

explicit expressions dr//dSr , d2q/dSr
2, d'1/dfJ, and dlq/dP2 for application of Newton

Raphson minimization for the model of Eq. (S.29) are given in appendix A. 

Results 

The result for the high energy edge of holmium in a holmium fluoride back

scattering spectrum is shown in figure S.6. The fit is quite good with t/J - 6.71xl0-4. 

Averaging the 6/s found over the four films measured yields the value 6r .. S.4 ± 

0.2 keY which, as mentioned previously, is in good agreement with Leavitt el aI's value 

of S.6 ± 0.6 keY. It is interesting to note that the quantity W is approximately the rel

ative uncertainty in 6r , suggesting that W also can be used as an estimate of the rela

tive uncertainty in the model parameters found by maximizing '1. This is a useful pro

perty of t/J because it allows us to evaluate the uncertainty in our model parameters 

from a single measurement. 

We have found, within the uncertainties determined from t/J, that the impulse 

response hey) is independent of its absolute. energy value. That is, the assumption that 

the signal i.(y) results from the convolution of the unsmeared signal I.{y) and the imp-
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ulse response hey) appears to be justified. This suggests that we could deconvolve i.(Y) 

and hey) by Fourier methods; however, the large signal-dependent noise in the back

scattering spectrum prevents us from doiJig so. 

FmaIly. this model could be used to fit the low energy edge of peaks to accurately 

determine the contributions of energy straggling by substituting Ym - Em -KEo into EQ. 

(528). The straggling contribution can then be extracted from the total energy spread 

P by assuming that the variances of the impulse response of the detection system 6r 
2 

and the energy straggling 6. 2 add, so that 

6.2 
- P - 6r

2
• (5.31) 

A extension of this idea is presented in the next section. 

Thickness Determination of Very Thin Imbedded Homogeneous Layers 

Often when the depth distribution of an element in a compound illm is inhomo

geneous, the inhomogeneity does not extend throughout the entire film thickness. A 

classic example of this phenomenon is oxygen in aluminum. A freshly evaporated alu

minum illm is nearly oxygen free; however, a native oxide layer rapidly grows on its 

surface. The growth of this alumina layer proceeds until no more oxygen can diffuse 

through it to the elemental aluminum. The thickness of this oxide layer is important in 

determining the optical properties of aluminum films particularly at grazing incidence 

[Hwangbo et al 1989]. In addition, different deposition techniques are likely to alter 

this native oxide layer, which might limit the utility of certain processes for metal dep

osition. Thus, we need an accurate means of measuring the thickness of this layer. 

We model the behavior of very thin, homogeneous layers imbedded in a much 

thicker homogeneous layer by a rectangle function convolved with a Gaussian spread 
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function. as sketched in figure 5.7. The spread function hey) takes the form 

1 -r. 
hey) - V2r6 e iIO- (5.32) 

where 62 is the sum of contributions from the detection system resolution and energy 

straggling. i.e. 

(5.33) 

At the surface. as would be the case for our native oxide layer on aluminum. this imp-

ulse response reduces to EQ. (5.22). After performing the convolution with the rectan-

g1e function. we IlDd the signal 

i.(Ym) - ~erf(Zm+) - erf(Zm-)J. (5.34) 

where A is the rectangle function height. Ym - (Em - Ells)' Ells is the energy midpo

int of the rectangle function. 

y + b/2 (Em - Ell ) + b/2 
Zm + - m V26 - v'2~ • (5.3Sa). 

y _ b/2 (Em - Ell ) - b/2 
Zm- - m v'26 - v'2~ • (S.35b) 

and b is the width of the rectangle function as illustrated in figure 5.7. If we include a 

constant background level 10, then i.(ym) becomes 

i.(ym ) -10 + ~erf(Zm+) - erf(Zm-»). (5.36) 

This model has five parameters to be determined: 1) the background level 10, 2) the 

rectangle function height A, 3) the position of the center of the rectangle function 

Ells' 4) the width of the rectangle function b. and S) the standard deviation of the 

impulse response 6. We can find the background level 10 by averaging over the back

ground in the neighborhood of the peak of interest. The other parameters are found by 

solving the foUowing equations: 

----------------_._-"" 
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Figure 5.7: Model of the backscattering signal from a thin homogeneous layer ra) before 
convolution with the impulse reponse h(y) and (b) after the convolution. 
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Figure 5.8: Expanded view of the backscattering spectrum of QlI aluminum film exhibit
ing a surface oxygen layer around channel number 375 and a film-substrate oxygen 
layer about channel number 350. 
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(5.37) 

(5.38) 

~ ~ (~ ) di,(Ym ) 
db - L. i.(Ym) - I db - O. 

m-I 

(5.39) 

and 

M . 
~ _ ""' (~- I] di,(Ym ) _ O. 
deS L. Ia(Ym) deS 

m-I 

(5.40) 

Eqs. (5.37) - (5.40) can be solved by Newton-Raphson minimization. The necessary 

derivatives for application of the Newton-Raphson method are in appendix B. 

Results - Oxygen in Aluminum 

Consider the aluminum film pictured in figure 5.8 (run 707A). The results of fit-

ting the front and rear oxygen peaks are shown in figure 5.9. The two peaks were 

fitted separately. The film-substrate interfacial peak in figure 5.9 is found by the 

model to be a delta function convolved with the impulse response of Eq. (5.32). In 

other words, this submerged layer is too thin to be resolved by our backscattering 

apparatus. The standard deviation of the impulse response 6 at the film-substrate inter-

face was found from fitting to be 6 - 7.4 keY with a '" of 9.3 x10-6 , implying an 

excellent fit between data and model. By application of Eq. (5.31) and using the value 

we found in the previous section for the detection system resolution, 6r • S.4 keY, we 
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Figure 5.9: Expanded view 0/ the oxygen peaks lor the aluminum /ilm of figure 5.8 
showing the maximum likelyhood lit lor each o/the peaks as a solid lille. The /ilm
substrate oxygen peak was fit using the model shown in figure S.7 from chQllllel number 
338 to 360. The t/J lor this region is 9.3 xIO-S • The sur/ace oxygen peak was lit sep
erately using the same model/rom chQllllel number 360 to 383. The t/J lor this region is 
8.6 xI0-3 . Neither layer is resolvable by the backscattering system and their width rep
resellts the energy resolution 0/ the backscattering system aJ that depth in aluminum. 

---------------_. -. 
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imd the contribution from energy straggling 

G. - 1/62 - Gr 2 - S.1 keY. 

Compare this with the energy straggling contribution predicted by the Bohr model 

found with the aid of EQs. (5.12). (5.15). and (5.16). i.e. G. - 3.3 keY. Such large 

departures are not unexpected at 4He projectile energies below about 4 MeV [Chu. 

Mayer. and Nicolet 1978. Chu 1976] and can be attributed to target non-uniformities 

[Sofield. el aI 1977. 1981] introduced by the idms columnar microstructure. 

The surface oxygen peak in figure 5.9 is also unresolved by the d~tection system. 

At the surface the standard deviation of the impulse response reduces to the detection 

system resolution Gr' From the fit for this iilin, Gr - 5.3 keY, which is well within the 

uncertainties in our determination of this quantity in the previous section. '" is a rather 

large 8.6 xlO-s, primarily the result of the 30 counts in channel 376, which are more 

than one and a half standard deviations from the model's value at this channel of 40.8 

counts. This outlier severely affects the calculation of '" but has little effect on the best 

fit found by maximizing Fl. This would not be the case if a least squares fit were emp

loyed. 

To check if our model was converging on the proper solution, we calculated the 

energy width of the oxygen peak, assuming this layer was stoichiometric aluminum 

oxide AI20:.. The stopping cross section factor in the SEA is (from Eq. (4.21» 

[EOO,A120 3 ] .307.88 xlO-18 keV-cm2• 

There are 1.33 Xl018 oxygen atoms/cm2 in this surface oxygen peak, implying 4.44 

xl015 AI20:. molecules/cm2 in the surface alumina layer. Then the energy width is 

~E • 307.88 x10-18 keV-cm2 • 4.44 xl016 cm-2 

• 1.36 keY 

which is only three quarters of a channel wide. Thus our model seems to have con-
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verged on the proper solution. Assuming the bulk density of AlsO:s of about 4 g/cm:S 

this surface passivation layer is about 1.9 nm thick. We have not done a similar calcu

lation for the thin layer at the Itlm-substrate interface because its composition is much 

more uncertain than the surface layer. 

Results - Samarium Fluoride Revisited 

In the previous example we showed that our maximum likelihood estimator f1 con

verged on the correct solution for a depth distribution we knew a priori, a native oxide 

layer growing on aluminum. We will now apply this same model to a IIlm of uncertain 

oxygen distribution. We again consider the ion-assisted deposited samarium fluoride 

Itlm whose backscattering spectrum is illustrated in figure S.2. We applied the model 

shown schematically in figure S.7 seperately to the hi~h. and low energy halves of the 

oxygen peak illustrated in fig S.3. 

The results for the low energy half of this peak are illustrated in figure S.10. 

Plotted in the figure &,0; a dotted line is the maximum likelihood signal i.(y) and the 

deconvolved signal obtained from the model parameters r.(y) is plotted as the solid line. 

,p for the fit of i.(y) to the data n is an impressive 1.4 xIO-s. Applying Occam's razor, 

the simplest model thal fits the dala is correct, we conclude that the solid line is the 

"true" depth profile for oxygen in this film. The standard deviation of the impulse 

response 5 is 8.1 keY. From EQ. (S.31) and our value for 5r of S.4 keY, we find the 

energy straggling contribution 5. - 6.0 keY, which is a factor of I.2S larger than the 

Bohr value o( 4.8 keY. 

This (ilm-substrate oxygen layer may be due to organic contaminants on the 

carbon substrate, a thin layer of samarium oxide mixed with the samarium fluoride, or 

------------------_.- - .. 
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Figure S.lO: Expanded view 01 the oxygen peak lor the samarium Iluoride lilm 01 
ligW'e 5.2 showing the maximum likelyhood signal is(Y) as the dotted line alld the dec
onvolved "true" signal Is(Y) as the solid /ine. The backgroWld 10 is 5.0 COWltS. t/J lor 
this region is 1.4 xl0-8 . 
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Figure S.l1: Expanded view 01 the oxygen peak lor the samarium Iluoride lilm 01 
ligW'e 5.2 showing the maximum likelyhood signal is(Y) as a solid line. t/J lor this 
region ;s 7.47 xI0-3. 
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a combination of these two possibilities. It is, however, much thicker than the organic 

contaminant layer typically seen in other idms - for example in the aluminum itlm of 

the previous example. This suggests that the samarium fluoride V-.-as contamhlate<! with 

oxygen prior to condensing on the f"'11m, perhaps from an oxide layer on the starting 

material which evaporates iust (being in contact with the boat) revealing the uncontam

inated fluoride underneath. 

We then applied the model again to the high energy half of the oxygen peak of 

figure 5.3. The result is shown in figure 5.11. The fit is fair with a t/J of 7.53 dO-s. 

In addition, the 6 found by the model was 16.8 keY, is larger than that found for the 

rear of the itlm where energy straggling is worse! In light of this result we conclude 

that our model does not adequately describe this region of the oxygen peak. The effort 

was not entirely in vain, for now we have gained the insight that the oxygen is not dis

tributed as a thin uniform layer in this region. A better model for this region might be 

an inhomogeneous diffusion profile or the vacancy distribution from Biersack and 

Haggmark's [1980] collisional cascade model for sputtering of amorphous materials. 

Such complex models, however, do not lend themselves to relatively simple analytic 

solutions and are thus more difficult to implement. 

Conclusions 

We have shown that a backscattering spectrum can be converted to a depth profile 

of elemental constituents in a thin film. For films under a few hundred nanometers the 

conversion from channel number to depth is a linear one if the composition is not 

highly inhomogeneous. Thus the backscattering spectrum itself yields a good qualitative 

depth profile in many cases. 

---------------_ .. -_ ...... . 
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We derived a statistic using the statistical principle of maximum likelihood to test 

hypothetical depth proitles that does not rely on accurate knowledge of stopping cross 

sections, energy straggling, or system parameters. The method allows a quanlilaJive 

measure of the fit of the data to the model with a single parameter. This parameter 

also serves as an estimate ot' the uncertainty in the determination of the model parame

ters. Care must be taken, however, to insure that the results obtained by modelling are 

physically plausable. 

We presented two spectral models which we applied to several different itlms. In 

the cases where the correct answer was known a priori, the statistic converged on this 

solution. Our statistic, however, found values for energy straggling that differed from 

those calculated using the Bohr model. The most likely explanations for this exist are 

1) target non-uniformities introduced by columnar microstructure and 2) the inadequa

cies of the Bohr model which neglects charge exchange effects [Sofiel, Cowem, and 

Freeman 1981] as well as electron shell effects [Chu 1976] which are not negligable in 

this energy regime. 

It would be interesting to apply the second film model to a multiple quantum well 

structure or x-ray mirror to determine how thick the layers must be before the approx

imation of the convolution in figure S.7 breaks down and an asymmetry in the peak 

shape is introduced by energy straggling in the modelled layer. 

We point out that we have not exhausted the range of possible depth profiles for 

which analytic solutions for i.(y) can be obtained. We have chosen these profiles 

because of their applicability to the compositional inhomogeneities seen in our films. 

Finally, the fitting statistic '7 of Eq. (S.20) was derived for a general signal i,(y) 

and is universally applicable to any model where the data exhibits Poisson statistics. 
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CHAPTER 6 

OPTICAL AND MICROSTRUCTURAL PROPERTIES OF HAFNIUM DIOXIDE 

Introduction 

Up until now. we have concentrated our discussion on backscattering spectrometry 

as a tool for exploring the chemical composition of thin rUms. Although an extremely 

powerful analytic technique. backscattering spectrometry does have limitations and must 

be complimented with other techniques to fully characterize the microstuctural proper

ties of a thin film which ultimately affect its macroscopic optical properties. 

In this chapter we describe the arsenal of characterization techniques that deter

mine the influence of the deposition environment on the microstructural properties of 

hafnium dioxide films. Hf02 is chemically very similar to zirconium dioxide. a well 

established optical material. The differences in physical properties. however. make 

HfOz an attractive alternative to zr02 for optical coatings. Hf02 has better UV tran

sparency than zr02• without sacrificing transparency in the near to mid IR region. The 

high refractive index (about 2 in the visible) along with excellent chemical and thermal 

stability make Hf02 an attractive candidate for optical coatings. 

The arsenal of characterization techniques employed in this study includes not only 

backscattering spectrometry. but also spectrophotometry. scanning electron microscopy 

----------------_. __ ..... 
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(SEM), transmission electron microscopy (TEM). electron diffraction. and x-ray photoe

lectron spectroscopy (XPS). Each of these techniques uncovers particular aspects of the 

f'Ilm microstructure particularly well. Together. they can build a complete understand

ing of the relationship between f'Ilm microstructure and deposition environment 

Before discussing the application of these techniques to our hafnium dioxide f'Ums. 

we briefly introduce some of the characteristics of hafnium and hafnium dioxi"'!!. 

emphasizing the attributes that make hafnium dioxide a good optical material. 

Introduction to Hafnium'and Hafnium Dioxide 

Hafnium, element 72. is a group IVB (4) transition metal. The chemistries of haf

nium and the element that proceeds it in column IVB. zirconium. are more nearly 

identical than any two elements in a single class. This is due primarily to the lanthan

ide contraction which results in nearly identical atomic and ionic radii. 0.145 and 0.086 

nm for Zr and Zr'+; 0.144 and 0.085 nm for Hf and Hf4+ [Cotton and Wilkinson 1988J. 

In addition, the Pauling electronegativities for Hf and Zr are 1.3 and 1.4. respectively 

[Pauling 1960]. These properties are remarkably similar, however. Hf is almost twice as 

massive as Zr as well as having a much larger neutron capture cross section. For this 

reason Hf and its compounds are of interest to the nuclear community. The small 

differences in atomic and ion radii as well as in electronegativities have lead to consid

erable vacillation in the values of these characteristics, particularly in the earlier work 

(for examples see the review article by Lynch [1970] on HfOz)' 

To further exacerbate the problem of distinguishing Hf and Zr. Hf is found in all 

Zr minerals in fractions of a percent. The two are extremely difficult to separate but 

this can now be accomplished by ion-exchange. solvent-extraction. or electrochemical 

------------------'--_ •........... __ . __ ... -._- . 
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methods [Cotton and Wilkinson 1988]. Thus. work performed on Hf compounds prior 

to the mid-1970's should be regarded with skepticism if a careful analysis of the Zr 

content is &1ot given. 

Hf and Zr highly favor the formal oxidation state IV when forming compounds. 

Although compounds with lower oxidation states have been synthesized. these are typi

cally halides although some nonstoichiometric oxide complexes are known in zirconium. 

However. the most stable oxides of Hf and Zr are HfOs and zrOs• In fact, HfOs is 

one of the most thermally stable oxides. (Only ThOs has a substantially higher melting 

point [Lynch 1970].) The oxides are produced commercially by intense heating of the 

metal hydroxide or oxalate [Sommerville 1989]. The resultant oxide will tend to be 

oxygen poor if the initial reactant is hydroxide and oxygen rich if oxalate. Because of 

their similarities. zrOs and HfOs form true solid solutions. The presence of zrOs 

lowers the melting point of HfOs linearly with the molar percentage of zrOs from 

about 29000 C for pure HfOs to about 27000 C for pure zrOs. At room temperatures. 

both HfOs and zrOs exhibit a distorted fluorite crystalline structure (monoclinic) which 

are two of the few compounds in violation of Pauling's rules for formation of crystal 

structure. which predicts a rutile structure. The monoclinic HfOs lattice is somewhat 

strained. but temperatures in the range 1500 - 16000 C relieve this strain by promoting 

a martensitic phase transformation from a monoclinic to a tetragonal lattice character

ized by the coexistence of both phases separated by sharp boundaries and thermal hys

teresis. At yet higher temperatures. 2700 - 27500 C. a tetragonal to cubic (fluorite 

structure) phase transition occurs. Both of these transitions are also seen in zrOs but at 

reduced temperatures. The monoclinic-tetragonal phase transition in zrOs occurs from 

1100 - 12000 C whiie the tetragonal-cubic transition occurs at 23700 C [Subbarao. Maiti. 

and Srivastava 1974]. 

-----------------------_. __ ... - ...... - _. _ ... 
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The Pauling electronegativity is the best single predictor of the properties of an 

element alone or in a compound. It has been linked with everything from bond length 

to work function [Gordy and Thomas 1956]. We can use it to predict the differences in 

the optical properties of Hf02 and zr02• The electronegativit"J differt'nce aX between 

Hf and 0 is 2.2 while for Zr and 0, it is 2.1. The amount of ionic character in a Hf

o and a Zr-O band is given by the formula [Pauling 1960] 

Amount of ionic character - 1 - e-G.25(Ax)2. (6.1) 

Applying Eq. (6.1) to Hf-O and Zr-O bonds we fmd the Hf-O bond is 70% ionic while 

the Zr-O bond is 66% ionic. From this increase in ionic character of the metal-oxygen 

bond going from Zr to Hr, we can expect a shift in the band edge to shorter wave

lengths. In addition, if we model the vibration spectra by a mass and spring with the 

bond as the spring with a constant proportional to the ionic character of the bond and 

the mass as the reduced mass of the metal-oxygen system, we would expect the vibra

tional spectra of Hf02 and zr02 to be very similar. Both of these statements are true. 

The region of transparency for Hf02 extents from 220 nm in the UV to about 12 pm 

in the IR. In contrast, zr02's transparent region extends from 350 nm in the UV to 12 

pm in the IR [Macleod 1986a]. 

We have deposited Hf02 thin films by a variety of techniques in an attempt to 

optimize their optical and environmental properties. We will discuss several deposition 

techniques and characterization methods which were employed to understand how the 

deposition environment affects the microstructural and, ultimately, the optical properties 

of these films. 

-------------------- - - ---
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Experimental Method 

Experience is proporlional 10 lhe amount 0/ equipment broken. - Murphy 

The i11ms in our study were deposited at the Thin Films Laboratory of the Optical 

Sciences Center in a Ba1zers BAK. 760 box cooter illustrated schematica11y in figure 6.1. 

The 0.81 m3 vacuum chamber is evacuated by a rotary vane pump assisted by a Roots 

blower to pressures of S xl0-2 mbar and then cryopumped to pressures as low as 4 

x10-1 mbar. Most of the work reported here was performed at base pressures of -8 

x10-1 mbar while the 3000 C work was performed at pressures in the low 10-6 mbar 

range. 

Cerac evaporation grade hafnium dioxide containing 0.22-1.3% Zr by weight (0.17 

to 0.99 atomic percent) was electron beam evaporated from a molybdenum crucible 

liner. The 1/8 - 1/" inch pieces were crushed to 1-2 mm in a dedicated mortar and 

pestle. We found that this resulted in a smooth surface on the melt in the crucible liner 

which improved the stability of the evaporation rate. 

A quartz crystal oscillator monitored the condensation rate and the accumulated 

thickness. This oscillator is interfaced to a microprocessor-based control system which 

adjusts the power to the electron beams to maintain a constant condensation rate. 

The chamber could be heated up to 3000 C by four quartz heaters mounted above 

the substrate rack. A thermocouple mounted on a baffle at the rear of the chamber 

and below the level of the substrate rack monitored the chamber temperature. A spot 

check revealed that the temperature anywhere on the substrate rack varied only about 

30 C from the thermocouple reading at the baffle when the quartz heaters were holding 

the chamber at an elevated temperature (2000 C). We recognize that electron beam 

-----------------------------. ---.-
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sources are a major SClurce of uncontrollable chamber heating. An electron beam source 

can heat the chamber at a rate of about 50 C/min from room temperature up to roughly 

1500 C. Above 1500 C this heating rate is reduced until at 3OQO C an equilibrium 

between electron beam heating and chamber losses is reached. 

One of the undesirable side effects of this electron beam induced heating is out

gassing of the chamber walls. From ambient to 1000 C the base pressure initially incre

ases by two to three orders of magnitude. This effect is transitory, however, so we 

outgassed the chamber for 3-4 hours prior to nIm deposition at a temperature exceeding 

the maximum expected during deposition. The base pressure quoted above is after this 

outgassing procedure and represents the residual gas pressure in the chamber during 

deposition. 

The residual gases in the chamber have been analyzed by a quadrupole mass spec

trometer mounted before the gate valve of our system. Between 60 and 80% of the res

idual gas is comprised of water vapor with the remainder identified as nitrogen, 

oxygen, and various organics, in order of abundance. 

Additional gas could be added to the chamber through an automatic metering 

valve mounted in the side of the chamber. This valve is interfaced to the chamber's 

Bayard-Alpert pressure gauge and automatically adjusts the gas flow rate to maintain a 

constant gauge reading. 

For ion-assisted deposition, a Commonwealth Scientific Corporation 3-cm aperture 

ion source was mounted in the center of the chanlber on a mount with twu axes of 

adjustment. The ion source is of a Kaufman hot-cathode design, which is shown sche

matically in figure 6.2. This consists of a heated metal filf1Jllent cathode (usually 

tungsten or tantalum) which emits electrons in the discharge chamber, which serves as 

an anode and is filled with the working gas. The electrons ionize the working gas, cre-

----------------------- ---
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ating a plasma. The ions produced are predominantly singly ionized and positively 

charged. Either permanent or electromagnets surround the discharge chamber to incre

ase the electron dwell time and ionization efficiency. The ions are extracted at one end 

of the discharge chamber by a grid assembly. This may consist of a pyrolytic graphite 

screen grid that floats to essentially the discharge potential and def"mes the escape aper

tures for the ions followed by an accelerating grid held at a negative potential which 

further accelerates the positive ions. If. on the other hand. the desired ion energy is 

below about ISO eV a single, grounded metallic grid (usually nir.kel or stainless steel 

mesh) replaces the duel grid assembly. This allows currents resulting from the acceler

ated ions impinging on the grid to be shunted to ground. Acceleration of the ions is 

accomplished by holding the discharge chamber at some positive potential relative to 

ground. After passing through the grid assembly. the positive ion beam encounters a 

second hot filament which emits electrons that, on average, neutralize the beam. This 

avoids beam spreading and undesirable charging of dielectric surfaces under ion bom

bardment. 

The ion current density striking the substrates was measured using a shielded Fara

day cup arrangement which could be rotated into the sample position prior to and after 

deposition. A bias of -4S V repelled the neutralizing electrons and allowed measure

ment of the positive ions. Measurement of the ion current density before and after the 

deposition allowed us to estimate the uncertainty in the ion current density at the sub

strate. 

We employed an assortment of substrates for the various post-deposition character

ization techniques. Spectrosil B grade synthetic fused silica was chosen as the substrate 

for near-UV, visible, and near-IR transmittance measurements because of its excellent 

near-UV transparency, good refractive index stability from sample to sample, and 
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known dispersion [Malison 1965]. Graphite acted as the substrate for backscattering 

spectrometry and XPS samples. Silicon served as the SEM substrate. Fmally. amor

phous ..:3l ~n lJluunted on copper grids performed the function of TEM and electron 

diffraction substrate. 

Deposition Conditions 

We investigated a number of deposition techniques to produce thin f"llms of Hf02 

that had both good optical and environmental properties. They were as follows: 

1) Conventional deposition (CD): This deposition process consisted of elec

tron-beam evaporation of mOl in a hard vacuum (only residual gases present). 

The evaporant stream was approximately normally incident on the substrates in 

this and all subsequent work. We utilized electron beam voltages of 6 and 11 

kV to find optimal evaporation conditions for the starting material. At 11 kV 

we tried condensation rates of 0.6. 0.9. 1.1. I.S and 2.1 nm/s. 1.1 nm/s was the 

only rate at which the resultant film approached optical quality. At 6 kV on 

the electron beam we used condensation rates of 0.6, 1.1, and 1.3 nm/s. 0.6 

nm/s produced films of optical quality in the visible while all the other rates 

resulted in films with prohibitively large absorption. The initial chamber tem

perature was about 1000 C and typically rose about 400 C during deposition. 

2) Reactive deposition (RD): This deposition process consisted of electron

beam evaporating HfOI with a backfill of oxygen introduced through the side 

of the chamber. The oxygen backfiU pressure was 2.4 x10-4 mbar for most of 

the RD work, but was occasionaUy lowered to values as low as 7.2 xlO-6 mbar. 

The oxygen pressure did not seem to have much effect on the absorption of the 
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illms as long as it was kept above the outgassiog rate of the starting material 

while it was under electron beam bombardment As in CD we utilized electron 

beam voltages of 6 and II kV. At II kV we tried condensation rates of 0.9. 

1.1. I.S and 2.1 om/so All seemed to provide satisfactorily low absorption; how

ever. the rates were rather unstable. At 6 kV on the electron beam we used 

condensation rates of 0.6. 1.1. and 1.3 om/so All of these illms also exhibited 

satisfactorily low absorption. However, io this case 0.6 nm/s proved to be the 

most stable condensalion rate and was selected as the rate for further investiga

tion because its stability should improve nm-to-nm repealability. Most of the 

work was performed with an initial chamber temperature of 1000 C although 

some runs were carried out at initial temperatures of 200 and 3000 C. 

3) Reactive ion-assisted deposition (RlAD): This deposition process consisted 

of electron-beam evaporation of HfOI with a backfill of oxygen at 1.4 xlO-4 

mbar. In addition. we introduced Ar gas through a metering valve as the work

ing gas for our Kaufman hot-cathode ion source until we reached an Ar partial 

pressure of 6.4 x10-6 mbar in the chamber. The argon was ionized and acceler

ated by the ion source's pyrolytic graphite grid assembly to a energy of 300 eVe 

The ion beam impinged upon the growing film at angles of between 15-200 

from the substrate normal. As mentioned above. the evaporant stream was 

approximately normally incident to the stationary substrates. We varied the ion 

current density at the substrate from 0.8-18 ",A/cml • Oxygen was also run 

through the ion source as the working gas; however, due to severely reduced 

cathode lifetime as well as large ion current density fluctuations, oxygen RIAD 

was abandoned. The initial chamber temperature for RlAD was held at 1000 C. 
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4) Low-energy reactive ion-assisted deposition (LERIAD): This deposition 

process consisted of electron-beam evaporation of HfOI with a backiill of 

oxygen. In addition. we introduced argon or xenon gas through a metering 

valve as the working gas for our Kaufman hot-cathode ion source until a partial 

pressure of 6.4 xlO-& mbar in the chamber was reached. Ion energy was chosen 

to be SO eV for both Ar and Xe ions. Low energies required replacing our 

pyrolytic graphite grid assembly with a single, grounded Ni grid. The ions 

impinged upon the growing lalm at angles of between 15-200 from the substrate 

normal. We had little control over the ion current density for Ar at SO eV so 

we held it lued at 12 pA/cm2 and varied the oxygen backiIlI pressure between 

0.62-1.2 x10-4 mbar. Xe allowed more latitude in ion current density. so we 

fixed the oxygen backfill pressure at 1.4 xlO-4 mbar and varied the ion current 

density from 7.0-26.5 pA/cm2• The initial chamber temperature for LERIAD 

was 1000 C. 

Optical Measurements 

The macroscopic optical properties of an interface between two media are 

described by a pair of numbers. the optical constants for each material. which we 

choose to be L'le refractive index n and extinction coefficient k. The refractive index , 
describes the dispersive nature of light propagation while the extinction coefficient 

describes its absorptive nature. although this separation is not complete. To describe the 

optical behavior of a thin film an additional parameter must be specified - the film 

geometric thickness d. The addition of the thickness allows us to account for interfer-

ence between waves reflected and transmitted at the film interfaces. Figure 6.3 shows 
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the transmittance of a i11m-substrate assembly as a function of wavelength. How do we 

determine the optical constants of a i11m from such a curve? 

A plethora of methods for determining the optical constants of thin i11ms from 

dispersion data, such as is illustrated in figure 6.3 [Arendt el aI 1984]. e;tists. This is 

particularly true for dielectric materials. We have chosen one such method by Manifa

cieri Gasiot, and Fillard [1976] because of its particular suitability to our HfOs r11ms. 

We obtained the representative transmittance versus wavelength curve shown in 

figure 6.3 from a dual-beam Cary 2415 spectrophotometer. The sample is placed in one 

compartment while a reference compartment stands empty. A single initial monochro

matic light beam from a grating is split, one half passing through the sample compart

ment and the other half through the reference compartment; each strikes a photomulti

plier tube. The ratio of the sample and reference signals is proportional to the sample 

transmittance. The transmittance and the wavelength are sent to a microcomputer and 

stored for later retrieval. The iraong monochromator in the spectrophotometer is in

cremented to the next wavelength and the above process is repeated at the new wave

length. The precision of the transmittance values is about ±O.l2S%. Reflectance could 

be measured in a dual-beam Cary 14 spectrophotometer equipped with a reflectance 

attachment; however. the reference arm of the spectrophotometer now consists of three 

aluminum mirrors while the sampie arm contains two aluminum mirrors and the sample. 

These mirrors fold the light path but also serve to equalize the irradiance of the sample 

and the reference beams so that if the sample were also an aluminum mirror the two 

beams would equally irradiate the photomultiplier tube. The reflectance measurement 

is made at about 80 from the sample normal. These measurements are much less accu

rate than the transmittance measurements for the following reasons: 1) The incidence 

angle will vary slightly given the placement of the reference and sample. 2) The alu-
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Figure 6.3: Transmillance of a Hf02 film-substrate assembly plolled as a function of 
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minum reference's reflectivity degrades with time and must be periodically recalibrated 

rendering the absolute measurements required for the calculation of the optical constants 

teUiou:s, 3) The electronic stability of the much older Cary 14 is not as good as the 

newer Cary 241S. For these reasons we have opted to calculate the optical constants of 

our mms only from transmittance data. 

Manifacier, Gasiot, and Fillard's [1976] method for calculating the optical constants 

of a thin mm from transmittance data alone is one of a broad class of such methods 

referred to as "envelope techniques." They make use of the extrema in the transmit

tance curve of figure 6.3 to calculate the optical constants. Each extremum represents a 

distinct optical thickness (the product of the physical thickness and refractive index, 

nd). In figure 6.3 the maxima represent integral numbers of half-wave optical thick-

ness (ml/:)../2 - nd) and the mjnjma represent odd integral numbers of quarter wave

length optical thickness (ml/,,)"/4 - nd). The ratio of the wavelengths of two adjacent 

extrema is approximately inversely proportional to their order numbers, i.e. 

~-~ 
)..1/" - ml/:' 

(6.2) 

Eq. (6.2) holds exactly if there is no dispersion, i.e. n()..I/:) - n()..!/,,) and no absorption, 

k - O. To obtain the optical constants at each extremum we need the transmittance 

value at that wavelength as if it were a halfwave and a quarterwave at that wavelength 

simultaneously. This is accomplished by interpolating the halfwave value at a quar-

terwave data point by drawing a smooth curve between the adjacent quarterwave points. 

The same procedure holds for interpolating quarterwave values at halfwave data points. 

We have assumed a Cauchy form of the dispersion for this interpolation. These "envel-

opes" then take the form 

(6.3) 

where TM is the halfwave transmittance. The coefficients A, B, and C are determined 
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by least squares fitting to the halfwave data. The same procedure is used to fit the 

quarterwave envelope Tm(~)' The transmittance versus wavelength curve of figure 6.3 

is shown with the addition of these half and quarterwave envelopes in figure 6.4. Now 

we have two equations for TM and Tm but three unknowns n. k, and d. Manifacier, 

Gasiot, and F'illard get around this conundrum by assuming weak absorption. Under 

this assumption the phase of the light is only a function of the refractive index, so we 

can use the fact that our extrema are half and quarterwave points to imd the i1lm 

thickness in terms of the optical thickness and unambiguously solve fo!' n, k, and d. 

The mathematics involved in deriving the relationship between T M, T m and m, the 

order number of the extremum, and n, k, and d is somewhat involved and will not be 

repeated here. Interested readers are referred to Manifacier, Gasiot and Fillard's [1976] 

paper. We have included, however, a derivation of the uncertainty in the extinction 

coefficient in appendix C, which is missing in their paper. The expression relating the 

envelopes T M and T m to the refractive index at an extremum is 

Doa + D1a TM -Tm 
n.. 2 + 2nOni TMTm (6.4) 

where no is the refractive index of the incident medium (usually air, no - 1) and n1 is 

that of the substrate. The film thickness d is easily found from the refractive index n 

and order number m from the equation 

m.\ 
d - 4n' 

The extinction coefficient is given by the expression 
k __ >.lna 

4x'd ' 

where a is given by 

----------_._------- -. 

(6.S) 

(6.6) 
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(6.7) 

where C1 - (n + nJ(n1 + n) and Cs ... (n - noXn1 - n). 

The envelope method outlined above assumes that the iilins are homogeneous; that 

is, the refractive index at the air-itlm interface n. is the same as the refractive index at 

the itlm-substrate interface nb' This is not normally the case for the HfOs iilins we 

considered, so we have added some simple extensions to Manifacier el al's method. If 

the i11m is non-absorbing, and the differences in the indices n. and nb are small and 

change monotonically throughout the itlm, the transmittance at a quarterwave point is 

given by [Jacobsson 1975J 

and the halfwave transmittance is given by 

4 n.nl 
nb 

T1/s'" ---=---
2 [I + 0;:,] 

(6.8) 

(6.9) 

where we have assumed the incident medium is air (no - 1). The quarterwave result 

(Eq. (6.8» is indistinguishable from a homogeneous film with refractive index "n.nb' 

This geometric mean refractive index is the rwult calculated by Manifacier el aI's 

method if the film is inhomogeneous. The halfwave result (Eq. 6.9» has no homogene

ous layer analog. Solving Eq. (6.9) for the ratio n./nb we find 

-----------------------_._-------
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cr1/s - 2)2 I 

n1T1/2 - n1
2 ' 

(6.10) 

The plus sign yields the proper root. Then Da and nb are given by 

(6.11) 

and 

nb - J~ n2. (6.12) 

As mentioned above, these equations are valid only if we can neglect absorption. Thus 

we will only report inhomogeneity data sufficiently far from an absorption edge so that 

this approximation is good. For HfOs this is about 600 om or longer wavelength. 

Results 

The thickness of the optical sampJes varied from about 400 nm to 480 nm. For a 

460 nm film, this means that the films are about three quarterwaves optically thick at 

1200 nm. This allowed us to determine the optical constants for our HfOs films from 

the absorption edge at about 220 nm to about 1200 nm. We have chosen a wavelength 

of SSO om at which to compare the refractive indices of films deposited under different 

conditions. SSO nm was chosen because the absorption and dispersion was small because 

we are sufficiently far from the UV absorption edge. This wavelength is also a good 

single value comparator with the results of other researchers. Inhomogeneity data is 

compared at the somewhat lon8~r wavelength of 800 nm because its calculation from 

transmittance data is extremely sensitive to absorption, so we chose a wavelength where 

the absorption is thought to be well below the noise of the measurement. 

---------- - --
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Conventional Deposition 

Almost all CD Illms were of such poor optical quality that the assumption of weak 

absorption in Macifacier el al's [1976] method for the determination of the optical con

stants was violated. Only one 111m deposited at 0.6 om/s with an electron-beam (e

beam) voltage of 6 kV was truly of optical quality. The 111m nearest to optical quality 

at 11 kV e-beam voltage condensed at a rate of 1.1 om/so Since only two deposition 

conditions resulted in Illms whose optical constants could be calculated. comparisons 

between films was not considered to be enlightening. As a result no optical constants 

will be reported for CD itlms. 

Reactive Deposition 

RD produced optical quality itlms in almost all cases. Figure 6.S summarizes the 

results of varying the condensation rate while holding the oxygen backfill pressure con

stant at a value of 2.4 xlO-4 mbar. It is curious that most of the films have an index 

of about 2.01 regardless of the rate at which they condensed or of the e-beam voltage. 

The exceptions are 0.6 nm/s at an e-beam voltage of 6 kV and 1.1 nm/s at an e-beam 

voltage of 11 kV. Curiously. these are the same conditions that yielded the films of 

near optical quality by CD. 

As stated in the experimental section. we selected a deposition parameter of 6 kV 

e-beam voltage and a condensation rate of 0.6 nm/s for the subsequent work because 

the rate fixed by these settings was the most controllable. We varied the oxygen back

fill pressure whiie holding the condensation rate constant. The results are plotted in 

figure 6.6. We see that increasing the oxygen backfill pressure reduces the refractive 
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Figure 6.S: Refractive index of RD HfO" films versus condensaJion rale. The oxygen 
backfill in the chamber has been held al 2.4 xlO-4 mbar. 
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index. 

The relative inhomogeneity !:mIn is delmed by the following equation: 

An. Da - nb 
n v'Danb' 

(6.13) 

This delmition implies that the relative inhomogeneity will be negative if the refractive 

index at the air-111m interface na is less than the refractive index at the 111m-substrate 

interface nb' This is the usual situation for BfOI Illms and most other refractory 

oxides which typically have a columnar microstructure whose columns can be modelled 

as truncated cones as illustrated in figure 1.1 (c). The relative inhomogeneity is plotted 

as a function of the oxygen backitll pressure in figure 6.7. Although there is consider

able scatter in the data, which may be due to ignoring absorption in the C'llms, the gen-

era! trend is toward increased homogeneity as the oxygen pressure increases. 

In summary, if we evaporate HfOI at 0.6 nm/s with a 6 kV e-beam, we imd that 

increasing the backiill pressure of oxygen will decrease the average refractive index 

while the itlms approach homogeneity. It seems that increasing the oxygen pressure in 

the chamber has the drawback of producing a more porous film, but the advantage of 

producing a more homogeneous film. 

Reactive lon-Assisted Deposition 

We pursued RIAD as a technique to improve the characteristics of our RD f't1ms. 

That is, we attempted to raise the refractive index and eliminate the inhomogeneity 

while not increasing the film absorption. As in the second half of the RD work above, 

we selected deposition parameters of 6 kV e-beam voltage and 0.6 nmls condensation 

rate because the deposition rate at these settings was the most controllable. In addition, 

the oxygen pressure was held at 1.4 x10-4 mbar and the argon working gas pressuro at 
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0.64 xlO-c mbar. We also luted the ion energy at 300 eV. The results for the refrac

tive index at SSO nm as a function of the current density at the substrate are illustrated 

in figure 6.S. There is considerable scatter in the data; however, all the RIAD IIlms 

have a higher refractive index than the RD 111m with the same oxygen backiill pressure 

shown as zero current density in figure 6.8. In fact, the RIAD Illms have a higher 

index than all but the no oxygen backiill case of figure 6.6. In addition, the RlAD 

iIlms appear to be homogeneous, although the illms deposited at above IS pA/erna begin 

to show absorption extending into the visible. We will address potential causes for the 

scatter in the data in the Zr contamination section below. 

Low Energy Reactive Ion-Assisted De~!ition 

As we mentioned in the experimental section, we had very little latitude in the ion 

current density with which to bathe the substrate when we attempted LERIAD using 

argon as the working gas. We altered the oxygen backfill gas pressure hoping that the 

combination of LERIAD and altering the oxygen partial pressure would cause a discer

nible change in our films. We found, however, that the films behaved optically as if 

we were not bombarding them at all. As we increased the oxygen backfill pressure the 

refractive index dropped in analogy to the conditions of figure 6.6. 

With xenon as the working gas the situation improved considerably. The lower 

ionization energy of xenon allowed us access to a much greater range of current densi

ties than with argon. The refractive index at SSO nm as a functjon of the current den

sity of SO eV xenon ions is shown in figure 6.9. A clear monotonic increase of the ref

ractive index with current density is indicated. The problem, however, is that we still 

are left with a residual inhomogeneity. 

---------------_. __ ._ ...... 
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ion energy was selected to be 300 eV. The oxygen back/ill in the chamber has been held 
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Summary of Optical Results 

We have seen that non-absorbing, homogeneous iJlms of BfOs can be deposited by 

either RD or RlAD. The RD iJlms, however, suffer from a low index and are porous. 

The RlAD iJlms, on the other han~ have a higher index and are relatively dense. We 

have also demonstrated that LERIAD with Xe can increase the refractive index of 

BfOs iJlms. In addition, we have seen that the oxygen pressure during deposition has a 

strong effect on the resultant i11m's optical behavior. 

Scanning Electron Microscopy (SEM) 

SEM allows us to image structures that cannot be imaged by optical microscopy. 

SEM offers increased resolution over optical microscopy, as well as a greater depth of 

field [Maissel and Glang 1983]. Improvements in equipment over the years have incre

ased resolution of SEM's so that they now rival surface-replica techniques for elucidat

ing surface topographic detail. 

We attempted SEM on several samples of optical thickness - 450 nm. We depos

ited the samples on Si wafers to reduce surface charging. The wafers were broken, 

leaving a sharp edge allowing a cross sectional view of the film and substrate. We 

attached the sample to an aluminum holder with conductive paint and placed the speci

men in a JEOL JSM 5200 SEM. The microscope is quoted to have a resolution of 6 

nm; however, this number is strongly sample dependent. Edge field effects and surface 

charging of our dielectric HfOs specimens reduced our resolution considerably. Colum

nar microstructure was just resolvable, but was good enough to estimate the column 

diameter for at least one film deposited by RD at a rate of 0.6 nm/s with a substrate 

----------------_ .. _. 



157 

temperature of l()()O C in a 2.4 xlO-4 mbar oxygen backiill. These are the conditions 

that led to the most porous iIlms by RD. The column diameter under these conditions 

was measured to range between SO and 100 nm. The columns for illms deposited at 

higher temperatures could not be imaged. the reason for this is unclear. However. the 

more porous i11m. having a greater surface area. may allow the sufficient thermalization 

(or surface dissipation) of the imaging electrons to avoid severe charging of the HfOz 

surface. We were. however. able to image the StU/ace of several iIlms deposited at dif

ferent temperatures and found them all to be surprisingly smooth which suggests the 

surface scattering losses for HfOz layers would be small. 

Transmission Electron Microscopy (TEM) and Electron Diffraction 

TEM has a resolution an order of magnitude greater than the best SEM's. The 

JEOL JEM 2000FX TEM we employed has a quoted resolution of 0.14 run. As with 

the SEM. this number is affected by several factors: 1) the sample thickness - the 

thicker the sample. the lower the resolution. 2) the composition of the specimen - heav

ier elements are more easily resolved. and 3) the crystalline perfection of the sample -

perfect crystals introduce electron interference effects while amorphous materials can 

produce "fringy" images at high resolution due to coherent scattering of electrons from 

chance alignments of groups of atoms [Howie 19881. 

The practical limitation on the utility of using TEM for the direct observation of 

optical thin films is the sample thickness. For our HfOz samples, for instance, the 

upper limit on the film thickness was 60 nm. Even at these thicknesses, however, 

changes in the film morphology with deposition conditions are evident. Figure 6.1O(a) 

shows a RD film deposited at 0.6 nmls on a 1000 C substrate in a 2.4 x10-4 mbar 
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(a) 

(b) 

Figure 6.10: Transmission electron micrograph 0/ (a) a RD H/OI/Um and (b) a RIAD 
/ilm exhibiting a denser structure. 

--------_ .. - .-



159 

oxygen backiill. The vestiges of columnar growth are evident. Figure 6.1O(b) shows a 

f'dm deposited under the same nominal conditions as the previous f'11m but with 300 eV 

argon ion-assist at an ion current density of 10 IJA/cml • The effect of the ion-assist is 

quite evident. Argon bombardment bas resulted in the coalescing of the columns into 

larger conglomerates, thereby densifying the mm. 

The electron microscope can be converted into an electron diffractometer by rem

oving two apertures and shifting the observation plane. Thus both an image and dif

fraction pattern can be obtained from the same region of the mm. Electron diffraction 

bas an advantage over x-ray diffraction in that the wavelength is tunable via the de 

Broglie relation. In this way sub-AngstrOm structure can be observed. 

We obtained the camera constant for the microscope by measuring an Al reference 

f'dm whose crystalline structure is well known [Heidenreich 1964]. This allows us to 

determine crystalline plane spacing given the geometry of the microscope. Electron dif

fraction patterns obtained for RD f'Ilms de~ited at temperatures of 380 C and 2000 C 

are illustrated in figure 6.11(a) and 6.l1(b), respectively. Both films are quasiamor

phous with a slightly larger crystallite size for the 2000 C mm indicated by the some

what sharper ring structure. We measured a maximum cystallite diameter of 2.5 nm for 

a mm deposited at 2000 C. The diffraction patterns obtained from HfOs films depos

ited by RlAD was indistinguishable from those obtained for RD films. The average 

nearest neighbor distance found from diffraction patterns is 0.29±O.02 nm, which has 

been associated with the (Ill) plane of cubic HfOs' the high temperature phase of 

HfOs [EI-Shanshoury, Rudenko, and Ibrahim 1970]. The diffuse outer ring in the fig

ures is due to the amorphous carbon substrate. 
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(a) 

(b) 

Figure 6.11: Electro" diffractio" patlems of RD films deposited at chamber tempera
tures of (a) 380 C and (b) 2000 C. The diffraction pattem in (b) is slightly overex
posed. 
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Backscattering Spectrometry 

The power of backscattering spectrometry as a quantitative analytic tool for deter

mining the stoichiometries of thin illms has already been detailed in chapters 3-S. 

Hf, element 72, has a high density of electroDS surrounding its nucleus as does the 

chief contaminant in our HfOJ i11ms, Zr. As a consequence, the nuclear charge screen

ing correction was applied to these data (see chapter 4 for a detailed discussion). 

Two issues are paramount when considering the stoichiometry of Hf02 iIlms: 1) 

How do the deposition coilditiODS affect the oxygen-to-metal ratio, i.e. the ratio 

NO /(NUl + NZr)?, and 2) How does the Zr contamination affect film properties? 

Oxygen-to-Metal Ratio 

Conventional Deposition 

The majority of deposition rates employed i!l CD produced films exhibiting broad

band absorption in the visible. Backscattering spectrometry analysis reveals an oxygen 

to metal ratio less than two for these films. The stoichiometric oxides of Hf and Zr are 

HfOJ and zrOJ' respectively, so we would expect the ratio NO /(NHI + NZr) to be two 

in non-absorbing material. Thus it comes as no surprise that our CD films have 

oxygen-to-metal ratios less than two. 
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Reactive Deposition 

For RD the situation was quite different from CD. The oxygen-to-metal ratio for 

RD rllms was always greater than two. This hyperstoichiometry is surprising consider

ing no superoxides of He or Zr have been reported in the literature and their occur

rence of superoxides becomes rare as one goes down a column of the periodic table 

[Cotton and Wilkinson 1988]. Figure 6.12 illustrates the results for RD rllms condensing 

at a rate of 0.6 nm/s as a function of the oxygen backf'ill pressure. Results for 

chamber temperature of 100, 200 and 3000 C are illustrated. Note that the rllms depos

ited at 1000 C have a larger oxygen-to-metal ratio than those deposited at higher tem

peratures. The film deposited at 1000 C and an oxygen backf'lll pressure of 2.4 xl0-4 

mbar had the highest oxygen-to-metal ratio, NO i(NHl + NZr) .. 2.24±0.07, of any rllm 

measured, although oxygen-to-metal ratios of 2.14 were not uncommon. 

Reactive Ion-Assisted Deposition 

RlAD films were similar to the high temperature RD films although the stoichi

ometry for the highest ion current density was not checked. The oxygen-to-metal 

ratios ranged from 2.08 to 2.12 which is within the error bars of the measurement. The 

argon concentration in these films ranged from 2.4 to 3.1 atomic percent. This infor

mation, combined with the optical and TEM studies, implies that RIAD affects the col

umnar microstructure of HfO, without adversely affecting the composition. 

-------------------_ .. -
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Figure 6.12: Oxygen-to-metal ratio for RD films versus the oxygen backfill pressure. 
The condensation rate has been fixed at 0.6 nm/sec. Note that films deposited at higher 
temperature are closer to the ideal oxygen-to-metal ratio of two. 
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Low Energy Reactive Ion-Assisted Depc;sition 

LERIAD with Ar illms resembled RD illms in their composition. The oxygen

to-metal ratios feU within the range 2.08 to 2.14, a slightly greater range than in the 

RIAD illms. Argon content in these illms was quite small, sometimes below the detect

able limit of our backsc:attering system (see the end of chapter 2 for a deimition of this 

limit). For LERIAD with Xe, the situation was somewhat different with Xe being det-

ected when the ion current density was high although much less than the Ar seen in 

300 eV RIAD illms with similar ion current densities (only 0.66 atomic percent at 22 

pAtern" ion current density). 

Zirconium CoDtamination 

The Zr contamination in our itlms ranged from 0.35 to 1.18 atomic percent The 

maximum excursion in a single Coaling run (896) was from 0.79 to 1.11 atomic percent; 

the typical Zr content was about 0.7 atomic percent. We could not imd a correlation 

between the order in which the layers were deposited and the Zr content, which would 

suggest a preferential evaporation of either zrO" or HfO" [Fritz 1989]. 

A simple model may help us explain the effects of the Zr contamination on the 

refractive index of our films. First we assume that each Zr atom is bound to two 

oxygen atoms forming zrO". This trans!1tes the maximum excursions in Zr content 

into a range of zr02 centent. Next we assume the effect on the dielectric constant is 

additive. In terms of the refractive index, this becomes 

n2 • (l-O(nmo )2 + f(llzrO )2 
2 " 

(6.14) 

where f is the fraction of zr02 and the refractive indices are [Macleod 1986] nmo • 
" 

-----------------_.-. -.--
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2.00 and n1;;<)2 • 2.10. The results for the maximum excursion between runs are shown 

in Table 6.1. We see that the difference in refractive indices for these two extreme 

points is 0.003. This is within the error bars of our index calculations and less than the 

scatter in the data of figure 6.8. 

Applying Eq. (6.14) to the maximum excursion in Zr content in a single run we 

arrive at the results in Table 6.1. The maximum excursions in a single run result in an 

index difference of 0.001, which is quite tolerable and would go unnoticed by our spec-

trophotometric measurements. From the results summarized in table 6.1 we conclude 

that more than just Zr contamination is to blame for the SQltter in the refractive indices 

of figure 6.8. 

Table 6.1: Refractive indices expected from the model of Eq. (6.14) for the maximum 
and minimum Zr content as measured by backscattering spectrometry and the maximum 
excursion within a single run. 

Run Zr (atm. %) zrOs (mol. %) n 

868A 0.35 LOS 2.001 
876B 1.18 3.54 2.004 
896A 0.79 2.37 2.002 
896C 1.11 3.33 2.003 

Although the Zr content in the rdms may be an important parameter in determin-

ing the optical properties of HfOs films, the variation in Zr content seen in our study 

does not appear to be enough to explain to explain the scatter in the refractive index 

data seen in RIAD films. Other possible sources of the scatter for this data are 1) vari-
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ations in the oxygen backiill gas pressure and 2) instabilities in the ion current density 

at the substrate. The variation in the oxygen backiill gas pressure is the most likely 

explanation because 1) the ion gun current density was measured both prior to and after 

deposition and 2) the argon pressure is manually controlled by a needle valve while the 

oxygen partial is adjusted for a constant Bayard-Alpert guage reading. For example, a 

rise in Ar partial pressure would be followed by a lowering in the oxygen partial pres

sure to hold the guage reading constant. Such partial pressure fluctuations would be 

undetected by the coating operator unless the residual gas analyzer constantly monitored 

the gases used during deposition. Only spot checks of these gases were performed 

during layer deposition. 

X-ray Photoelectron Spectroscopy (XPS) 

NaJure uses as IiItle as possible 01 anything. - Johannes Kepler 

In XPS a sample is irradiated with an x-ray beam and the ejected photoelectrons 

are analyzed by an electron spectrometer. In the photoelectron process utilized by XPS, 

a bound core electron is promoted to a free state outside the sample. Its kinetic energy 

is well defined, and any lack of definition is due to the natural Iinewidth of the level 

and the irradiating x-ray source [Siegbahn, et al 19671. This kinetic energy is just the 

energy of the x-ray minus the binding energy of the electron. Thus, if we know the 

energy of the incident x-ray we can determine the binding energy of the core electron. 

Energy levels from atoms of the same type but existing in a different environment 

have different binding energies. This shift in binding energy is known as the chemical 

shift and can be utilized to identify the chemical state in which an element exists. The 

--------------------. --. 
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chemical shift upon changing from state i to i' can be interpreted using the charge 

potential model formula [Seah and Briggs 1983] 

aE - k(Qi - Qi') + (V - V,) 

where aE - Ei - Ei' is the shift in the binding energy upon changing from chemical 

state i to i'. Qi and Qi' are the valence charges in states i and i'. and V and V' are the 

chemical environments caused by neighboring atoms in state i and i'. We can see from 

the Imt term that an increase in binding energy accompanies a decrease in valence 

charge. For example. as a metal goes from elemental form to bonding in a metal-halide 

(ionic bonding) we would expect to see an increase in the core binding energy of the 

metal because it loses valence charge to the halide. The chemical environment (the V 

terms above) determines the exact shift Our knowledge of the chemical environments 

is often inexact which hampers our determination of the V terms. As a result, the 

above equation is only a useful guide to interpreting XPS spectra and can rarely be 

explicitly evaluated. 

We undertook an XPS investigation of our HfOI films to answer the following 

Question: In what chemical state is the "excess" oxygen in our HfOI films? 

We measured 4 representative HfOI samples on a Perkin-Elmer 5100 ESCA system 

in the Optical Materials Lab at the Optical Sciences Center. The samples were placed 

in a vacuum system and pumped down to the low 10-G lObar range before the measure

ment. The samples were sputter-cleaned for 1 min at an angle of 700 from the sample 

normal with an Ar ion mill to remove the thin carbon layer that accumulated on the 

samples. The films were irradiated with Mg Ka x-radiation (1253.6 eV) which has a 

natural linewidth of 0.7 eV (FWHM). No monochromator was employed. The x-rays 

impinged on the specimen at an angle of 300 from the film normal. the spot size was 

approximately 3 mm x 10 mm. The electron analyzer was operated in constant retarda-
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tion ratio mode. This means that the instrumental broadening introduced into the pho

toelectron peaks is a function of energy. 

Subsequent to measurement, the photoelectron spectra were massaged. rmt we 

subtracted x-ray satellite peaks. We then deconvolved the linewidth of the x-rays from 

the data and corrected for surface charging via the C Is method. We chose' the binding 

energy value for C Is to be 284.4 eV which corresponds to the interplane C-C bond of 

graphite. This energy was chosen because all but the bulk sample were deposited onto 

graphite substrates. This introduces a potential error in position for the bulk sample of 

only ±O.2 eV. Finally. we subtracted the background via the Shirley [1972] method. 

Unresolved peaks were then fit by Gaussian lineshapes. 

The four representative samples we examined were as follows: 1) Starting material 

crushed to a powder with mortar and pestle and attached to a stainless steel mount with 

Dennison Glue Stic. The glue stick provided enough carbon for us to make the C Is 

surface charging correction. 2) a substoichiometric rJlm NO /(NHr + NZr) - I.S4±O.OS as 

determined by backscattering spectrometry, 3) a "typical" r.tm with NO /(NHr + NZr) -

2.O9±O.06, and 4) an extremely hyperstoichiometric r.tm with NO I(NHr + NZr) -

2.24±O.07. It should be emphasized that the XPS analysis was performed on exactly the 

same r.tms as analyzed by backscattering spectrometry. 

The 0 Is peaks for the four samples along with their best fitting Gaussians are 

shown in figures 6.13 through 6.16. Figure 6.13 illustrates the 0 Is peak for the bulk 

material. We see that it can be fitted by a doublet spaced by 1.6 eV. This spacing is 

the same as the spacing reported by others between 0 bonded as hafnium dioxide and 

o bonded as hafnium hydroxide [Hofmann and Sanz 1982-83], the hydroxide having 

the higher binding energy. The ratio of the heights of the curve-fitted Gaussian at the 

lower binding energy to that of the higher binding energy is 2.6. The full-width-half-
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525 530 535 540 
Binding Energy (eV) 

Figure 6.13: 0 Is unresolved doublet and curve lits lor HIO" source maleria!. The solid 
line is the data. The gaussian at lower binding energy is associated with oxygen bonded 
as the oxide while the high energy peak is associated with the hydroxide. 

525 530 535 540 
Binding Energy (eV) 

Figure 6.14: 0 Is peak and single gaussian lit lor the HIO" lilm with oxygen-to-metal 
ratio 01 I.B4±O.OS. The solid line is the data while the dashed line is the gaussian lit. 
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525 530 535 540 
Binding Energy (eV) 

Figure 6.15: 0 Is unresolved doublet and curve lits lor HI02 1ilm with oxygen-to-metal 
ratio 01 2.09±O.06. The solid line is the data. The gaussian at lower binding energy is 
due to oxygen bonded as oxide while the high energy peak is associated with the 
hydroxide. 

525 530 535 540 
Binding Energy (eV) 

Figure 6.16: 0 Is unresolved doublet and curve lits lor HI02 lilm with oxygen-to-metal 
ratio 01 2.24±O.07. The solid line is the data. The gaussian at lower binding energy is 
due to oxygen bonded as oxide while the high energy peak is lor the hydroxide. 
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maxima (FWHM) for the lower and higher binding energy Gausssians are 2.18 and 2.60 

eV. respectively. 

Figure 6.14 shows the 0 Is peak for the illm with oxygen-to-metal ratio of 

1.84±O.OS. The iust thing we notice about this peak is that it has shifted to higher 

binding energy than the bulk sample. Figure 6.14 shows a single Gaussiau fit to the 

data. The FWHM for the Gaussian is 3.13 eVe The FWHM for the fitting Gaussian is 

much wider than the 0 Is peak in the bulk sample above. A similar behavior was seen 

in reduced hafnium. dioxide by Hofmann and Sanz (1982-83] and may be indicative of 

strained chemical bonds. 

Figure 6.1S illustrates the 0 Is peak for the illm with an oxygen-to-metal ratio of 

2.09±0.06. Again we see that the peak is shifted to higher binding energy than the bulk 

sample. In addition. the ratio of the curve-fit heights is now 2.4 which is not too dif

ferent from the ratio obtained for the bulk sample. The FWHM's for the lower and 

higher binding energy Gaussians are 2.16 and 3.01 eV. respectively. The Gaussian peak 

separation is 1.1 eV as opposed to the 1.6 eV found in the bulk sample. 

Figure 6.16 shows the 0 Is peak for tho film with an oxygen-to-metal ratio of 

2.24:t0.07. Here again we see the peak is shifted to a higher binding energy than the 

bulk sample. In addition. tIle ratio of the heights of the curve-fit Gaussians is only 1.1 

and the energy separation of the two peaks is only 0.7 eVe 

A summary of the XPS data for 0 Is peak for each sample is given in table 6.2. 

All of these data have a coherent explanation. Crystal formation results in each 

positive or negative ion being surrounded by more than one ion of the opposite charge. 

This changes the effective valence charge on each ion. Our hafnium dioxide films are 

amorphous; hence. the ions are not in such a favorable charge sharing role. This 
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Table 6.2: Summary of XPS data for comparisons between hafnia iIlms with YL"Ying 
composition where AE is the energy separation between the oxide and hydroxide peaks; 
ro and roH are the FWHM's of the oxide and hydroxide peaks, respectively; and yo 
and yaH are the heights of the oxide and hydroxide peaks, respectively. 

Run 
NO AE (eV) ro (eV) roH (eV) 

yo 
NHl + NZr yaH 

Bulk 1.11 1.6 2.18 2.60 2.6 
83SD 1.84 3.13 
896A 2.09 1.1 . 2.16 3.01 2.4 
897C 2.24 0.7 2.20 3.17 1.6 

change in the chemical environment, given the general heading maJrix effects, is diffi-

cult or impossible to quantify; however, we would expect a shift in binding energies in 

the amorphous material. Indeed, we see a shift to higher 0 Is binding energy in the 

photoelectron peaks from the crystalline (monoclinic) bulk material to the amorphous 

films. Energy shifts have also been reported in amorphous semiconductors [ZaIlen 

1983]. 

As we increase the oxygen-to-metal ratio from the bulk starting material we see 

no significant changes in the oxide peak as evidenced by ro in table 6.2. We do, how-

ever, see changes in the hydroxide peak. As the ratio of oxide to hydroxide decreases 

(yo /yaH in table 6.2) this peak shifts to lower binding energy, aE in table 6.2 decre-

ases. In addition, this hydroxide peak broadens, i.e. roH increases, indicating a varia-

tion of bond lengths and implying stressed chemical bonds. 
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The idm with oxygen-lo-metal ratio below two (figure 6.14) has a broadened 

oxide peak indicating strained oxide bonds below stoichiometry. 

In summary, the hyperstoichiometry (oxygen-to-metal ratio greater than two) in 

hafnium dioxide idms can be explained by formation of a hydroxide in the idms. The 

decreasing ratio YOIYOH correlates well with the increase in hyperstoichiometry, 

NO /(NUl + NZr) > 2. seen by backsca!tering spectrometry. Such hydroxide formation 

has been observed in anodic oxide formation of Hf and Zr [Hofmann and Sanz 

1982-83] as well as in bulk zrOz [Holmes, Fuller, and Gammage 1972]. We believe that 

this hydroxide formation occurs during i11m condensation because of the appearence of 

a hydrogen peak on our residual gas analyzer that does not exist prior to i11m deposi

tion. 

In addition, large energy shifts are observed in the positions of all the peaks in the 

XPS spectrum on changing the chemical matrix from crystalline to amorphous (as deter

mined by the C Is charging correction method). 

Conclusions 

We have presented a great deal of information in the preceding sections. Here we 

will emphasize certain points which we feel are fundamental to the microstructural and 

optical behavior of hafnium dioxide films. We will address each deposition technique at 

least in passing with emphasis on data that reveals fundamental behavior of the growing 

films. 
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Conventional Deposition 

CD iIlms exhibit an amorphous, columnar structure. They tend to be oxygen def

icient and thus show broadband absorption in the visible region of the spectrUm. 

Therefore, CD is not a desirable method for depositing optical quality illms of hafnium 

dioxide. 

Reactive Deposition 

RD films also exhibit an amorphous, columnar structure. They are oxygen rich 

which can be attributed to the presence of hafnium hydroxide. The presence of oxygen 

has the effect of 1) reducing optical absorption by satisfying hafnium dangling bonds, 

2) lowering the average refractive index, and 3) altering the optical inhomogeneity. 

Increasing the oxygen backflll in the chamber lowers the average refractive index while 

also reducing the inhomogeneity of the illms. The surface of RD Bf02 iI1ms is quite 

smooth as indicated by SEM. This would imply low optical scattering losses for these 

films. 

RD films are of good optical quality although inhomogeneous. The inhomogeneity 

as well as refractive index are a sensitive function of the oxygen backfill pressure in the 

chamber. In addition, the porosity of these films would make the optical properties 

sensitive to humidity changes in the external atmosphere as the capillary voids between 

the columns capture and release atmospheric moisture. Therefore, Hf02 films deposited 

by RD would not be suitable for coatings to be used in harsh environments. 
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Reactive Ion-Assisted Deposition 

RIAD f1tms exhibit an amorphous. dense columnar structure. Ion bombardment 

with Ar densifies the illms without introducing unwanted optical absorption if the ion 

current density is not too high. In addition. ion bombardment can remove the optical 

inhomogeneity while still maintaining a high refractive index and low absorption. 

RIAD may. however. still be sensitive to fluctuations in the oxygen backidl pressure in 

the chamber. 

We conclude that RIAD He0a illms would be suitable for optical coatings - even 

in harsh environments; however. the partial pressure of oxygen in the chamber must be 

strictly controlled. 

Low Energy Reactive Ion-Assisted Deposition 

LERIAD with Ar ions was found to have little measurable effect upon our He0a 

films and resulted ;0 film behavior essentially the same as observed for RD. We attri

bute this to the small ion current densities we could extract from our Kaufman ion 

source. 

LERIAD with Xe was quite different. We were able to extract relatively large ion 

current densities from our Kaufman ion source using Xe. As a result~ we saw an in

crease in the average refractive index of these films with ion current density. Unlike 

RlAD. however. LERIAD did not alter the optical inhomogeneity in these films. This 

indicated the possibility of a different mechanism for the refractive index increase than 

the densification seen in RlAD and normally associated with lAD. Table 6.3 summar

izes the LERIAD results. We see a clear increase in average refractive index with Xe 
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ion current density; however. no significant changes occur in the relative inhomogene-

ity. If we examine the oxygen-to-metal ratio. on the other hand, a trend emerges. As 

we increase the Xe ion current density. the oxygen-to-metal ratio decreases. In addi-

tion. we observed no measurable changes in the onset of optical absorption. Therefore. 

we believe the Xe ion beam preferentially sputters hydroxyl groups from the surface of 

the growing mill. Such behavior has been observed in other oxides under ion bom-

bardment [Chuang. Brundle. and Wandelt 1978]. Additionally. the inclusion of Xe into 

the f"llms may hinder the subsequent formation of hydroxide after deposition is com

plete. This results in a more dense structure within a column of the f"11m so that the 

average refractive index increases. An approximate calculation reveals the radius of a 

hydroxide ion being between 0.12 and 0.16 nm. The radius of aXe atom is 0.13 nm. 

We expect, therefore. that the presence of aXe atom leaves no room in the HfOI 

matrix for hydroxyl ion inclusion. 

Table 6.3: Summary of salient properties of SO eV Xe LERIAD mms. The refractive 
indices are certain to :to.007. the relative inhomogeneity values have an uncertainty of 
±0.006. 

Run 

870 
930 
931 
932 
933 

J (lJA/cm2) 

0.O:t0.0 
6.5±1.0 

16.O:t1.0 
22.2%0.6 
30.8:t1.6 

----------------- - ---

n(SSO nm) 

2.012 
2.016 
2.025 
2.033 
2.056 

~n(800 nm) 
n 

-0.046 
-0.055 
-0.058 
-0.044 
-0.057 

2.12%0.06 
2.09:t0.07 

2.05:t0.06 
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General Conclusions 

As we noted before, the general behavior of the LERIAD f11ms deposited with AT 

ion-assist exhibited behavior analogous to RD f"'dms as we varied the oxygen backf"'ill 

pressure. In fact, if we plot the LERIAD f"'dms with the lowest ion current density 

together with the RD films illustrated in figure 6.6 as a function of backf"'ill oxygen 

pressure, figure 6.17 results. The data fall remarkably well on the line n - 2.042 

-267.IP where n is the average refractive index at 550 run and P is the oxygen backf"'ill 

pressure in mbar. This implies that the very low Ar ion current density does not 

measurably affect the mm. More remarkable, the presence of the Ar gas does not seem 

to affect the f"'dm properties. 

Thorton [1974] has shown that the Ar gas pressure in a sputtering chamber influ

ences the microstructure of the metal f"'llms produced. Higher Ar pressures resulted in 

more porous mms. He attributed this effect to a reduction of the condensate mobility 

by Ar adsorbed to the growing mm and substrate. Such a mechanism involving oxygen 

may explain the trend we see in figure 6.17. The number of oxygen molecules incident 

on a surface per unit time is given by [Maissel and GIang 1983] 

3.411 x IOU p cm-2 S-1 (6.15) 

where p is the pressure in mbar. Some fraction of these impinging oxygen molecules 

will stick to the surface of the growing film. If these oxygen atoms reduce the mobility 

of the condensate proportional to their number then we would expect, from Eq. (6.15), 

for the condensate mobility to be reduced with pressure. This simple model explains 

why the films become more porous with increasing oxygen backfill pressure. In addi

tion, this model, along with figure 6.17, would indicate that Ar is not adsorbed to the 

HfOJ surface of the growing film (or at least very little) and so has a negligible effect 
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Figure 6.17: Refractive index of RD and LERIAD HfO" films versus oxygen backfill 
pressure. The squares indicate only 0" backfill in the chamber while the circles indicate 
both and 0" backfill and Ar working gas. The solid line is a least squares linear fit to 
the data. 
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upon the fIlm growth. The assumptiOil of little ad:iDrption of Ar by the film is rein

forced by the fact that the largest amount of Ar detected in any of the LERIAD iilins 

with Ar bombardment was O.OS atomic percent (Run 877A). 

The implied linear dependence of UfOs's refractive index on oxygen backfill pres

sure has an interesting consequence. One can envision producing an inhomogeneous 

refractive index prof'lle layer (a rugate fJJter) by merely altering the oxygen backfill 

pressure in the chamber. The problem with this approach is that the porous films 

which result would shift their spectral characteristics in a humid environment, as we 

mentioned above. 

We feel that UfOs is a promising high-index dielectric material that can be used in 

the near ultraviolet through the mid infrared. The surface of a UfOs ftIm appears to 

be quite smooth and does not exhibit the polycrystalline grains seen in zrOs fJJms. 

This implies that the scattering losses of a UfOs layer should be much less than a com

parable zrOs layer. In addition, ion bombardment does not induce the undesirable rec

rystallization of the films as is seen in zrOs [Martin, Netterfield, and Sainty 1984]. The 

refractive index and inhomogeneity, however, are sensitive functions of the oxygen 

backfill pressure and SO this must be controlled carefully. 

In summary, HfOs is an attractive high index material which has good transpar

ency over a very broad spectral range and good environmental characteristics if depos

ited by a high-energy deposition technique such as reactive ion-assisted deposition. 



APPENDIX A 

DERIVATIVES NECESSARY FOR MAXIMIZING 1] 

IN THE LEADING EDGE MODEL 

180 

In this appendix we explicitly f"md the derivatives necessary for utilization of 

Newton-Raphson mioimimtion for the backscattering spectral model illustrated in figure 

5.5. Newton-Raphson is a swift. powerful technique for f"mding the zerOS of general 

differentiabl~ functions. The method, however, can suffer from oscillations if the 

function has a number of local minima in the vicinity of the zero. To avoid this, a 

section search for the zero is begun if the convergence of Newton-Raphson is not suf-

ficiently rapid. The result is the procedure RTSAFE taken from Press el aI [1988]. 

The programs for finding the maximally likely fit of the model backscattering 

signal i.(Zm) to the backscattering spectral data nm were written in Turbo™ Pascal and 

run on an IBM XT running at 4.77 MHz. The maximum computation time (for the 

model in appendix B) was slightly over I minute for 35 data points. We feel that this 

time is not prohibitively long and so we believe the method could easily handle larger, 

more complicated model signals on a more powerful machine. 

To 3pply the Newton-Raphson method to finding the maximum in our fitting 

statistic 1] (given by Eq. (5.20», we need to find the zero of the expressions for dq/dor 

and dq/d/J. In addition, it requires the second derivatives d2t]/dSr
2 and dZf'J/d/J2• 

Substituting the model signal i.(Zm) defined by EQ. (5.29), i. e. 

i,(Zrr,) - ~I + erf(Zm)]. (A.1) 

the derivatives are as follows: 
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(A.2) 

(A.4) 

and 

sf!J. _ ~ (...!!m- _ 1) [d
2
i.(;U) (Sa)2 + di.(;U) (~)] 

dp2 L i.(7,n) d7,n2 dP d7,n dP2 
mal 

_ ~ (di.(Zm»2 (Sa)2 
i,(7,n) d2in dP 

M 2[ () ] e-&,n 2!m-. nro _&,n2 -L s;z 7,n 1 - i,(7,n) - 2i,2C7,n) e 
m-1 

(A.S) 

-
where we have dropped the inconsequential constant A/2. 
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In this appendix we wish to imd the derivatives necessary for imding the best fit 

for our model of the backscattering spectrum of a thin homogeneous film (illustrated in 

figure 5.7) using the maximum likelihood merit function of Eq. (5.20). As mentioned 

in appendix A, we used Newton-Raphson minimization to accomplish this task. The 

noiseless backscattering spectrum i.(Ym) in the thin homogeneous iIlm model is given 

explicitly by Eq. (5.36), i.e. 

i.(Ym) - 10 + ~erf(Zm +) - erf(Zm -)], (B.I) 

where 10 is the constant background level, A is the height of the backscattering spec-

trum, 

(Em -Ell ) + b/2 
7_+. " and 
III ~6' 

where Em is the energy corresponding to channel m, Ell" is the energy at the center of 

the layer, b is the energy width of the layer, and 6 is the standard deviation of the total 

energy spread given by Eq. (5.33). 

Eq. (B.l) is a function of 5 independent variables: 10, A, Ell", b, and 6. As men

tioned in chapter 5, 10 is found by averaging the background in the vicinity of the 

backscattering peak of interest. Thus, application of Newton-Raphson requires the der-
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ivatives d1'JldA. d1'J/dE1/". d1'J/db. and d1'J/dS along with their associated second deriva

tives. 

The derivatives of 1'J associated with the height A of the reet function (see figure 

S.7) are given by the expressions 

(Bol) 

and 

where we have used the fact that 

d"i,(Ym) _ 0 
dA" . 

The first derivative of 1'J with respect to the center of the reet iunction El/2 is 

~_ ~ (~-l) [di,(Ym) ~+ di,(ym ) ~] 
dElI L.. i,(Ym) dz.n + dElI dz.n - dEli 

" m=l "" 
M _ ~ [~- 1) [e-(&m+)" - e-(&m-)"] (B.4) L J,(Ym) 

m-l 

where we have dropped a multiplicative constant which does not affect the position of 

the zero. The second derivative is 

------------------ -
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(D.S) 

where we have again dropped an inconsequential multiplicative constant. 

The derivatives of '7 with respect to the width b of the reet function take forms 

similar to those with respect to the center El/z of the reet function. The IlI'St deriva

tive is 

where we have again dropped a multiplicative constant. The second derivative is 

M z 
~ _ ~ (~_ I) dZi,(ym) _ nm (di,(Ym») 
dbz L i,(Ym) dbz i,Z(Ym) db 

m-l 
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(B.7) 

where we have again dropped an unimportant mUltiplicative factor. 

The last set of derivatives of F1 necessary for the application of Newton-Raphson 

minimization are taken with respect to the standard deviation 0 of the total energy 

spread. The first is 

~ .. ~ (~_ I) [di,(Ym) ~ + di,(Ym) 5n.:..] 
d6 L 1u(Ym ) dZm + do dZm- d6 

mal 
M 

.. ~ (~-I)[Zm-e-(&zn-)I-Zm+e-(&zn+)I] (B.8) L J.(Ym) 
m-I 

where we have dropped the inconsequential multiplicative constant. The second deriva-

tive is 

--------------------- --
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M S 

_ ~ (~_ 1] [ d2j,(Ym) (~] + dj,(ym) ~ 
L j,(ym) d7,n +2 ciS d7,n + dcS2 
m-l 

d2j,(ym) ~ 5n:. dj,(ym) ~ 
+ d7,n +d7,n- ciS cIS + d7,n- d&2 

S 

d2j,(ym ) (5n:.] d2j,(ym) 5n:.. ~ 
+ d7,n-s ciS + d7,n-d7,n+ db d6] 

s 
dj,(ym ) ~] 

d7,n- d6 • 

where we have again dropped an unimportant multiplicative factor. 

These derivatives can be easily programmed on a personal computer for application 

of Newton-Raphson mir,imization. Our experience has been rapid conV!rgence is achi-

eved even if the model is unsuited for the particular backscattering spectrum under 

analysis. Newton-Raphson will always find the best fit possible; however, it is up to 

the user to determine if this fit is "good enough" by application of the '" statistic Eq. 

(5.21). 



APPENDIXC 

DERIVATION OF THE ERROR IN EXTINcrION COEFFICIENT 

The extinction coefficient, k, is given by 

k--~ 4n 
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(C.I) 

where t is the ntm thickness, A is the wavelength, and 0: is given by Manif!!cier, et al 

[1976] to be 

where 

[Tnnn ~ -Tmax~] 
[Tnnn~+Tmax~] , 

(n+nJ<n.ub +n) 
0:-

o (n-nJ(n.ub -n) 

(C.2) 

and Tmax and Tnnn are the respective maximum and minimum transmittance values of 

the envelopes of the ntm-substrate assembly. 

The calculation of clttinction coefficient is most sensitive to errors in the calculated 

thickness and the measured transmittance and wavelength. We might expect some error 

to be introduced through the refractive index; however, these errOrs are of second order 

and assumed to be small. Thus we can approximate the error in the extinction coeffi-

cient by 

dk- ~T+ ~+ ~t - or a>. at (C.3) 

where the partials have been substituted for complete derivatives (implying only weak 

contributions from chained terms such as the refractive index as discussed above). The 

various partials are 
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ak --or 

(C.4) 

Adding the errors in magnitude results in the following expression for the error in the 

calculation of Ie 

Ak~ 

(C.6) 

The above expression for error in extinction coefficient yields a useful limit on the 

extinction coefficient value that can be measured using a spectrophotometer. The Cary 

241S spectrophotometer at the University of Arizona has a precision of ±0.12S % across 

the visible (spectral bandwidth of I nm). For a f'tlm of index 2.0 and thickness of 500 

nm on a substrate of index 1.45 measured at a wavelength of SOO nm the uncertainty in 

extinction coefficient is approximately 10-4 • 
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