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ABSTRACT 

Current technology has made possible the 

fabrication of multilayered optical elements for 80ft x-ray 

radiation. These structures find a variety of important 

applications. Difficulties in the design and fabrication 

of multilayers for soft x-rays are related to the lack of 

information about the properties of materials in the very 

thin layers (-5-100 A) required. Imperfections cause the 

measured optical properties of the multilayers to deviate 

strongly from ideal behavior. Realistic calculations of 

reflectance must take these imperfections into account. We 

review the pertinent theory, with attention to the problem 

of including non-ideal properties. We also review 

characterization techniques suitable for the measurement of 

relevant structural and stoichiometric parameters of the 

multilayer. A detailed characterization procedure is 

presented. This procedure is capable of accurately 

determining the layer thicknesses, material densities, 

interfacial rms roughness or diffusion values, crystalline 

structure, concentration of contaminants, and extent of 

surface oxidation. The techniques used included low-angle 

x-ray 9-29 diffraction with parallel-beam and Bragg

Brentano geometries, wide-film Debye-Scherrer ("Read") 
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camera and Seemann-Bohlin diffractometer, Rutherford 

backscattering spectroscopy, and transmission electron 

microscopy. 

xiii 

Si/W multilayer mirrors were designed for normal

incidence 210 A radiation. Samples were fabricated using a 

magnetically-confined-plasma dc-triode sputtering 

technique. Our characterization procedure was applied to 

these samples. To our knowledge, this is the first time 

such a comprehensive set of characterization techniques has 

been applied to a multilayer x-ray optical element. The 

same samples were tested with synchrotron radiation over a 

wide spectral range, and for several incidence angles. The 

measured reflectance is in excellent agreement with curves 

calculated using the information obtained from the 

characterization results, with no adjustable parameters. 

The Si/W combination is shown to have good layering 

characteristics. The near-normal reflectance of the 

multilayers was 20 to 30 times better than the reflectivity 

of the best single-surface mirrors at the same wavelengths. 



CHAPTER 1 

INTRODUCTION 

A revival of the interest in x-ray optics has 

occurred in recent years, in particular for the soft x-ray 

regime. The reasons of this are the wealth of 

applications, the development of high intensity photon 

sources (synchrotrons), and advances in microfabrication 

technology, which have made optical elements with near

atomic features possible. We describe in this chapter the 

development and application of soft x-ray optics, and 

arrive thus at the motivation for the present work. 

For the purposes of this work we define the soft x

ray (SXR) spectral region as that with wavelength 

2 ~ A ~ 400 A. The SXR region can be considered to lie 

between "hard" x-rays, conventionally used for materials 

analysis and medical radiology, and the shorter wavelength 

end of the vacuum ultraviolet (VUV), which extends from 

-400 A to ~1000 A. As of this writing, there is no 

universally accepted convention defining these limits. 

1. Historical Note 

Ever sin~e the discovery of x-rays by R8ntgen 

(1896), on November 8, 1895, both scientists and the public 
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at large have been excited by the possibilities. The 

importance of this discovery was immediately evident to 

everyone. A month after RBntgen's first report, x-ray 

equipment was already being offered for sale. The impact 

of this new "window" in the electromagnetic spectrum is 

only too well known to document here. 

RBntgen himself tried, unsuccessfully, to reflect 

and refract x-rays. Practically no refraction occurs at x

ray wavelengths due to the fact that the refractive index 

of all material is very close to unity. In addition, all 

materials have non-negligible absorbtion of x-rays. For 

these reasons, conventional lenses are not possible in the 

x-ray region. Years after RHntgen's work, Compton (1923) 

demonstrated the reflection of x-rays at near grazing 

incidences. It was soon realized that it should be 

possible to make curved mirrors, wor]{ing at such grazing 

angles, to focus x-ray radiation. After another quarter

century, the first x-ray imaging device, a microscope, was 

built by Kirkpatrick and Baez (1948). Other image forming 

systems, also working at grazing incidences, were proposed 

by Wolter (1952). Microscopes (Price 1981) and telescopes 

(Vaiana et al. 1977) have been built using these designs. 

With all grazing-incidence systems, control of 

aberrations, astigmatism in particular, is critical. Due 

to this, and to the small surface roughness required to 

avoid scattering losses, manufacturing tolerance 
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requirements are very demanding (Michette 1986). In 

addition, the ratio of effective aperture to mirror· surface 

area is small for grazing incidence systems. In order to 

obtain a desired resolution, relatively large mirrors, 'with 

exotic figuring and stringent manufacturing tolerances, 

must be used. This implies formidable cost. 

An alternative approach for focusing x-ray 

radiation is the use of Fresnel zone plates (Baez 1952, 

1961). While their tnherent inefficiency and chromatic 

aberration makes then less useful for visible light optics, 

they are useful at shorter wavelengths, down to the SXR 

regime. To avoid absorption problems the structures must 

be free-standing. Because of the smallness of the features 

that must be fabricated in zone plates intended for the SXR 

range, their manufacture is difficult, although recent 

advances in electron beam lithography and UV interferometry 

have' made it possible to fabricate such zone plates with 

the required characteristics (Schmal et ale 1981). The 

greatest potential of Fresnel zone plates seems to be in 

soft x-ray microscopy (Michette 1986). 

Soon after Laue's (1913) discovery of x-ray 

diffraction by crystals, it was realized that artificial 

"crystals" could be used to produce the same phenomenon at 

SXR wavelengths. Unsuccessful attempts to fabricate 

layered structures, by electroplating, that would work as 

one-dimensional "Bragg reflectors" by Koeppe (1929) and by 
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Deubner (1930) reduced interest for the next 10 years. The 

first procedure capable of producing highly perfect 

rnultilayers was developed in this period by Blodgett and 

Langmuir (Blodgett 1935, Blodgett and Langmuir 1937). 

Films are produced by dipping a substrate into a liquid, on 

the surface of which a monolayer of an insoluble substance 

has previously been poured. This process of making 

Lagmuir-Blodgett (LB) films was recently specialized (Henke 

et al. 1978) for the fabrication of artificial Bragg 

reflectors. These authori used lead salts of straight

chain fatty acids to produce multilayers with various 

periods. Although this technique is capable of producing 

extremely good layering, it is limited in two important 

respects: (1) the choice of material combinations is very 

narrow, and (2) the thicknesses of the high-absorption 

layers are limited to two atomic layers, which impedes the 

optimization of reflectance, as will be described in 

chapter 4. Also, the hydrocarbons which make up the low

absorption layers do not resist x-rays very well and this 

destroys the reflectance properties of these LB molecular 

multilayers. 

The first attempt to deposit multilayer Bragg 

reflectors that met with some success was that of Dumond 

and Youtz (1940), ten years after the negative results of 

Koeppe and Deubner. The materials used for these 

multilayers were eu and Au deposited by evaporation. 
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However, these materials interdiffused, destroying the 

diffracting properties of the structure in approximately 1 

month. Before the structure was destroyed by 

interdiffusion, diffraction of Mo K~ x-rays (0.71 A) was 

observed at grazing angles. Similar results were found for 

Mg/Pb and Mg/Au multilayers, while Mg/Fe multilayers were 

found to keep their diffracting power for over a year 

(Dinklage and Frericks 1963, Dinklage 1967). The original 

intention of the above workers was to fabricate multilayers 

as artificial "crystals" for use as diffracting elements 

in, for example, x-ray spectroscopy. 

From a different perspective, similar structures 

were suggested by Spiller (1972). The design approach was 

that of quarter-wave stacks used in the visible region, but 

modified to take account of the non-negligible absorption 

in the VUV and SXR ranges. The specific aim was to produce 

near-normal-incidence optical elements for these wavelength 

regions. This was very opportune, because in that decade 

much progress was achieved in the development of thin-film 

deposition systems. New material combinations and 

deposition methods were tried soon after Spiller's 

proposal. Positive results were achieved by Spiller 

(1974,1976), Haelbich and Kunz (1976), Haelbich et al. 

(1979), Spiller et a1. (1980), and Underwood et a!. (1979). 

At the 1981 "Topical Conference on Low-Energy X-ray 

Diagnostics", in Monterey, California (Attwood 1981), a 
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nUillber of very important papers wer6 presented, marking a 

watershed in the development of SXR optics. Since then 

interest has grown, stimulated by the possibility of 

applications we will review in the next section. 

Additional historical information about the development of 

SXR multilayers and x-ray optics in general may be found in 

the articles of Underwood and Barbee (1981), Underwood and 

Attwood (1984), and Underwood (1978,1986), from which part 

of the information presented here has been extracted. 

2. Applications of Soft X-Ray Optics 

We describe here some of the reasons for the current 

interest in the development of SXR optical elements. 

Perhaps the most obvious applications have to do with the 

possible improvement, by one or two orders of magnitude, of 

the ultimate spatial resolution offered by visible light or 

near UV imaging optics. The importance of this development 

is greatest for SXR microscopy (Kirz and Rarback 1985). 

Electron microscopes have been an extremely useful tool in 

many fields. Unfortunately, live cells or organisms cannot 

be observed under electron microscopes due to the 

processing required. However, organisms can be observed 

with SXR microscopes without the need for staining or 

drying. In addition, radiation damage is reduced, and 

samples can be thicker (Haelbich 1984). In terms of 

radiation damage, it has been estimated (Spiller 1983) that 
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it should be possible to observe living specimens with SXR 

down to a resolution of 500 A, and in some cases as low as 

100 A. There is already much speculation about what this 

could imply in cell biology research. The adjective 

"exciting" is currently over-used as applied to new 

techniques, but it certainly applies in this case. 

The high resolution that could be achieved with SXR 

optics is also of great interest in microelectronics 

fabrication because resist patterns could be engraved with 

SXR light (Spiller et al. 1978). Imaging of SXR in 

astronomy (Aschenbach 1985) and plasma diagnostics (Bridou 

and Marioge 1984) is currently accomplished by means of 

grazing incidence optics, with the limitations mentioned in 

the previous section. The same is true for light-

concentrating monochromator mirrors ("grasshoppers") used 

in conjunction with synchrotron radiation sources (Saile 

and West 1983). In this later case the spectral 

selectivity of multilayer mirrors could be especially 

useful. 

An interesting possibility for the use of SXR 

mirrors is in resonator cavities for SXR lasers (Ceglio and 

Dhez 1986). The development of such lasers would in itself 

generate a large number of applications (Ceglio 1985) which 

require a bright, coherent, short-wavelength source: 

holography of organisms in vitro, for example (Matthews 

1986). The beam splitters which would be useful in SXR 
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laser resonators would also be very welcome tools for SXR 

interferometry. The spectral selectivity of SXR 

multilayers can also be an advantage in spectroscopic 

applications such as x-ray fluorescence analysis of light 

elements (Underwood 1986). 

The number and importance of the applications 

mentioned above expl~ins the revival of interest, during 

the last decade, in SXR optics. 

3. Motivation and Plan of This Work 

From the preceding discussion it is clear that many 

promising opportunities exist, both scientific and 

technological, in the SXR portion of the electromagnetic 

spectrum. In order to exploit these opportunities new 

optical elements are currently being developed, Hnd 

multilayer structures offer important advantages in many 

cases. 

Much work needs to be done in the development of 

SXR multilayers. A few reasons for this are: the optical 

properties of many materials are not well known at SXR 

wavelength; the properties of many materials, when 

deposited in extremely thin films (5 - 200 A) can be very 

dependent on deposition conditions, and in general 

different from bulk properties; the behavior of 

interlayered thin films is not well known for most material 

combinations, and as a result, it is presently not possible 
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to predict inteL'diffusion or interfacial roughness 

characteristics of multilayers; while some material 

combinations have been found to be adequate at some 

wavelengths (tungsten / carbon, for example), other 

wavelength regions require other combinations which remain 

untried. 

While a number of important results with multilayer 

SXR reflectors have been obtained in the last decade, some 

of which have been cited in section 1, the structures are 

generally not well characterized. As a result it is 

difficult to determine the reasons for the lack of 

agreement between theoretical and measured curves. in 

particular cases. The results can be affected by material 

interdiffusion, interfacial roughness, voids and density 

deviations from bulk, microstructure, contamination, 

oxidation (both in the layers and superficially), and 

incorrect optical constants. 

"Fits" to data are sometimes done by normalizing 

the calculated reflectance to the peak measured 

reflectance, because there is not enough information to 

make realistic, no-adjustable-parameters calculations. 

Disagreements in absolute peak reflectance between measured 

and "ideal" absolute peak reflectance are not small either: 

a difference of less than a factor of two is considered 

"good" agreement. These differences are usually completely 

attributed to interfacial imperfection in the multilayer 
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structure, without supporting evidence for this conclusion. 

Th~re is in addition the practical consideration 

that full tests of SXR multilayers can be carried out only 

at synchrotron light sources. As a rule, there is a long 

delay between a request for beam time at a synchrotron and 

the moment when the actual measurements can be performed. 

It would be very convenient if realistic reflectance 

calculations could be performed prior to the actual 

measurements. 

Our aims in this work are, first, to develop a 

characterization procedure that will offer structural and 

chemical information of SXR multilayers, with which to 

improve theoretical calculations of their performance. 

This procedure should emphasize non-destructive testing. 

Our second aim is to contribute to the search for material 

combinations which are adequate for SXR multilayers from 

the optical and materials point of view, and to produce 

reflectors at useful SXR wavelengths. 

In the following two chapters we describe the 

theoretical basis and design of SIR multilayer reflectors, 

with particular attention to the effect on reflectance of 

deviations from ideal characteristics. In chapter 4 we 

approach the design prohlem from a practical poiDt of view 

and describe the procedure used in the fabrication of our 

SIR multilayer samples. Our characterization program is 
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given ill chapter 5 along with the results obtained for our 

samples. We show how these results can be combined in a 

effective manner, in order to make more realistic 

calculations of the reflectance behavior of SXR 

multilayers. Comparisons of calculated results and tests 

of our samples with synchrotron radiation are also given. 

The final chapter summarizes our results, and considers 

some questions which remain for future study. 
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CHAPTER 2 

SOFT X-RAY OPTICAL PROPERTIES OF SOLIDS 

In the first section of this chapter we will 

consider the "phenomenological" description of the 

interaction of light and matter. That is, no model of the 

actual interaction mechanisms will be implied. This leads 

to the definition of quantities which are useful in 

describing the behavior of light and are simply related to 

observable5, from which they can, therefore, be obtained. 

Up to that point nothing will be said about the way 

light and matter interact. In order to explain the 

interaction we must postulate models that allow us to 

predict the observed behavior, or, in other words, to 

calculate the quantities descriptive of the optical 

properties of matter. It is found that throughout the 

electromagnetic spectrum, quite different models must be 

assumed for the underlying mechanism responsible for the 

observed response. This is not surprising considering the 

vast range of energies involved, and the complexities found 

in any piece of matter. 

The calculation of the optical properties of solids 

meets with varying degrees of success in different spectral 

12 



regions. In general the mechanisms are relatively simple 

for the far IR and increase in complexity towards the 

visible and UV. The computation of optical properties is 

correspondingly much more difficult. Currently, theories 

are no substitute for accurate experimental data. 

In the SXR region the interaction starts to become 

"atomic" in character. "Solid-state effects" are not 

negligible, however, particularly at the low-energy end. 

For this reason optical properties of a given material 

might vary considerably with the details of the 

microstructure. It is useful, therefore, to understand why 

materials behave the way they do in their interaction with 

light. In section two we will briefly consider the 

mechanisms responsible for the response of solids to light, 

emphasizing the SXR region. 

The problem of measurements in the SXR region is 

briefly considered in section three, where the available 

data sources are also reviewed. 

1. Phenomenological Description of 
the Optical Properties of Solids 

Maxwell's equations for macroscopic fields, valid 

for all regions in media where the physical properties can 

be considered to vary continuously, can be written as (Born 

and Wolf 1980) 

'i/ • D = 47TP, (Ia) 

13 
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1 o !!. 
'V X E = - - (lb) 

c ~ t 

\l·B = 0, (lc) 

4n 1 () D 
'V X H = J + - (ld) 

C C () t 

The vector field quantities ~, ~, ~, Hand J are 

the electric field, electric displacement, magnetic 

induction, magnetic field, and (total) current density, 

respectively. The scalar function p is the free charge 

density. The field quantities are further corinected 

through a set of "constitutive" equations describing the 

response of materials to applied ~ or ~ fields. For the 

special case of static fields and linear media, these can 

be written as 

J = 0" E, 

B = I..L. H, 

where the conductivity (0"), permittivity (c), and 

permeability (I..L.) are simply constants for isotropic 

materials or constant tensors for non-isotropic ones. 

(2a) 

(2b )

(2c) 

Consider the field quantities now to be functions 

of the spatial coordinates and time. Most generally, we 

include the possibility that the "dependent" field quantity 

at a certain time and place depends on the "causating" 

field not just at the same time and place but also at all 
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other times and places. Invoking the causality principle 

we restrict the possible time dependence to all previous 

times. Thus equation (2b), for example would become (stern 

1963, Wooten 1972) 

t 

D(r,t) = Jdr' Jdt' c(r,!:';t,t') !!.<r',t'). (3) 

all -00 

space 

That is, the permittivity must be considered as a linear 

integral operator connecting an input function (the ~ 

field) with a response (the ~ field). The function 

c(r,r'jt,t') is the impulse response or Green's function of 

the system (Gaskill 1978). The fact that ~(r,t) might 

depend on values of ~(r,t) at other points r' = r is called 

spatial dispersion. Its neglect constitutes a local 

approximation, and is taken to apply in many cases. The 

neglect of spatial dispersion implies that the changes 

induced by the ~ field in the polarizability of the 

material surrounding the point (r) in question, are 

ignored. For sufficiently high frequencies (x-rays) 

polarization effects in matter do not occur (Landau and 

Lifchitz 1960) and c ~ 1. We will neglect spatial 

dispersion here but will return to its consideration in the 

next chapter. We are left with 

t 

D(r,t) = Jdt' c(t,t') I(!:,t'), (4) 

-00 

.. 
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instead of (3). Since 

c(t,t') ::. 0 V t' < t, (5) 

due to causality, we can replace the upper integration 

limit in (4) with +~. It is reasonable, to assume that the 

response of media to electromagnetic (EM) stimuli is time-

invariant, i.e., that 

c(t,t') = c(t-t'). (6) 

Thus we can rewrite (4) as 

00 

D(t) = Jdt' c(t-t') E(t'), (7 ) 

where we have not explicitly written the r dependence of 

the fields. Expression (7) can be recognized as the 

convolution of the impulse response c(t-t') and the E(t) 

field. Taking Fourier transforms in (7) we have 

~(w) = c(w) K(w), (8) 

where, according to the usual practice, the symbols used 

for the time-varying fields are the same as for their 

Fourier components. This should create no confusion since 

the argument indicates whether the time or frequency 

representation is intended. Expressions similar to (8) can 

be written for the other two relations in (2). 

For dc fields it immediately follows from equation 

(7), or from the central ordinate property of Fourier 

transforms (Gaskill 1978) that 
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-
c(w=o) = Jdt' c(t') = •••· 

--
For the frequency region of interest in this work ~ 

can be considered to be unity for all materials (Landau and 

Lifchitz 1960). Thus the spectral functions ~(w) and c(w) 

for a given material contain the information necessary 

(strictly, more than necessary) in order to describe its 

response to EM fields. This is true as long as the 

conditions mentioned at the beginning of this section are 

satisfied. 

Consider now a plane-wave field of form 

K = Ko exp[i(k·£- wt)), (9) 

where the wave-vector k defines the propagation direction. 

We can make the formal identifications 

(lOa) 

~ )f -+ -iw, (lOb) 

Thus, for such fields Maxwell's equations (l) 

become 

ik . !!_(w) = 4np, (lla) 

w 
k X E(w) = ~( w), (llb) 

c 

ik . ~(w) = 0, (llc) 



41T W 
ik X H (w) = - J (w) - i - D (w) • (lId) 

c c 

Assuming no free charges (p=O), equations (lla) and (lIe) 

show that the fields are transversal to~. Relations (lIb) 

and (lId) can be combined with (8) to show that the 

magnitude of the wave-vector must satisfy 

k = : (c . 41T0") 1/2 
+ 1-- • (12) 

A few comments 
w 

concerning c(w) and O"(w) are in 

order here. It is evident from the procedure that led to 

(8) that c(w) is, generally, complex. We can write 

C'(w) = C1 (w) + iC2 (w). (13) 

Because c(t-t') in equation (7) connects two real 

quantities, it must be real too. Its Fourier transform 

must then be a Hermitian function. That is, ci(w) is even 

while £2(W) is odd. For dielectrics this is all that is 

needed since constitutive relation (2a) never appears. 

Nevertheless C2(W) is not zero in general. Evidently then, 

for dielectrics, it follows from (12) that 

w r - 1/2 

k = - L£ 1 (w) + £ 2 (w 8 ' 
c 

where we emphasize that, as defined here, £2 ~ 41T0"/W. 

For good conductors the situation is quite 

different at low frequencies. Here we can put 0" ~ O"dc in 

(12~ while £ ~ 0 since the interior of the metal would be 

effectively shielded from the exterior electric field. 

18 
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Often, c is identified with the real part of 
<N 

C in 

(13) and a is taken to be a function of wand called the 

"optical conductivity". The imaginary part of r is then 

identified with 4na(w)/w. If this is done it implies that 

both c(w) and a(w) lose the physical meaning they had 

before (Landau and Lifchitz 1960). Since we will be 

dealing in this work with light frequencies 30 to 500 times 

higher than for visible light, the true conductivity can 

safely be neglected. In fact, as we will see later, the 

distinction between metals and dielectrics disappears. 

Thus we will use the definition of c(w) implied in (8) and 

will adopt the notation (13). In (12) then, with 

essentially no error for high frequencies, we neglect a and 

write 

W 1/2 W 1/2 

k = - (c) = - ~ 1 (w) + c 2 (w)J (14) 
c c 

By analogy with the case for real k, the complex index of 

refraction can be defined 

1/2 ... 
n = (15) 

Let now 

N 

n = n + i~, (16) 

where ~ (sometimes written $), is called the extinction 

coefficient. From definitions (15) and (16) we obtain at 

once the useful relations 

(17a) 



C2 = 2nlC. (17b) 

From equations (17) it follows that 

(18a) 

(18b) 

Any of the pairs of spectral functions (Cl,C2) or 

(n,lC) is sufficient to describe the optical properties of 

materials. Other pairs could also be defined. These 

functions are commonly referred to as "optical constents". 

The signs for the imaginary parts of nand; are a 

consequence of the choice of sign for the time-dependent 

part of the expression for the field (9). The opposite 

convention to the one chosen here is quite often used too. 
,.., 

The imaginary part of k , when substituted in (9), results 

in a decay factor exp(-wlCz/c) that can be interpreted as a 

damping of the EM wave. 

The energy density of the EM wave is proportional 

to E2. Therefore, it wi 11 be decreased -to lie of its 

initial value after traversing a distance Zd, the "skin 

depth" (Jacl{son 1962), 

"'0 
Zd = -. (19) 

4TTIC 

The inverse of this distance is th~ linear absorption 

coefficient 0( 

aTTIC 2wIC 
0(------ (20) 

"'0 C 

Thug IC determines how quicl{ly the EM wave is attenuated. 
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This damping however is not identical with absorption and 

in this sense the usual designation of ~ as the linear 

"absorption" coefficient is misleading. True absorption 

occurs when 
,J 

c is complex, as we show below. 

For a free-electron metal, for example, it is 

possible to have large values of ~ and n ~ 0 at photon 

frequencies corresponding to the visible or near IR. In 

this case the wave will be severely attenuated; however, as 

can be seen from relation (17b), C2 can be relatively 

small. As a result there will not be much dissipation of 

EM energy. 

The average rate of dissipation of EM energy 

density is (Hodg90n 1970) 

tl = 41 
~ <B.::> (21) 

Since a product of field quantities is involved we should 

use a real-valued representation of them. For ~ and D we 

can write, for example 

E(w) = Eo exp(iwt) + c.c., 

D(w) = Do exp(iwt) + c.c., 

(22a) 

(22b) 

where c.c. denotes the complex conjugate. Then, using the 

Hermiticity property of c(w), equation (21) leads to 

w C2(W) 

t'1 = ---- Eo 2 • (23) 
2 7T 

Thus the rate of energy dissipation can be related to C2 

only or, if we elect to use result (17b) in equation (23), 
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to both D and ~, but not to ~ alone. ThLough (8) we 

observe that the condition for absorption is a dephasing of 

the (monochromatic) electric and displacement fields. An 

analogous situation occurs in the mechanical harmonic 

oscillator and other physical systems which can be 

considered linear time-invariant systems. There is 

absorption only if the response to a sinusoidal stimulus is 

dephased with respect to it. At resonance, absorption is a 

maximum and dephasing is n/2. 

The real and imaginary parts of function c(w) are 

not completely independent of each other. The time-causal 

relation between H(w) and ~(w) (or the polarization 

~ = (~ - g)/4n ) leads to the Kramers-Kronig (K-K) 

dispersion relations. These relations allow the 

determination of CI(W) at any value of w if C2(W) is known 

for the whole range of frequencies, and vice versa (Kronig 

1926, Kramers 1926)· In fact, the K-K relations were first 

derived for application in the x-ray region. For 

dielectrics, the K-K relations can be written as 

2 
CI (w) - 1 =

n 

2 w 
C2(W) = ---

n 

f 
w' C 2 (cJ) 

dw'
W' 2 - w2 

o 

co 

f dw' 
CI (w') - 1 

w' 2 - w2 

0 

(24a) 

(24b) 

~'Jhere the bar in the integrals indicates that the Cauchy 
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principal value is to be taken. For metals, the term 

41TO"d c Ill) must be added to the right hand side of relation 

(24b). 

Relations (24) show e connection between the 

dispersive process represented by Cl(W) and the absorptive 

process represented by C2(W). Note that no use of models 

fur these processes is needed in order to arrive at the K-K 

relations. These are a consequence of the system's 

linearity and of the fact that causality is obeyed. That 

dispersion and absorption should be thus connected can be 

seen by an argument due to Toll (1965) which we will not 

~epeat here. 

Relations analogous to (24) can be derived for 

other quantities in other linear physical systems (Toll 

1965, Bode 1945, Solodounikov 1960, Martin 1967, Wu 1962). 

A large number of dispersion relations like (24) and 

related "sum rules", which find application in the study of 

the interaction of light and matter have been given in the 

literature. In particular, K-K relations can be written 

for nand tc (Stern 1963, Toll 1965) : 

co 

2 f d~' w' tc(w' ) 
new) - 1 =-

1T W' 2 - w2 

(25a) 

0 

00 

2 w J d~' n (w' ) - 1 
tc(w) = - --

1T W' 2 - w2 
(25b) 

0 
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where w[n(w) - 1] Dust be square-integrable for relation 

(25b) to be valid. 

A very useful K-K-type relation exists between the 

normal-incidence reflectance R for an interface and the 

phase ~ of the reflectance amplitude r=lrlexp{i~),where 

R=lrI 2 . This is (Robinson 1952, Jahoda 1957, Moss 1959: 

Stern 1963) 

00 

1 

J 
d In(R) 

dw' d w' In w' + wi. 
w' + w 

(26) r,o(w) = 
2 1f 

o 

The reflectance can be measured, and r,o(w) can be determined 

from equation (26). This requires extrapolating the known 

data. Knowing functions R(w) and r,o(w) allows one to 

determine n and ~ since (Born and ''<101 f 1980) 

(n - 1)2 + ~2 

R = (27) 
(n + 1)2 + ~2 

2 ~ 

tanr,o = (28) 
n 2 + ~2 - 1 

In using the K-K relations extrapolations are made, 

at best, from frequencies much lower and much higher than 

those in the region of interest. Errors in the 

measurements of R in a small frequency range can affect the 

calculated r,o(w) (and hence n and ~) over a large range. 

The practical problems encountered when using the K-K 

relations have been considered at length by several authors 



(Philipp and Taft 1959, Gottlieb 1960, Stern 1963, Philipp 

and Ehrenreich 1967). 

Sum rules equate a constant to an integral 

involving one or both of the optical spectral functions 

over the complete frequency range. Interesting insights 

can be gained from the study of such sum rules. They can 

also be used to check experimentally determined sets of 

optical constants for self-consistency. We list these sum 

rules here because of their close connection to the K-K 

relations, but it should be pointed out that unlike the K-K 

relations, sum rules rely on some type of simple model for 

light absorption. 

An optical equivalent of the Thomas-Reiche-Kuhn f-

sum rule is (Wooten 1972, Smith 1985) 

00 00 

J dw' w' <2 (w') = 2 I dw' w' n ( w') ~ ( w' ) 
7T 

= _ (&)p2, 

2 
o o (29) 

where Wp is the plasma frequency 

(30) 

N is the total electron density. A related sum rule is 

00 

JdW' 
o 

7T 

w' Im{-c- 1 (w')} = -Wp2. 

2 
(31) 
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The function 

Im{-c-l} = (32) 

is the energy-loss function (Nozi~res and Pines 1959), . 

which describes the loss of energy of a charged particle 

passing through a solid. At high energies, Cl ~ 1 and thus 

Im{-c-l} ~ C2. Electron energy-loss experiments can 

therefore provide information on the optical constants. 

The preceding sum rules can be stated in terms of the 

optical oscillator strength density (Landau and Lifchitz 

1960) fd(w), which is connected to C2(W) by 

m 
fd (w) = --- W C2(W). (33) 

Definition (33) arises naturally when introducing simple 

models for optical absorption. 

For the real part of n it is possible to show 

(Saslow 1970, Altarelli et al. 1972), that 

co 

J dw' [n(w') - 1] = O. (34) 

o 

Thus, interestingly, the average over all frequencies of 

the index of refraction is unity. 

The analog for Cl(W) of sum rule (34) is 

(Altarelli et al. 1972, Smith 1985) 



00 

J dw' [ Cl ( w' ) - I] + 2 n2 "•, = 0 . 

0 

(35) 

Sum rules (34) and (35) are called inertial sum rules 

because in their derivation the dynamical character of the 

interaction must be taken into account. 

Finally, setting w = 0 in K-K relation (24a), we 

find the following (model-independent) sum-rule valid for 

dielectrics 

2 c2 (w') 
Cdc = Cl (0) = l + (36) 

1T w' 
0 

We have summarized here some important results of 

electromagnetic theory which depend only on a few 

fundamental assumptions concerning the properties of 

matter. In the next section we describe results stemming 

from more specific models for the interaction of light and 

matter, with more attention given to the SXR and hard x-ray 

spectral regions. Our interest is mainly to have a clear 

picture of the assumptions embodied in these models, and 

hence the validity of the results. This is important 

because the accuracy of calculated observables , such as 

reflectance, from known material properties, depends on it. 

The determination of material optical properties depends 

also on the adequacy of the models, because the properties 

(optical constants) are not measured directly. The 
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definit10ns of the properties themselves depend on 

assumptions, which might not be adequate at x-ray energies. 

2. Interaction of Light With Matter: Microscopic Theory 

The most obvious result of the interaction of EM 

waves with matter is the ability of materials to reflect, 

transmit or absorb light. These characteristics connect 

with the optical constants through the Fresnel equations 

and Beer's law. The same phenomenological construct 

applies for all frequencies below the UV and, with some 

caveats we will consider later, for frequencies much higher 

still. 

At photon energies E in the vacuum-ultraviolet 

(VUV) and below (Er :5: 30 eV) collective or "solid state" 

effects are very important. The response of solid matter 

to light in this energy range is quite different from that 

of a single atom. On the other hand, for hard x-rays 

(Er ~ 6 keV) the response is essentially atomic for all 

materials (except near absorption edges), and the fact that 

we deal with macroscopic portions of matters enters only 

through the number density of atoms (Ai). Absorption is 

just proportional to Afin this case. We note that hard x

ray wavelengths are approximately of atomic dimensions 

(a ~ 1 A). For the VUV, in contrast, ~ ~ 400 A » a. The 

region in between these two has been defined as the SXR 

region for the purposes of this worl<. That is, SXR photon 

energies will be taken to satisfy 30 eV :5: Er :5: 6 keV, 
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although there are no uniformly accepted values for these 

limits. 

As photon energies increase through the SXR region, 

a solid's response to light will change from that 

determined by the solid state properties to that determined 

by the atoms individually. For most elements, atomic 

properties dominate at energies Ey ~ 50 eV (Henke 1981). 

For higher energies solid state effects can still 

contribute to the detailed response near absorption edges, 

however, due to exciton effects and extended absorption 

fine structure (EXAFS) phenomena. 

We will find it convenient for the following 

discussion to refer loosely to the "low energy" and "high 

energy" ranges as those for which, respectively, band 

structure or atomic effects are dominant. The 

"intermediate energy" range cannot be defined in general 

because it is material-dependent. The upper limit for 

this range is at the most ~200 eV (Weaver and Olson 1976)· 

The optical properties of metals and non-netals are 

quite distinct in the low-energy range. Light absorption 

in metals is governed by free-carrier (intraband) processes 

for energies up to the visible. The behavior is well 

des~ribed by the classical Drude model (Stern 1963, Wooten 

1972). Absorptance (and C2) is very high, but so is 

reflectance at air-to-metal interfaces and not much light 

is actually absorbed. The Drude model predicts that the 
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absorption due to the free electrons should fall as the 

plasma frequency, equation (30), is approached. This 

frequency depends on the number of free carriers, and 

occurs in the visible or UV for metals. The model predicts 

a precipitous decrease in reflectance at the plasma 

frequency, and that the metal should be essentially 

transparent at higher frequencies. However, interband 

transitions become energetically possible also in the 

visible or UV for metals. Thus photons are first able to 

excite bound electrons from the valence to the conduction 

band at an energy equal to the band gap, and an absorption 

peak is superimposed on the otherwise decaying absorptance 

curve (Ehrenreich and Philipp 1962). Absorption peaks due 

to additional interband transitions are characteristic of 

the VUV region. The reflectivity is affected accordingly 

and as a result shows some characteristic peaks in the UV 

and VUV. In the visible the reflectivity often shows some 

st~ucture as well, giving rise to the characteristic color 

of metals such as eu and Au. The optical properties of 

metals for photon energies up to the UV have been reviewed, 

for example, by Abel~s (1972). 

In non-metals, absorption below the fundamental 

edge, i.e., at photon energies below the band gap, is small 

in general and due to photo~-phonon interactions. 

Intraband processes are not possible for insulators or pure 

semiconductors. For light of frequencies close to the 

30 



collective lattice mode resonances (in the far IR), 

interaction of photons with TO phonons becomes very large 

in polar materials. This one-phonon process (Madelung 

1978) causes the Reststrahlen phenomenon. This region ·is 

forbidden for EM wave propagation (Ziman 1972) and 

reflectance can approach 100%. At somewhat higher energies 

(in the near IR) the only possible absorption processes in 

pure non-metals are multi-phonon summation mechanisms 

(Madelung 1978). The low probabilities of these processes 

lead to extremely low absorptance and materials become 

quite transparent (Mitra 1985). 

The fundamental absorption edge occurs commonly in 

the visible or near UV for dielectrics and in the near IR 

for semiconductors. At energies higher than this edge the 

absorption shows a series of peaks and other structure due 

to valence-to-conduction band transitions and excitonic 

effects. Optical properties of non-metals up to the UV 

have been reviewed by various authors in a collection 

edited by Abel~s (1972). 

Starting near the short-wavelength end of the UV 

region (~30 eV) and extending into higher energies, metals 

and non-metals behave in very similar fashion since 

excitation from atomic core levels is the dominant 

absorption mechanism and these levels are not much affected 

by the type of bonding of the atoms. In the VUV all 
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materials absorb light strongly. Correspondingly, the 

extinction coefficient ~ has relatively large values (but 

less than l)g since n begins to approach unity for all 

materials in this region. 

As energy increases through the VUV and SXR 

regions, ~ consistently drops except near inner-core 

absorption edges and associated structure. From the 

Fresnel relation, equation (27), we see then that the 

normal-incidence reflectance will in general be small for 

all materials at the onset of the VUV and become smaller as 

the wavelengths shorten. 

32 

Photoelectric absorption is the dominant process in 

the SXR region. Coherent (Rayleigh and Thomson) scattering 

also occurs but is generally a few orders of magnitude less 

important (Hubbell et al. 1980). Incoherent (Compton) 

scattering is negligible up to the hard x-ray region. 

Beyond the hard x-ray region, pair production begins at 

Er = 1.02 MeV, and absorption through photonuclear 

reactions peak at Ey ~ 20 MeV, the "giant dipole resonance" 

regio~. Thus, for optics in the SXR region, we will be 

interested only in photoelectric absorption. This implies 

that a description of the optical properties in terms of 

new) and ~(w) or Cl (w) and C2(W) is still adequate. For 

hard x-rays, as we will explain later, this is no longer 

the case except for special situations. 



Absorption due to first-order interband transitions 

can be calculated for crystals through the relation 

(Bassani 1966, Piacentini 1969) 

(37a) 

where i and f indicate initial (occupied) and final 

(unoccupied) bands, ~ is the wave-vector of the light 

propagating through the crystal, ~ and ~' are the momenta 

of the initial and final states, respectively. The q-sum 

is over the first Brillouin zone. The projected transition 

probability matrix element is 

= J d3 r ~,·(~·.r) (37b) 

cristal volume 

where e is a unit vector in the direction of the ~-field 

polarization and £ is the momentum operator f = -ih~. 
Assuming the electron states to be Bloch functions, (37b) 

is simplified to 

unit cell (38) 

where V is the unit cell volume and u is the lattice-

periodic part of the Bloch functions. 

The expression (37a) for C2 given above takes into 

account the effect of photon momentum in the interaction. 

The 6-function in (38) is an expression of momentum 

conservation, just as the 6-function in (37a) is an 
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expression of energy conservation. For the low-energy 

region the photon momentum can be neglected in comparison 

with typical electron momenta, and equation (38) further 

simplifies by substituting k = O. This is equivalent to 

making the dipoJe approximation (ei~'I ~ 1'. We write C2 

as a function only of w then. For SXR light, photon 

momentum is not necessarily negligible and the full 

expression (38) might be needed. This is important because 

if C2 is not a function of w only, the familiar Fresnel 

relations for the transmitted and reflected amplitudes will 

not be valid. Accordingly, we consider this problem in 

more detail. 

The question is whether the dipole approximation is 

still adequate in describing the field-atom interaction , 

at the wavelength region in question. It could be argued 

that the dipole approximation can be expected to hold as 

long as A » a, i.e.: valid only for part of the SXR region 

as we have defined it, and certainly not valid for hard x

rays. More careful analysis shows that the condition 

A » a is overly restrictive (James 1948). A high energy 

photon interacts mainly with core electrons; the atomic 

length scale that should be compared to A is not the atomic 

size but the size of the electron shell in question. 

Except for very light elements, core shells are one or two 

orders of magnitude smaller than the atom itself. Thus the 

dipole approximation is still reasonable throughout the SXR 
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and in fact also for hard x-rays. It is less adequate 

however near absorption edges. 

Expression (37) is obtained by applying Fermi's 

Golden Rule (Baym 1969). It is therefore the result of a 

first-order perturbation treatment of the electron-field 

interaction. Higher-order processes such as multi-photon 

absorption and phonon-assisted processes are ignored. This 

is a good approximation since first order processes, if 

allowed, vastly overshadow others. 

For amorphous materials an expression formally 

similar to (37) may be written (Tauc 1966, Hindley 1970), 

but the lac}, of crystalline periodicity means that the 

state functions are no longer Bloch functions. Additional 

approximations must then be made in order to treat the 

problem theoretically (Connell 1985). 

Within the one-electron model a number of schemes 

exist for the evaluation of C2{W) by making different 

approximations concerning the state functions (Bassani and 

Pastori Parravicini 1975). However, collective phenomena 

are important in some cases and the one-electron 

approximation breaks down. The initial and final states in 

equation (37b) are then many-electron functions. For· 

example, for the VUV and SKR regions electron-electron 

scattering cannot be neglected and this complicates 

theoretical treatments (Koch et ale 1977). 
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In any case, the current state of knowledge allows 

the theorist to explain, a posteriori, spectral features of 

C2 (and hence of Cl) in terms of some model, but presently 

it is not possible to accurately predict these functions. 

Hence, for the design of optical elements there is no 

substitute for experimentally-determined optical constants. 

Theoretical calculations can be useful nevertheless in 

bridging existing gaps of knowledge, a common situation in 

the VUV and SXR regions even for technologically important 

materials. 

A useful approach (within the one-electron model) 

at high energies is to consiQer the final state ~f to be 

identical to a single-atom wavefunction (the atomic 

approximation). This is equivalent to treating the solid 

as if it were a dilute gas, but it leads to a qualitative 

understanding of some effects observed in absorption 

spectra of some materials. At high enough photon energies 

(generally above 50 to 200 eV, depending on the material) 

the absorption spectra of the solid and gas phases of a 

given substance are in fact very similar, except for the 

effect of density differences (Combet-Farnoux 1978, Sonntag 

1978, Kunz 1978, Hedin 1978). The form of the solid's 

absorption spectrum will begin to deviate considerably from 

that of its gas phase over a relatively narrow energy range 

in the VUV or SXR. Thereafter, for lower energies, the two 

spectra are very different. 
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The one-electron theory of atomic absorption has 

been reviewed by several authors (Fano and Cooper lGS8, 

1969, Herman and Skillman 1963, Henry et al. 1972). The 

wave functions are calculated by the Hartree-Fock or 

Hartree-Fock-Slater methods, which include electron

exchange effects. Multi-electron correlations and final

state effects can be important, however, particularly at 

lower energies (Amusia et al 1971). The role of collective 

effects in atomic photoabsorption has been reviewed by 

Amusia (1981). What is directly calculated with these 

approaches is the atomic absorption cross section aa, which 

can be related to the linear absorption coefficient ~(w) by 

No p W &2 

~ = aa = (39) 
A n c 

where No is Avogadro's number, A is the atomic mass, and p 

is the mass density of the absorbing material. Even for 

hard x-rays, however, neighboring atoms affect the 

absorption process, as evidenced in the EKAFS and the 

Kossel structure (Koch et al. 1977, Brown 1980). This 

latter effect in particular, which occurs within 10 eV of 

threshold for inner-shell absorption, is very sensitive to 

the state of aggregation of the absorbing substance. 

Additional features connected with absorption edges, such 

as plasmon peaks and the "raie blanche" effect, appear in 

some cases (Mande and Sapre 1982). The position of the 

edge itself will change depending on the purity of the 
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sample, an effect known as the "chemical shift" (Mande and 

Sapre 1982). 

The interaction of x-rays and ~-rays with matter is 

commonly described through the atomic scattering factor f, 

which connects the amplitude of the incident field with 

that of the wave scattered by an atom. The unit of 

scattered amplitude is conventionally taken to be that due 

to a free classical electron, which is expressed by the 

Thomson formula (James 1948) 

ro 
Es = Eo P(29), (40) 

r 

where Es and Eo are the scattered and incident amplitudes, 

ro=e2 /mc2 is the classical electron radius, r is the 

distance from the electron location to the observation 

point (r » ~ is assumed), and P(29) is the polarization 

factor given by 

P(29) = 1 for ~-polarization, (41a) 

P(29) = cos(29) for n-polarization. (41b) 

Light scattering by a crystal is described through the 

geometrical structure factor (James 1948), which takes into 

account the lattice symmetry and the atomic scattering 

factors of all atoms in the primitive cell. 

In general f is a function both of the photon 

frequency and the scattering vector § = ~'- ~ , where k and 

1[' are the wave-vectors of the incident and scattered 
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photons. In a non-relativistic treatment f is conveniently 

expressed by (Gavrila 1982) 

f(w,~) = fo(~) + f'(w,S) + if"(w,~), (42) 

where fo(~) is the atomic-form factor and f' and f'' are 

correction terms. For the photon energies of interest to 

us (less than a few keV) photoelectric absorption and 

elastic scattering processes entirely dominate over 

inelastic scattering processes. For elastic scattering 

1~1 = I~' I, and the ~-dependence off occurs only through 

the scattering angle 28. 

scattering factor 

Then we can write for the atomic 

f(w,28) = fo(28) + f'(w,28) + if"(w,28). (43) 

The geometry is shown in figure 1. 

Various elastic scattering processes are possible 

for x-rays and ~-rays, but coherent scattering is the only 

important elastic process at energies below 100 keV, for 

all scattering angles (Kissel and Pratt 1985). This 

contribution to the total scattered amplitude is termed 

"Rayleigh scattering". This is a different phenomenon than 

the ~- 4 behavior familiar in visible light optics, and 

which goes by the same name. The latter occurs for 

frequencies much smaller than those corresponding to atomic 

resonances wo. At high frequencies (w >> wo) the behavior 

asymptotically approaches that of the classical free 

electron (i.e., frequency-independent) except for a 

radiation damping factor (Jackson 1962). Throughout the x-
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ray region, however, photoelectric absorption (~PE) is 

generally much more important than scattering as an 

attenuation process. At high frequencies (say beyond the 

K-edge of a particular atom), ~PE decays rapidly with 

increasing photon energies. ~7/2 (Heitler 

1954). The exponent is sufficiently close to 4 that this 

creates confusion, but we note that it is positive and has 

nothing to do with Rayleigh scattering. 

Figure 2.1. 

~ s 

Geometry for elastic scattering. 

The wave-vectors of the incident and scattered 
waves are~ and~', respectively. S is the 
scattering vector, and the scattering angle is 28. 

Returning to expression (42) we note that if the 

dipole approximation is valid the atomic electrons can be 

assumed to scatter in phase and f is angle-independent 

(Henke 1981). In fact, making ~,~' ~ 0 the scattering 

angle loses its meaning and expression (42) is 

40 



approximated by (James 194~, Compton and Allison 1935) 

few) = f' (w) + if"(w). (44) 

In this case the scattered amplitude will depend on the 

scattering angle only through the polarization factor ,in 

the Thomson formula (40). 

Scattering at high energies occurs primarily in the 

forward direction. At the high-energy limit the correction 

terms in equation (42) vanish and the scattering factor 

becomes identical with the atom-form factor fo, which is 

frequency-independent. For forward scattering from 

spherically symmetric atoms, and still within the non

relativistic treatment, fo is given by 

fo(29=O) = Z, (45) 

where Z is the number of electrons in the atom (Gavrila 

1982). We stress the fact that equation (45) is exact only 

for forward scattering. At high scattering angles fo is not 

a constant, but a function of the scattering angle. The 

angular dependence becoming more pronounced more quickly 

for high-Z atoms. It is often assumed that the angular 

dependence of the correction terms f' and f" in definition 

(43) is the same as that of fo. This has recently been 

shown not to be correct (Parker ~nd Pratt 1984). 

The dispersive terms in (44) are the "anomalous" 

scattering corrections to f. It is readily shown in a 

classical treatment of the dipole oscillator that f' 

determines the phase velocity of the EM wave. The 
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imaginary term f" describes the appearance of scattered 

wavp.s which are out of phase with the primary wave and thus 

cause absorption. 

The forward atomic scattering factor f(w,O) = few) 

is connected to the complex index of refraction by the very 

useful relation (James 1948, Compton and Allison 1935) 

,,2 ro 
n = 1 -

2 1T 

L~ fj(w,O), 
J 

.( 46) 

where for atoms of type j, ~ is the number density and 

fJ(w,O) is the forward atomic scattering factor. Relation 

(46) thus connects the macroscopic optical properties of 

matter (n) with the atomic behavior (f). It must be 

stressed that this approach neglects solid-state effects, 

which are very important for energies below - 50-100 eV, 

and also near absorption thresholds where, as mentioned 

before, EXAFS and Kossel structures appear. The simple 

relation (46) cannot be applied in those cases. 

Ultimately, theories must be developed to connect the 

atomic optical properties with the macroscopic solid-state 

characteristics, including microstructural information, 

which are described by the complex refractive index. This 

difficuit problem has not been solved yet. 

The imaginary part of the forward atomic scattering 

factor is related to the total atomic cross section for 

scattering and absorption ~totel through the optical 

theorem (or Bohr-Peierls-Placzek relation) (Bohr et al. 
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1939, Baym 1969), which is a consequence of the law of 

probability conservation. It can be expressed as 

Im{f(w,o)} = f"(w,O) = CTtotal(W), (47) 
4nro c 

where ~total includes all processes, both elastic and 

inelastic. In the forward direction the incident and 

scattered waves interfere, which causes an attenuation of 

the incident wave. This can be interpreted as a reduction 

in the number of light quanta. These quanta must have been 

scattered or absorbed. We note that there is no 

distinction between the transmitted and the forward-

scattered wave. 

For the photon energy range of interest for us 

Compton scattering is negligible and the main inelastic 

channel for the photon-atom interaction is photoelectric 

absorption (~PE). Bound-bound transitions contribute to 

~total in relation (47) (Gavrila 1982, Wang and Pratt 1983, 

Creagh 1984). Neglecting the widths of the states involved 

in these transitions, the optical theorem expression (47) 

can be approximated by 

n w 
f" ( w , 0 ) = - - 1: w n 1 f n 1 6 ( w n 1 - w) - ~P E (w) , ( 48 ) 

2 4nroc 

where ~Wnl = En - El, and fnl is the retarded oscillator 

strength for the transition i ~ n. This expression is 

adequate for x-rays of energies low enough that Compton 

scattering is negligible and below the threshold of pair 
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production into bound states (Levinger and Rustgi 1956, 

Kissel et ale 1980). 

Within the non-relativistic approximation the 

"anomalous" dispersion terms for the forward direction are 

connected through a K-K-type relation (Sakurai 1967) 

00 

2 w' f"{w',O) 
f'(w,O) = (49) 

7T w' 2 - w2 

o 

Through approximation (48) the imaginary part of the 

scattering factor ,and hence ~, through equation (46), can 

be determined from measurements of the photoelectric 

absorption cross section. The K-K relation (49) can then 

be used to determine the real part of f, and hence n, 

through equation (46) again. The bound-bound contributions 

in equation (48) are commonly ignored in these 

determinations of f', an omission that might be unwarranted 

at SXR energies for light elements (Kissel and Pratt 1985, 

Wang and Pratt 1983). For solids, bound-bound transitions 

occur which end in empty or partially empty bands and 

consequently the use of 6-functions in equation (48) is a 

worse approximation. 

While the non-relativistic theory should be 

adequate for energies up to hundreds of keV (Gavrila 1982), 

a relativistic treatment (Cromer and Liberman 1970, Stibius 

Jensen 1980a, 1980b) leads to additional terms in relation 

(49), which is a non-relativistic result (Sakurai 1967). 



The errors introduced by the use of this relation in 

determining f'(w,O) (Henke 1981), should be small at photon 

energies of a few keY (Parker and Pratt 1984). 

Another relativistic result of interest to us 

concerns the high-energy limit of the forward scattering 

factor. In the non-relativistic treatment this is given by 

equation (45), i.e., the total number of atomic electrons. 

A relativistic treatment (Golgberger and Low 1968, Florescu 

and Gavrila 1976) leads to values of f(~,O) somewhat less 

than Z. The difference is larger for heavier atoms. Thus, 

the determination of the refractive indices through 

equations (44) to (46) is inaccurate to the degree that 

limit (45) does not hold. Unfortunately, numerical results 

are currently available for very few cases. While it is 

not lil[ely that these corrections to the non-relativistic 

theory will be large, one would do well to be skeptical of 

optical constants for hard x-rays with too many significant 

figures. 

3. Data Sources 
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Reflectance or transmission measurements are 

notoriously difficult in the VUV and SXR spectral regions. 

This is due in part to the lack of adequate optical 

components (a problem related to the ()ptical properties of 

materials at these wavelengths) and in part, at least up to 

the 1960's, to the lack of high-intensity tunable light 

sources. The use of synchrotron radiation as a light 



source and the increased number of synchrotron facilities 

since the mid-1960 led to great improve~ents in both the 

quantity and the quality of the available data. 

In the earlier work the usual procedure for the 

determination of "optical constants" for this region 

involved interpolation between data points obtained at 

characteristic emission-line wavelengths. For "difficult" 

regions, such as near the absorption edges of the material 

in question, even the best currently available tabulations 

have been obtained by smoothing the measured data. Complex 

behavior of the absorptive part of the optical properties 

can be expected in these regions, but in general will not 

be reflected in these tabulations. If tabulated, the 

dispersive part was usually obtained by using K-K relations 

or by model fitting of reflectance data as a function of 

angle for the grazing incidence regime. 

A problem common to most of the work on which the 

available SXR optical data is based is insufficient 

characterization of samples. Transmission measurements 

must be made on very thin film samples, whose 

microstructural details can be quite different from the 

bulk or from those of films grown under different 

conditions. This is specially important at the lower 

energies (E~- 50-100 eV), and it can result in inadequate 

values being used in a design for a multilayer because the 

production method is different than that used for the films 
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on which the determination of the optical constants were 

based. 

Often, the surface roughness of the specimens, or 

the presence of contaminating adlayers is not taken into 

consideration, and the measured reflectance is erroneously 

assumed to be the intrinsic reflectance of the material. 

Evidently this can introduce important errors in some 

cases. 

Some of the earlier work, in particular for the 

longer wavelengths, has been reviewed by Samson (1967). A 

compilation of cross sections covering the 0.1 keV to 1 MeV 

range (Veigele et ale 1969) served as the base for a table 

of mass attenuation coefficients for 87 elements published 

by Bracewell and Veigele (1971). The primary compilation 

included data obtained with Ka anrl Lal emission lines, and 

were obtained from papers published by many authors over a 

period of 50 years, up to 1969. In the following we will 

mention only data compilations based primarily on 

synchrotron measurements for SXR wavelengths. Information 

on low-energy hard x-rays is also important for us since 

multilayer characterization techniques generally use Ka 

lines, in particular eu Ka (1.54 K). However we defer 

discussion of this until chapter 5. 

Optical constants for a very wide range of photon 

energies (1 meV to 1 MeV) and for several materials (Mg, 

AI, Cu, Ag, Au, Bi, C, and A1203 were published by 

47 



Hagemann, Gudat, and Kunz (1974) of the Deutsches 

Elektronen-Synchrotron (DESY). These and other results 

were compiled by Weaver, Krafka, Lynch, and Koch (1981). 

This latter work covers the energy range 0.1 to 500 eV., 

The survey included the transition and noble metals plus 

AI, Sc, Y, the lanthanides, and the actinides. 

A more comprehensive compilation, but starting at 

higher energies, was published later by Henke and co

workers (1982). This included photoabsorption cross 

sections and derived scattering factors for 94 elements. 

The energy range covered was 30 eV to 10 keV for f" and 

photoabsorption, and 100 eV to 10 keV for f'. For the 30-

300 eV very recent photoabsorption data was included. 

Regular-interval interpolations of the data for f' and f" 

were given separately (Henke et ale 1981). Another useful 

compilation, including previously unpublished data on some 

materials of interest for us was, edited by Palik (1985). 
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CHAPTER 3 

THEORY OF MULTILAYER REFLECTANCE 

The problem of the reflecting and transmitting 

properties of periodic multilayers has historically been 

considered from many different points of view. The 

reflection and transmission of x-rays by crystals is an 

analogous problem that has been studied since shortly after 

RBntgen discovered x-rays. These phenomena are special 

cases of a rather large class: wave propagation in periodic 

media. Additional examples are electron dynamics in 

perfect crystals (Bloch waves), electric waves in periodic 

electric networks, and light scattering from acoustic 

waves. In these and other cases the periodicity of the 

medium, through scattering, impedes the propagation of the 

wave when the Bragg condition or an equivalent relation is 

satisfied. That is, when the periodicity of the modulation 

in the medium in a given direction is matched by the 

wave 1 ength. In thes e cas es there ar i se "forb i dden zones" 

for wave propagation. This unifying concept explains 

phenomena as diverse as light reflection from multilayers, 

band gaps at the edges of the Brillouin zone in crystals 

(Brillouin 1949, Slater 1958), and the operation of 
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distributed-feedback soft x-ray (SXR) lasers (Yeh et al. 

1977). 

Beyond the interesting similarities, some of the 

concepts and computational techniques developed in one 

field can often be readily applied in another. The 

approach used in this work is essentially the same as 

commonly used at visible optical wavelengths. other 

approaches can be used, in particular those based on 

"dynamical theories" of x-ray diffraction. These are 

equivalent to the "optical" (Fresnel) approach because the 

underlying model for the multilayer is the same, i.e., the 

atomic "granularity" is not taken into account. Since the 

shortest SXR wavelengths are not much greater than atomic 

dimensions it is important to analyze the validity of such 

a continuum model for the layers. Hence we will consider 

this question in section 1 where, in addition, we examine 

other usual working hypotheses (expressed or implied). 

These include the neglect of spatial dispersion and 

internal field corrections, the use of the local 

approximation, and assumptions of media isotropy, 

linearity, and homogeneity in a non-atomic sense. We will 

describe in section 2 of this chapter the procedures used 

in reflectance calculations for multilayers. 

Due to the very short wavelengths of interest for 

us, the existence of interdiffusion and microroughness at 

the interfaces of the multilayers cannot be neglected. In 
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section 2 the inclusion of interdiffusion effects will also 

be considered. In section 3 we will review the fundamental 

facts in surface roughness specification and measurement as 

well as some important results of scattering theory for 

single surfaces. In section 4 some scattering theory 

results for multilayers are reviewed and applied to the 

case of interest to us. 

1. Validity of Assumptions for Media 
Response at Very Short Wavelengths 

The model almost universally used for visible 

optical multilayers assumes the layer materials to be 

continua. For wavelengths much greater than interatomic 

distances this condition is easily satisfied, except for 

very special cases. For SXR wavelengths the problem must 

be considered more carefully. We need to know whether the 

macroscopic Maxwell's equations, which lead to Fresnel's 

relations for reflection and transmission of light at an 

interface, are still valid. We stress that the concern 

here is not the inhomogeneities resulting from 

imperfections such as microvoids, interdiffusion, or 

roughness. Rather, we are interested at the moment only in 

the fundamental "inhomogeneity" introduced by the atomic 

nature of matter. This problem has been considered in the 

past by aome of the pioneers in the field of x-ray 

diffraction. We mention only the basic ideas following the 

account given by James (1948). For SXR radiation a similar 
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approach has been used by Smirnov (1977). The vectorial 

nature of the EM waves is not taken into account. 

Consider a perfect solid-vacuum interface into 

which monochromatic x-rays impinge from the vacuum side. 

The x-rays from a distant, small source S impinge on the 

surface at an angle e and are reflected into the direction 

of an observation point Q. A Fresnel-zone construction for 

the surface is presented in figure 1. In the usual 

Fresnel-zone case the wavefront is assumed to excite an 

infinite number of secondary sources in the surface plane, 

and secondary (Huygens) wavelets are emitted. Here, the 

surface of the solid is a plane sheet of atoms and each of 

them is an actual source. No fictitious secondary charges 

may be assumed to exist in the intervening space. 

s Q 

Figure 3.1. Fresnel zone construction for an interface . 
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The edge of the mth Fresnel zone is the collection 

of points P' such that SP'Q = SPQ + m(A/2). The zone 

boundaries are elliptical. The area of the first zone is 

(

1T S s') 
S + s' 

( I ) 
sine 

where sand s' aie distances SP and PQ, respectively. If 

the number of atoms included in this zone is large enough, 

their distribution then can be approximated as continuous 

and the macroscopic approach is valid. 

Assuming distances sand s' to be both of the order 

of 10 cm we see from equation (1) that the area of the 

first Fresnel zone is 

Al ~ 10 9 (A ) 
sinS 

[A2J , (2 ) 

with A in Angstroms. Thus while the areas involved when 

A ~ I A, say, are certainly small by macroscopic standards, 

the number of atoms included is evidently very large, even 

at normal incidence. According to this argument, the 

macroscopic model can be applied throughout the SXR region. 

For shorter wavelengths the areas given by equation (2) 

first become too small at near-normal incidence. For very 

short wavelengths the condition of having enough atoms in 

the first zone is satisfied only at grazing incidence. 

Indeed, for hard x-rays incident at low angles, good 

agreement is obtained between reflectance measurements and 

calculations based on the macroscopic approach (Parratt 



1954, Lukirskii et al. 1964, Henke 1972). Simplifications 

are possible due to the small angles involved and the fact 

that n is very close to unity. The macroscopic model is 

applied even at 7-ray energies, for very small angles 

(Hannon et al. 1985, Glebov et al. 1985). 

We note that the condition that e be small enough 

for high energy ·radiation is the same that allows use of 

equation (2.46). At larger angles we essentially are 

considering cases with non-negligible scattering vectors S. 

At high energies most of the scattering is forward, so that 

in general reflection will be very small for large e angles 

(except when the Bragg condition is satisfied). However, 

the interaction cannot be accounted for just with a complex 

refractive index which is a function of w alone. The 

macroscopic model does not hold and Fresnel-type relations 

cannot be applied unless one is willing to introduce angle

dependent refractive indices. 

We consider now in greater detail the local 

approximation (i.e., neglect of spatial dispersion) made 

after equation (2.3). As we mentioned then, the local 

approximation implies that the effects of the field at one 

point are due to the value of the field at the same point 

Qrrly. If non-local effects are to be included one should 

write the relation between the ~(r,t) and ~(r,t) fields as 

(2.3) rather than (2.7). Fourier-transforming then leads 

to a k dependence as well as an w dependence. In general, 
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the linear integral operator c(r,r'jt,t') is a second rank 

tensor. Spatial dispersion has been treated at length by 

Agranovich and Ginzburg (1962, 1963, 1966). 

If the field in the medium varies slowly over the 

region in which the light-matter interaction takes place, 

then spatial dispersion can be neglected. In the visible 

range the light wavelength in the medium is much longer 

than atomic sizes and thus, whenever initial states are 

localized, non-local effects can usually be neglected. In 

the case of interest for us wavelengths are, as explained 

in chapter 2, larger than the sizes of the atomic shells 

that interact more strongly with the light. Spatial 

dispersion can again be neglected, in general. However, at 

the short-wavelength extreme of the SXR region and for 

lighter elements this does not seem a safe approximation. 

On the other hand, in that case it begins to be correct 

that c ~ I = Cvacuum and again non-local effects should be 

less noticeable. 

A complication arises when taking into account the 

vector nature of EM waves. For a-polarized waves the_E

field is always tangential to the interface and according 

to the relevant boundary condition its variation through 

the interface region is continuous. For n-polarized waves, 

however, there is a component of ~ in the direction normal 

to the surface. ~ changes discontinuously at the surface, 

its normal component just inside being l/c of the value 
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outside (i.e.,in vacuum). While the idea of an abrupt 

interface is not adequate here, it is a fact that a rapid 

variation of ~ occurs over a distance of the order of 1 A 

for n-polarized light. This effect will be more prono~nced 

for long-wavelength SXR radiation since then c is not yet 

too close to unity. Thus we would expect non-local effects 

to be more important for n-polarized SXR light in the long 

wavelength limit. 

When surfaces are taken into account it is not 

sufficient to treat £ as a function of r - r' only, because 

the proximity of the surface will have an effect. 

Furthermore, the existence of spatial dispersion raises the 

order of the differential wave equation, leading to the 

possibility of "new" waves and the need for additional 

boundary conditions (Agranovich and Ginzburg 1962). These 

conditions are not of general validity, being dependent on 

surface properties (Bishop and Maraudin 1976). 

The problem of non-local effects in relation to 

surface reflectance, for either bare surfaces or those with 

very thin adsorbed layers, has been extensively studied 

lately at "optical" wavelengths (Fuchs and Kliewer 1969, 

Kliewer and Fuchs 1974, Melnyk and Harrison 1970, Lindau 

and Nilsson 1971, Abel~s et ale 1980, Feibelman 1976, 

1981). Coupling of light waves to plasma waves in metals 

can render the Fresnel equations invalid and reduce the 

reflectance. However, these effects are small, and 
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observed only close to the plasma frequency. Since this is 

in the UV or VUV range for most metals, we will neglect 

such effects. 

We turn now to the problem of internal or "local 

field" corrections (not to be confused with the non-local 

effects just discussed). These corrections are necessary 

because matter is not truly homogeneous. The macroscopic 

field is the average of the microscopic field over volumes 

containing many atoms or molecules. The (microscopic) 

effective field acting on an atom is that due to all other 

atoms. This effective field is called the local field 

(Vlec]{ 1932). We note that the total microscopic field is 

also called "local field" sometimes. For crystalline 

insulators with a cubic lattice the local field can be 

shown (Wooten 1972) to be approximately 

4 TI 

eloc = E + --- P, 
3 

(3) 

the Clausius-Mossoti field, which leads to the Clausius-

Mossoti (for c) or Lorentz-Lorenz (for n) relations. For 

non-cubic dielectrics an additional term due to net near-

neighbor atom fields has to be added to expression (3). 

The concept of the local field can be extended to non-

localized electrons (Wooten 1972). In general ~loc tends 

to be between the value given by equation (3) and just 

~loc =~. The subject of the local field in relation to 

calculations of the dielectric function at UV and shorter 
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wavelengths has been a subject of interest for the last 25 

years (Adler 1962, Wiser 1963, Vechten and Martin 1972, 

Bergstresser and Rubloff 1973, Nagel and Witten 1975, 

Bagchi et ale 1982). The magnitude of local field effects 

has been estimated to be very important in the UV and VUV 

for insulators. At SKR wavelengths the effects can be 

expected to'be non-negligible for all materials. As c ~ 1 

corrections would be smaller. We are not aware of work 

including local field corrections at SKR wavelengths 

proper. The experimental ·determination of optical 

constants at these wavelengths is invariably performed 

without considering these corrections (Lynch 1974, Hunter 

1982). Therefore we do not dwell any longer on this 

problem, which must remain for future research. 

An additional problem in this category is that of 

anisotropic effects at SKR wavelengths. Thin films are 

usually amorphous or polycrystalline and anisotropic 

effects can be neglected. However, if the films are 

crystalline, as in true superlattices, the dielectric 

function is more properly treated as a tensor. We can 

neglect these effects here because anisotrnpic effects for 

crystals at x-ray wavelengths are small, although they have 

been measured (Weber 1962). 

One important problem in relation to the 

calculation of reflectance properti~s of surfaces and 

multilayers at the longer wavelengths within the SKR range 
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is the effect of microstructural detail. In thin films 

this can vary greatly with deposition method and 

conditions, film thickness, substrate material, orientation 

(if crystalline), and pre-treatment, film treatment after 

deposition, and aging. This complicates matters because 

the film microstructure is often not well known, and 

reflectance calculations for inhomogeneous films are much 

more complex. 

A closely related problem is that of the 

determination of optical constants for the SXR range. 

Since reflectance is so low, transmission measurements on 

thin films are generally made. The optical constants are 

then determined from a Kramers-Kronig analysis, as 

described in chapter 2. The effect of film microstructure 

is neglected, as often is the effect of film roughness. 

Thus, SXR optical properties obtained for one sample or 

type of sample are pos~ibly different from the bulk 

properties and, in general, cannot be expected to apply 

accurately to other thin film samples. The situation is 

not helped by our lack of a theory of the optical response 

of disordered materials. The study of the electronic 

structure for this type of solid is a very active field 

(Ehrenreich et al. 1980, Brodsky 1985), and is currently in 

a rather fluid state. 

One attractive area for the use of SIR multilayer 

coatings is short-wavelength laser research. In lasing 
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schemes that have been ~eported (Matthews et al. 1985), a 

single burst of radiation is produced and its heat blast 

destroys the mirror after a single reflection. The low 

reflectances attainable at SXR wavelengths make single~pass 

or single-reflection configurations necessary. Gain is 

achieved by producing very large inverted-state densities, 

which necessitates the release of high energy densities in 

a very short time. Better reflectance would bring the 

possibility of resonator cavities and reduced requirements 

on the population inversion. At any rate, if field 

intensities are high enough, the reflecting behavior of 

these structures can be expected to be degraded due to non

linear effects. We do not consider non-linear effects in 

the present work. In this type of application, and related 

ones such as plasma diagnostic studies, where the mirror is 

subject to high x-ray flux, the problem of structure 

degradation arises. Preliminary considerations of these 

effects (Kania 1986), and of heat blast survivability 

arrangements (Day and Barbee 1985) have been published, but 

these problems require further study. 

In summary, the simplifying assumptions that go 

into the calculation of the reflectance properties of 

multilayers for SXR radiation are justified to varying 

degrees. In spite of the short wavelengths considered, the 

atomic nature of the materials can be neglected except for 

shorter wavelengths and angles of incidence near the 
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surface normal. Errors introduced by neglect of internal 

field corrections are probably not negligible, but those 

introduced by neglect of spatial dispersion are probably 

very small except for special situations. However, the 

current state of theoretical and experimental knowledge 

does not allow the inclusion of these last two effects. 

The local approximation might lead to errors, in particular 

for n-polarized radiation at far-from-normal incidence. 

The assumption of isotropy is probably a good 

approximation, in particular at the shorter wavelengths of 

the SXR region. The assumption of linearity is valid 

except of course for high intensity fields that would be 

encountered in some applications. Finally, but most 
~ 

importantly from the practical point of view, n(w) for any 

given material can depend dramatically on microstructural 

details. For sufficiently high photon frequencies the 

changes are determined only by the change in density. 

However, microstructural details are still relevant at the 

low-energy portion of the SXR spectrum for some materials. 

Combined with the relatively large uncertainties of SXR 

measurements, this implies that the performance of 

multilayer devices can be expected to deviate noticeably 

from calculated curves even when interfacial imperfection 

is taken into account. 



2. Multilayer Reflectance Calculations 

In calculating the reflectance characteristics of a 

periodic multilayer, advantage might be taken of the 

methods developed for crystallography. Indeed, a 

multilayer might be considered as a "perfect" one

dimensional crystal by viewing the unit period of the 

multilayer (i.e.: a bilayer) as a "unit cell". The 

crystalline structure of the materials themselves would be 

ignored, with consequent simplification in the treatment. 

Of course, once this "optical model" is accepted, 

diffraction effects due to the crystal lattice of the 

materials cannot be treated. This approach has been taken 

in describing the performance of multilayers designed as 

neutron monochromators (Schoenborn et al. 1974, Saxena and 

Schoenborn 1977). It can also be used for SXR structures 

(Underwood and Barbee 1981). For multilayers which are 

true superlattices, i.e., epitaxially grown, some 

difference can be expected in the reflecting behavior with 

respect to non-epitaxial ones with similar structural 

parameters. This is due to the different distribution of 

matter in the layers and not to any fundamental deficiency 

of the optical model (Spiller and Rosenbluth 1986). 

The earliest and simplest theory of x-ray 

diffraction by crystals was Laue's (1913) kinematical (or 

geometrical) theory. Essentially, this theory treats the 

problem as one of three-dimensional far-field (Fraunhofer) 
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diffraction,and ignores multiple scattering and the 

interaction of the primary wave with the diffracted waves. 

The energy loss of the primary ~ave in passing through the 

crystal is also ignored (Born's first approximation or 

Rayleigh-Gans approximation). This theory can give the 

directions of diffraction maxima, but cannot predict 

intensities unless the crystal is very small or the sample 

considered is polycrystalline, with small crystallite 

sizes. 

Any theory of x-ray diffraction which takes into 

account multiple scattering is called a dynamical theory 

and is needed for the cases of perfect or nearly-perfect 

crystals. The first such theory was given by Darwin 

(1914). Independently, and based on a different physical 

perspective, Ewald produced a more rigorous theory 

(1916,1917). Neither of these theories included the 

effects of absorption. Darwin's theory was modified by 

Prins (1930) to include such effects for the case of 

reflection. The extension of Ewald's theory was given by 

Laue (1949). Good treatments of dynamical theories have 

been given by various authors (James 1948, 1963, 

Zachariasen 1945, Batterman and Cole 1964, Pinsker 1978). 

Some of the key ideas have been discussed in an excellent 

article by Ewald (1965). 

We quote in the following some useful results of 

the kinematical and dynamical theories, in a form suitable 
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for periodic multilayers. We will momentarily neglect 

absorption and thus the atomic scattering factor is assumes 

to be real, that is, f(w) = fo + f'(w). 

The Fresnel-zone treatment of the previous section 

may be used to obtain the reflection amplitude coefficient. 

If the incident wave is plane and monochromatic, and if we 

ignore a phase shift on reflection, this is 

r, = arof--- (4) 
sinS 

where all quantities are as defined in chapter 2. If the 

unit cell contains more than one atom, the atomic 

scattering factor in expression (4) is replaced by the 

structure factor 

F = L fJ exp(i[·nJ), 
j 

where ~ is the scattering vector as defined before, in 

(5) 

section 2.2, not identical with James' (1948) definition, 

and ~J gives the position of the jth atom in the unit cell. 

However, we will not consider individual atoms. Rather, we 

identify the bilayer in the periodic multilayer as a "unit 

cell" of length d. It is convenient to introduce a 

"scattering amplitude density" ~ (Underwood and Barbee 

1981), 

~ = AfroRe{f} = Afro(fo + f'), (6) 

which is a function of the distance along the normal to the 

layers (z). We are interested only in the "Bragg 

reflection" case, i.e.: I~ I = jq- q' I = 4n sinS/>... Then a 
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modified structure factor for our "unit cell" can be 

written as 

d 

F'(a) = J dz ~(z) exp(iSz). 

o 

(7) 

Combining these expressions we obtain for the reflection 

amplitude coefficient for a single period 

r' =(). \ F'(9) P(29), 
sin9 I 

(8) 

where P(29) is the polarization factor defined in chapter 

2. We note that ~ is simply related to the refractive 

index trough 

n = 1 - (9) 
2Tr, 

which is the real part of relation (2.46). 

If the contributions of all layers are added, 

taking into consideration the relative phases but not 

multiple reflections, the kinematical result for the 

reflectance at the Bragg angles is obtained (James 1948, 

Zachariasen 1945) 

).2IF' (9) 12 [Sin(SNP d/2) J2 
R ( 9) = p2 (29) , 

sin2 9 sin(Sd/2) 
(10) 

where Np is the number of "cells" or bilayers. This result 

is reminiscent of the expression one obtains for a 

diffraction grating in the Fraunhofer case (Born and Wolf 

1980). For multilayers composed of more than just a few 
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layers, however, result (10) becomes very inaccurate. 

Multiple reflections must be included and this means that 

use must be made of a dynamical theory. 

Still neglecting absorption, the dynamical theory 

result for the reflectance at the mth Bragg angle is 

(Zachariasen 1945, Underwood and Barbee 1981) 

R(e) = { y2 + (y2~ 1) cot2[A(y2- 1)1/2J }-1, (lla) 

where 

n m N 
y =----- ( (e - em) sin 2 em - 26" J, (lIb) 

2A s'in 2 em 

2Np P(2em) d 
A = IF' ( em ) I , (lIe) 

m 

Npd 

<5 = ),.2 J ---- dz 4>(z); 
2n Npd 

(lId) 

o 

<5 is the average of the decrement from unity of the 

refractive index for the complete multilayer. For the mth 

Bragg reflection the maximum of R(e) is just 

Rm,max(e) = tanh2 A. (12) 

Implicit in equation (11) is the need for the refractive 

correction to the Bragg condition. For small 6 this can be 

written as (Underwood and Barbee 1981) 

m),. = 2 d (1 - 6 ) sin em , 
s in 2 em 

(13) 

This result was independently demonstrated by Darwin and by 



Ewald, and, in the interim, was experimentally found by 

Stenstr8m, who had no knowledge of Darwin's proof (James 

1948). 

Result (12) indicates that, for a sufficiently. 

large number of bilayers, peak reflectance should approach 

100%. This is unrealistically high because the effects of 

absorption have been neglected. These can be included by 

using, for example, the Darwin-Prins theory (Prins 1930). 

However, this theory is best suited to the treatment of 

infinite crystals. Henke (1981) and Henke et al. (1985) 

have introduced some modifications in order to treat a 

finite number of unit cells. Comparisons show that Henke's 

modified Darwin-Prins approach gives very similar results 

to those obtained from the exact EM boundary-value 

(Fresnel) treatment, to be treated later. An advantage of 

Henke's approach is that the effect of lack of sharpness of 

the interfaces, if modelled as a variation of the 

refractive index in the surface-normal direction, can be 

included in the calculations in a very natural way. The 

main disadvantage of the method is that only periodic 

(albeit finite) structures can be treated. 

The Ewald-von Laue dynamical theory has also been 

adapted in a computational scheme for SXR multilayer 

reflectance. This was the approach taken by Rosenbluth and 

Forsyth (1981, 1983). Their method allows for non-periodic 

structures and uses the approximation c ~ 1. Except for 
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this approximation, which is less accurate for the long

wavelength extreme of the SXR region, it is equivalent to 

the Fresnel approach. Like Henke's method, it allows the 

inclusion of continuous variation of c (or the refractive 

index) within a bilayer. 

The above theories of x-ray diffraction are 

analogous to theories that have been developed to treat 

thick holograms. The earliest thick hologram theories 

(Leith et ale 1966, Gabor and Stroke 1968) used the first 

Born approximation and are equivalent to the kinematical 

theory. These correctly predicted the angular and 

wavelength selectivity of the holograms. The application 

of the ideas of a dynamical theory of x-rays was suggested 

at nearly the same time (Saccocio 1967). Previously, a 

similar approach had been used in treating the problem of 

light diffraction by ultrasonic waves (Bathia and Noble 

1967, Phariseau 1956). Kogelnik (1969) developed a theory 

of thic)r holograms along these lines, considering the case 

of sinusoidal modulation and high efficiencies, i.e., that 

the incident wave is strongly depleted. Other profiles can 

in principle be treated as a Fourier superposition of 

sinusoidal waves. The comparison of Kogelnilr's results for 

holograms with those of the Darwin-Prins dynamical theory 

for crystals can offer insights into both problems, but we 

will not consider those aspects here. 
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Both Kogelnik's theory and the Darwin-Prins theory 

are "coupled-wave" (also called "coupled modes" or "two

wave") theories. Only two waves are assumed to exist in 

the medium: the incident wave and the first-order 

diffracted one. In this sense they are first order 

theories. This approximation is adequate for small 

modulations of the profile. For the case of x-rays in 

crystals or multilayers this is satisfied. It is not 

necessarily satisfied by all holograms nor for the long 

wavelength limit of the SXR. Exact solutions to the 

sinusoidal modulation problem can be found in principle 

through the Floquet (or characteristic mode) approach. 

Here all diffracted waves are considered and the wave 

equation in the modulated medium is written in the form of 

Hill's differential equation (Magnus and Winkler 1966), 

which for cr-polarization reduces to Mathieu's equation. 

Solutions must satisfy Floquet's theorem from which Bloch's 

theorem may be derived. For the case of loss less 

dielectrics the form of the solutions has been discussed by 

Tamir et al. (1964) and by Tamir and Wang (1966). It is 

possible to generalize the coupled wave theories to include 

all diffracted waves and the second derivatives of the 

field, which are neglected in first-order theories 

(Magnusson and Gaylord 1977, 1978, Moharam and Gaylord 

1981, 1983). Such generalized ("multiwave") theories are 
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equivalent to the exact Floquet approach but may be easier 

to handle. 

There are many other fields in which the treatment 

0; interaction of waves and layered media with arbitrary 

profiles, or media with one-dimensional inhomogeneities, 

shows up. Propagation of seismic waves through the earth, 

and of radio waves in the atmosphere are two important 

examples. Analytically solvable cases are given in the 

treatises of Brekhovskikh (1960) and Wait (1962). Visible 

light is treated in a brief review by Jacobsson (1965). 

While the modelling of multilayer structure 

profiles possibly will be advanced in the future by the use 

of the analytical methods just mentioned, reflectance 

calculations for multilayers are nearly always performed by 

including diffusion (and roughness) effects in an ad hoc 

manner, as we will explain later. By assuming all 

interfaces to be perfectly sharp, the EM boundary-value 

problem becomes straightforward to solve (Born and Wolf 

1980). 

The treatment of the multilayer as a perfect

interface EM boundary-value problem (Fres~el approach, for 

short), assumes, like the "crystallographic" approach we 

have discussed above, that the optical model is valid. 

Media bounded by the interfaces are assumed to be 

homogeneous and isotropic, and fully described by their 

respective refractive indices, which are possibly complex. 
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All ~edia are non-magnetic for SXR radiation, so ~ = 1. 

The validity of these assumptions for SXR and hard x-ray 

wavelengths has been diGcussed in section I and in chapter 

2. The incident light is taken to be a plane, 

monochromatic wave. From Maxwell's equations, the fields 

are then required to satisfy boundary conditions at each 

interface. This boundary-value problem can be solved, and 

the reflectance found, in a manner which is analogous to 

that used in order to prove the usual Fresnel relations. 

In practice, analytical expressions become extremely 

complicated for more than a few layers and computational 

methods are routinely used. We describe two of the most 

popular ones shortly. 

While the approach taken here is convenient 

computationally, there is no clear physical interpretation 

of the behavior of the fields iuside media with complex 

refractive indices, since angles are then complex. By 

assuming instead that the refracted waves are inhomogeneous 

it is possible to describe the internal fields in a 

physical manner (Mahan 1956, Lefevere and Montel 1973). 

Since we are interested only in calculating the reflectance 

of the multilayer, and the "input" and "output" media will 

be assumed to have real refractive indices, the Fresnel 

approach is appropriate. 

For the description of the computational method we 

will refer to the semi-infinite medium at the bottom of the 
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multilayer as the "substrate" even if the multilayer is 

free-standing. The layers are numbered starting from the 

top one. 

Assuming arbitrary values for the fields at the 

last (bottom) interface, the fields at the previous 

interface are found by using the known solution for a 

single film. The result is used as an input to find the 

fields at the next interface and so on, up to the top 

surface. At this point the reflectance is calculated. The 

most commonly used techniques to carry out this program are 

the matrix method (Herpin 1947, Weinstein 1947), developed 

by Abeles (1950a, 1950b), and the recursive equation method 

(Parratt 1954, Delano and Pegis 1969). 

In the matrix method, each layer is represented by 

a 2 X 2 characteristic matrix. Following Macleod (1986) 

this can be written as 

(14) 

where 

N • 
nj s 1n 8j, for a-polarization 

r,j = (15) 
for n-polarization 

is the optical admittance r, = HIE, Hand E being the 

components of the field amplitudes parallel to the 

interfaces, 
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c5j :---- (16) 

is the phase thickness, A is the vacuum wavelength and 

angle Bj is given by the generalized Snell's law 

njcos9j = nosin9o, (17) 

where nj and 9j are the index and associated angle of the 

jth medium. 

The characteristic matrix for the multilayer (MT) 

is the product, in the order of the layers, of the Mj for 

all the layers. The fields at the top interface (Ea, Ha) 

are then related to those at the bottom one (Em, Hm) by 

[ ::] = 
q 

(18) 
j=l 

In order to evaluate the reflectance of the multilayer it 

is simplest to rewrite expression (18) in terms of fields 

which have been normalized to those at the last interface 

(19) 

Then the optical admittance of the multilayer Y = C/B and 

the reflectance is given by (Macleod 1986) 

>:< 

R = (_Y10 - Y) (Y10 - Y) . 
Y10 + Y Y10 + Y 

(20) 

This result is quite general, being applicable to non-

periodic structures. This computational technique, and a 

variant of it, have been used for the calculations 



presented in the following chapters whenever perfect 

interfaces are assumed. 

Because SXR multilayer structures are periodic, 

some simplifications which save computation time are 

possible. Suppose Np is the number of bilayers. If Ma and 

Mb are the characteristic matrices of two successive 

layers, then the product of these two, in the appropriate 

order, is the characteristic matrix of the period. If this 

is Mp, then the characteristic matrix of the multilayer MT 

is just the Np-th power of Mp . This requires Np + 1 

multiplications of matrices, instead of 2N. Further, the 

elements of matrices which are powers of unit-modulus 2 X 2 

matrices can be expressed in terms of Tchebicheff 

polynomials of the second kind and the elements of the base 

matrix (Abel~s 1950). One can then form Mp and find MT 

without the need for any further matrix multiplications. 

This approach has been used by Lee (1982) in the SXR 

regime. The problem is replaced by one of calculating 

Tchebicheff polynomials or, equivalently, hyperbolic 

functions. This can also be time-consuming, but may be 

reduced to a table look-up and should be convenient if many 

similar calculations must be performed. These methods of 

carrying out the computations save time, but no information 

can then be obtained about the fields inside the 

multilayers. 
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It is sometimes convenient to perform the 

calculations in terms of the reflectance amplitudes at each 

interface instead of in terms of the fields. Fresnel 

coefficients for each layer are defined and these are 

connected through the boundary conditions, so that a 

recursion relation between them can be found. Beginning at 

the substrate interface, the Fresnel coefficients can be 

calculated up to the top surface. Following Parratt (1954) 

and Underwood (1985), we let Elj and ERj be the complex 

amplitudes of the electric field for the incoming and 

reflected waves, respectively, at the center of the jth 

layer. Let the complex amplitude factor introduced by 

propagation through half the jth layer, of thickness dj be 

where 

1/2 

gj = I;jsin9j = (~j2_ COS 2 9) . 

(21) 

(22) 

The Fresnel coefficients for reflection corresponding to 

the interface between layers j and j+l are 

(23a) 

= (23b) 
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Defining 

pj , j + 1 =- aj r j , j + 1 , ( 24 ) 

and using the boundary conditions it is found that 

( 

pj+1,j+2 + rj,j+1

1

). 
pj , j + 1 = aj 4 

pj + 1 , j + 2 r j , j + 1 + 
(25) 

Since the substrate (the mth layer) is assumed infinitely 

thick, pm,m+1= 0, and rm-1,m can be calculated directly 

from expressions (23). Recursive relation (25) can then be 

used. Continuing the process up to the first surface, 

where aj= a1= 1, the Fresnel coefficient r12= P12 is found 

and hence the reflectance 

(26) 

Either of the two computational variants described, 

matrix or recursive equation, of the Fresnel approach to 

the multilayer problem, is easily handled by a 

microcomputer (Liddell 1981). In the literature, the 

Fresnel approach is sometimes referred to also as the 

optical electromagnetic (OEM) method. 

As stated before, the ease of the Fresnel approach 

rests on the assumption of perfect interfaces. The fact 

that real interfaces are not abrupt can be included by 

modelling the interfacial region as a zone of thickness di, 

nJ 

having intermediate values of n. A simple approximation is 

to assume this zone to be a single homogeneous layer with 

optical constants which are the average of those of the 

bounding layers. This approach may be used when ~ » di 
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because the fields in this transition zone are almost 

constant at any given time. This case was studied as far 

back as the late nineteenth century (Alkemade 1883, Drude 

1891). The computation proceeds as before except for the 

increase in the effective number of layers. 

An obvious r"efinement of the transi tion zone 

approximation, apparently first used by Rayleigh (1912), is 

to treat it as a series of homogeneous films, each with 

thickness much smaller than the wavelength. The optical 

constants thus change in a stepwise manner from one end to 

the other of the zone. This second method can be used when 

the size of the transition zone is not too small compared 

to the wavelength. It has been used by Underwood and 

Barbee (1985) to model x-ray reflection by multilayers with 

interdiffusion. We will see an equivalent, but more 

elegant approach, in section 4. 

3. Characterization of Surface Roughness 
and Scattering by Rough Surfaces 

Surface roughness in optical elements causes light 

scattering and degrades their performance. This is an 

important consideration in SXR multilayers, where roughness 

can dramatically reduce the reflectance with respect to the 

one calculated assuming perfect interfaces. We consider in 

this section the specification and measurement of surface 

roughness. Most of the published work in this area 

concerns single surfaces. Theoretical consideration of 
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multilayers with rough interfaces are much more scarce and 

we will review these in section 4. Roughness-induced 

scattering is intimately tied to this discussion because, 

as we will see, the specification of roughness cannot ~e. 

separ~ted from the intended application. Also, it is the 

basis of some measurement techniques. Hence we also will 

be concerned in this section with treatments of light 

scattering by rough surfaces. For grazing-incidence x-ray 

reflectors this is a primary consideration (Rehn and Jones 

1978). 

Our discussion centers on randomly rough surfaces, 

although consideration of periodic tool marks which occur 

in diamond-turned surfaces is also of interest. Height 

variations (z) of the actual surface are quoted with 

respect to an ideal surface which would represent the 

optical surface in the absence of all imperfections. For a 

"flat" single-surface reflector this reference surface is a 

plane conventionally located such that the average surface 

height is zero. Height variations constituting what is 

called "roughness" in the visible optics literature have 

lateral separation of similar features of less than 1 mm. 

For larger lateral separations one speaks of "waviness" (or 

"orange peel"), and defects in optical figure (Bennett 

1976). These later types of defects affect the image 

quality from the geometrical point of view. Surface 

roughness, in contrast, produces light scattering through 
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diffractive effects. For SXR light, the criteria for the 

specification of surface quality can be expected to be 

different than for visible light and, in general, much more 

difficult to meet. We will discuss this in some detail as 

it is important in the selection of adequate substrates and 

in the study of the roughness of thin films. 

The rough surfaces of interest here are actually 

"deterministic". If a model for the surface is assumed it 

is possible in principle to derive analytical expressions 

for the scattered fields directly from Maxwell's equations 

(Twersky 1957, Berreman 1967, Beaglehole and Hunderi 1970, 

Hunderi and Beaglehole 1970). However, even for the 

simplest models, this is a very complicated problem. We 

abandon the exact description of the rough surface and 

treat it as random in a statistical sense. Different 

portions of the surface can be assumed to be samples of the 

same parent distribution. More precisely, we assume the 

surface roughness process to be ergodic (Goodman 1985). 

This assumption is not valid in cases where different 

regions in the surface undergo different finishing 

procedures (Church et ale 1977). 

We assume momentarily that the surface height 

distribution is isotropic in the surface plane and given by 

a Gaussian function 

pz (z) 1 [ ( Z J2] = exp - , 
0"(21T)1/2 0" l/2 

(27) 
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where pz(z) stands for the probability that the height z 

occurs. Unlike in the previous chapter, the symbol a here, 

and in the rest of this work, represents the standard 

deviation (second moment of the probability distribution, 

since it was assumed to be Gaussian). The assumption that 

the height distribution function (HDF) is Gaussian can be 

justified by the cent~'al limit theorem (Goodman 1985, 

Papoulis 1962), provided that the process which produced 

the surface can be considered truly random, which is not 

always the case. For surfaces which have been prepared by 

two different processes, as occurs for polished surfaces, 

the HDF might be better represented by the sum of two 

Gaussian functions (Thomas 1981), unless one of the 

processes is carried on until traces of the other one are 

removed. For very rough surfaces the HDF is seldom 

Gaussian. For very smooth surfaces, on the other hand, 

where it can be said to be, other probability laws can 

often be used instead. The adoption of a Gaussian HDF is 

often just a matter of mathematical convenience (Beckmann 

1974). 

If the roughness is a Gaussian random process, then 

the statistical characterization of the surface will be 

complete with the specification of a surface height 

parameter and a function describing the lateral 

relationship between points (Church et al. 1979, King and 

Spedding 1983). The later may be, for example the 
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autocorrelation g(T), which in the one-dimensional case is 

1 
g(T) = lim 

L'~ ~ 2 L' 

L' 

J dx z(x) Z(X+T). 

-L' 

(28) 

where T is the shift parameter. Alternatively we might use 

the power spectral density, which, by the Wiener-Khinchin 

theorem (Goodman 1985), is just the Fourier transform of 

the autocorrelation. 

The autocorrelation function is usually taken to be 

Gaussian or exponential. Beckmann (1974) has commented on 

the danger of assuming a particular HDF (usually Gaussian) 

and then using scattering data to "support" the choice of a 

particular autocorrelation function. Assumption of a 

different HDF could have led to agreement with predictions 

based on a different autocorrelation function. It is safer 

to determine these functions by direct measurements of the 

surface topology. After a type of surface, prepared by a 

given process, has been characterized in this way, it can 

then be adequate to rely on the faster indirect 

measurements in order to characterize similar surfaces. 

Direct measurements with Angstrom-level resolution 

of the profiles of optical surfaces have been accomplished 

by interferometric and stylus scan techniques (Eastman and 

Baumeister 1974). Very careful studies of smooth, polished 

surfaces (cr ~ 15 A) by 3.M.Bennett (1976) support the 

representation, in most cases, of the HDF and slope 
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distribution function as Gaussian. Polished halide 

crystals are exceptions. The autocorrelation functions 

were non-Gaussian in all cases studied, having an 

exponential shape for small shift (T) distances only. 

However the lateral resolution of the techniques used in 

this study are at best of the order of 1000 A, as we 

discuss below. For shifts tending to zero, moreover, an 

exponential autocorrelation is unphysical because the 

discontinuous derivative at T = 0 implies an infinite rms 

slope (Elson et ale 1979). Measurements with an electron-

microscopy technique shows the autocorrelation to be 

approximately Gaussian for very small (T ~ 100 A) shifts 

(Rasigni et ale 1983). It is clear from all these studies 

that the autocorrelation function is not any simple 

analytic function, nor is there any reason it should be. 

All scatterjng theories, however, must assume the 

autocorrelation to be represented by a simple function in 

order to keep the mathematics manageable. 

Taking the surface autocorrelation to be 

exponential, for example, one writes 

[
IT I 

g (T) = 0-2 exp -
L 

]. (29) 

where parameter L is the correlation length. Thus, in the 

special case of surface roughness represented by a Gaussian 

HDF and an exponential autocorrelation, the surface is 

fully described statistically by the parameters 0- and L. 
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Higher order correlations are then dependent on the aecond

order one, i.e., the autocorrelation (Church et ale 1979). 

The surface roughness descriptors most often used 

are the rms roughness and the correlation length. The ~ms 

r.oughness ia denoted by 6 in the optics literature and by 

Rq in the mechanical engineering literature. Other 

descriptors of surface roughness have been discussed at 

length by several authors (Thomas 1981, 1982, Stout et ale 

1985). If the HDF is assumed to be Gaussian then 6 =~. 

In order to avoid confusion with some of the notation used 

in other chapters we will denote the rms roughness by ~ 

even when no assumption about the form of the HDF is 

implied. 

In many cases a surface is considered smooth when 

it satisfies the Rayleigh roughness criterion (Rayleigh 

1877). This is based on a simple geometrical argument that 

shows that the rms phase difference for rays reflected at 

an angle 9 from a surface with rms roughness ~ is 

4TI~ sin9/~. Demanding this to be less than TI/2 for the 

surface to be "smooth" the criterion becomes 

(30) 
8 sine 

This is a rather lax criterion and much more stringent ones 

are used in some applications. A physically more 

meaningful criterion can be derived by using a result for 

reduction of (power) reflectance by a surface with a 
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Gaussian HDF. Davies (1954), and Beckmann (Beckmann and 

Spizzichino 1963), for example, show this to be given by 

the factor 

exp [ - em, :in8)1 (31) 

under conditions we will discuss later. Thus one can 

choose any desired level of performance as the criterion 

for smoothness. If a 10% reduction is acceptable, for 

example, then the "smoothness" condition is 

(T < (32) 
39 sinS 

This indicates the problem roughness represents in SXR 

multilayer reflectors operating at near-normal incidence. 

Current "superpolishing" techniques are capable of 

producing flat substrates with rms roughness values of the 

order of a few Angstroms (Bennett 1986). A new "float 

polishing" technique is able to reduce the roughness of 

Zerodur samples to the 1 A level (Namba and Tsuwa 1978, 

Bennett et al. 1987). Thus, assuming that the same level 

of smoothness can be maintained in a multilayer and that 

the effects of scattering losses are comparable, we could 

expect adequate performance, on these terms, and at normal 

incidence, only for wavelengths greater than ~ 40 A. 

It is useful to introduce here some results of 

theoretical studies of wave scattering by randomly rough 

surfaces. Simultaneously, we give a very concise review of 

84 



the field. This is certainly not complete; we only mention 

the main tendencies and some of their advantages and 

limitations. The problem is both important and 

challenging. Many approaches exist, based on different 

approximations. Theories can be classified according to 

(i) whether the wave is considered as scalar or vector in 

nature, (ii) how the field near the surface is represented 

(which is tied in some cases to whether the correlation 

length is assumed to be small or large compared to the 

wavelength), or (iii) whether surfaces are assumed to be 

slightly (rr « A/sinS) or very rough (rr »A/sinS). In 

treatments of single-surface scattering it is commonly 

assumed that the surface is perfectly conducting, or 

rather, that all light is reflected. This condition can 

generally be relaxed at the expense of some additional 

complexity or by restricting the range of applicability. 

We note that for SXR radiation most of the light incident 

on an interface is transmitted. Nevertheless some useful 

results can be obtained. 

A review of scalar theories has been given by 

Welford (1977). The very influential treatise of Beckmann 

and Spizzichino (1963) emphasizes the scalar app~oach 

through the Helmholtz diffraction integral and use of the 

.Kirchhoff approximation for the boundary conditions at the 

surface. This general approach, which has the virtue of 

simplicity, is variously referred to as the Kirchhoff, 
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Beckmann, or physical optics method, and leads to 

expression (31). The form of that expression is analogous 

to that of the classical Debye-Waller factor (DWF) which is 

used in diffraction theory of x-rays or neutrons by 

crystals in order to account for the effect of thermal 

motion of the atoms in the lattice (James 1948). For this 

reason, expression (31) is sometimes referred to as a 

"Debye-Waller type H factor. The fundamental assumptions in 

the derivation of the DWF are the first Born approximation 

and the harmonic approximation. These are equivalent to 

assumptions that go into the derivation of expression (31), 

we will refer to it just as DWF. 

For rough surfaces the Kirchhoff approximation is 

tied to the "tangent plane" approximation, :-ihich can be 

made only when the radius of curvature (re) of the rough 

features is large compared to the wavelength. This 

requirement is not necessarily satisfied in the case of 

interest to us and we need to examine the range of 

applicability of the theory more carefully. 

If the optical model for a surface illuminated by 

SXR radiation is valid, as we have argued before, there is 

no a priori reason to doubt the validity of DWF within the 

limits set by the assumptions that lead to this result. 

These imply that DWF can be expected to hold as long as (i) 

the HDF is Gaussian, with ~ satisfying the Rayleigh 

criterion (30) at least, (ii) the incident beam is not too 
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far from the normal, (iii) surface plasmon effects are not 

important, and (iv) the radius of curvature of the surface 

is everywhere large compared to ~. 

In relation to (i), we have already quoted som~ 

results that justify it for common optically polished 

surfaces. For coated surfaces on polished or other very 

smooth surfaces, it seems likely that this will also hold 

at least as long as the film either "heals" or replicates 

the underlying surface. 

Requirement (ii) has to do with the effect of 

shadowing, which is neglected in the theory, and is also 

related to (iv). Thus, for sufficiently low grazing 

angles, DWF will begin to fail. We will consider this 

limit later. 

Roughness-induced surface plasmon effects, which 

can reduce the reflectance of metallic surfaces, have been 

discussed in connection with the local approximation, in 

section 1. These effects occur in the UV or VUV regions 

(Lindau and Nilsson 1971). We will neglect them. 

Condition (iv) is crucial. A given surface has, in 

general, different scales of roughness. As we show later, 

the rms roughness is a band-limited quantity. Because of 

this, the value of a to be included in the expression (31) 

for DWF must be matched to the wavelength of the 

illuminating beam. The height of surface areas with 

dimensions smaller than the inverse of the high spatial-
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frequency limit of interest can be averaged out. This 

consideration is outside the scope of this theory, and we 

justify it later. For the moment, however, it shows that 

the surface features whose lateral size should be compared 

with the wavelength are not necessarily the smallest 

features to be found in the surface. 

A more precise condition for the validity of the 

tangent-plane approximation was given by Brekhovskikh 

(1952). In terms of the local (grazing) angle of incidence 

(Sloe), and the radius of curvature (re) of the rough 

features, the requirement is 

re > > (33) 
41T sinSloe 

If we assume, for the sake of discussion, a sinusoidal 

surface profile with amplitude h and spatial wavelength ~s, 

elementary considerations show that if h « ~s it is 

sufficient that 

;a. 

~s » (34 ) 
sinS 

Since we are assuming that a "smoothness" condition, say 

equation (30) at least, is satisfied, the 'previous result 

implies that, quite conservatively, the condition 

L » (35) 
sinS 

will be enough to ensure the validity of the tangent plane 

approximation. 



89 

On the basis of the previous argument, we expect 

the predictions of the Kirchhoff theory to have rather 

general validity. On the other hand, the derivation of 

equation (31) relies on the additional assumption that 'the 

local reflectance is the same from point to point. Since 

the surface is rough, this is satisfied by perfect 

conductors only. However, if the roughness is such that 

~s » h, resorting again to the sinusoidal profile, the 

constancy of the local reflectance will be assured. We can 

then extend equation (31) and write 

[ (4TI~ SinS)2] 
R = Roexp - , 

~ 

(36) 

where Ro is the reflectance of the ideally smooth surface. 

We note that R here refers to the specular reflectance, and 

this includes only the reflected light that is coherent, in 

phase with the incident beam. The scattered light is 

incoherent. Furthermore, it will travel in all possible 

directions, including the specular one. The theory allows 

the derivation of expressions for its angular distribution. 

A detector intended to collect the specular beam will 

intercept a fraction of the scattered light; this depends 

on the collection geometry and is proportional to (~/~)4. 

Thus, for slight roughness, the contribution of scattered 

light can generally be neglected in comparison with the 

first two terms in an expansion of equation (36) (Bennett 

and Porteus 1961). For consistency, we write then 



_ [ (47T0" s in9 j2] 
R - Ro 1 - • 

>. . 
(3'1) 

Assuming the scattered light to be all the rest, we can 

write an expression for the total integrated scatter (TIS), 

which we define to be the ratio of scattered light 

intensity to the intensity of all reflected light. That 

is, 

Rscattered 
TIS = (38) 

Ro 

This expression has been used successfully to predict the 

TIS of polished surfaces for wavelengths in the IR, 

visible, and UV ranges (Elson and Bennett 1979a). 

Returning momentarily to the consideration of the 

grazing incidence angles, the argument given after equation 

(33) shows that, unless the surface has extremely low h/>.s 

ratios, DWF, and therefore result (36), are not justified 

by the Kirchhoff theory, because the variation of local 

reflectance is not negligible. While the case of varying 

local reflectance can, in principle, still be treated, the 

integrals that result are rather formidable and no analytic 

results are available (Beckmann and Spizzichino 1963). 

However, a very approximate consideration of the equivalent 

one-dimensional case indicates that there should be no 

large effect on the validity of DWF. On the other hand, 

shadowing effects set in at sufficiently low angles. Under 

these conditions the beam "sees" the surface as smoother 
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than it really is and the reduction predicted by DWF should 

be an overestimate. At incidence close to the total 

external reflection (TER) regime for hard x-rays, it has 

been found that DWF indeed overestimates the effect of, 

roughness. This was observed by Nevot and Croce (1980), 

and reported also by Bilderback (1981). It is not clear, 

however, that shadowing can explain this effect. In any 

case, by again assuming a sinusoidal profile and grazing 

incidence, we can show that if the aspect ratio h/~s « 1, 

the angle (in radians) below which shadowing effects are 

important is 8min ~ 6 h/~s. Under similar conditions, we 

can show that multiple scattering can be expected to start 

playing a role for angles lower than 8min ~ 7 h/~s. Since 

we already require that at least equation (30), and also 

equation (35) are satisfied, cr will be very small compared 

to L and we can just require then 

8 » (39) 
L 

Summarizing, the DWF result (31), or its extension, 

equation (36) is justified by the Kirchhoff theory in the 

situation of interest for us if: (a) the surface is smooth 

enough that at least the Rayleigh roughness criterion is 

satisfied, (b) the correlation length of the roughness is 

much greater than the "apparent wavelength" ~/sin8, and (c) 

the angle of incidence (in radians) is much greater than 

cr/L. We would like to know the way the reflectance is 
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affected when any of these conditions! in particular (b) is 

not satisfied. To do so it is necessary to explore more 

detailed theories. 

Vector theories are reviewed for example by EI~on 

and J.M.Bennett (1979), and by Elson et ale (1979). 

Several approaches exist, including a vectorial version of 

the Kirchhoff method (Stratton-Chu-Silver theory) (Silver 

1949, Leader 1971, Jackson 1962). In general, the surface 

autocorrelation function enters explicitly in the theory, 

unlike in the case of the Kirchhoff method. In practice 

this is usually assumed to be exponential or Gaussian. 

Angular scattering of light by low-scatter surfaces is more 

adequately predicted by vector theories than by scalar 

ones, as shown by measurements made by Wang and Wolfe 

(1983) on a single, very smooth (a - 8 A) aluminum-coated 

sample. This study also indicated, however, that the 

connection between angular scattering and the surface 

properties has not yet been completely established. 

For small roughness heights and slopes, a fruitful 

approach is the perturbative one, originating with Rayleigh 

(1907) and later extended by Rice (1951). This is 

pB,-ticularly useful in some situations where the Kirchhoff 

approximation is not adequate. The review by Elson et al. 

(1979) describes different versions and so does Shmelev 

(1972), who also discusses the Kirchhoff method. The book 
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by Bass and Fuks (1979) emphasizes the perturbation theory 

treatment of surface scattering. 

Under the assumptions of the Rayleigh-Rice 

perturbation theory, the scattered field is represented by 

a sum of spatial spectral components. In the zone between 

the maximum and minimum .heights of the rough surface the 

waves traveling towards th~ surface are neglected, an 

assumption called the Rayleigh hypothesis. The exact 

boundary conditions are then imposed and this leads to 

expressions that in principle determine the Fourier 

coefficients of the expansion and, hence, the scattered 

field. However, the solutions are in the form of an 

infinite set of equations, so that approximations must be 

made. With the perturbation approach the smooth-surface 

field is taken to be the zero-order solution and the next 

terms are found by iteration. Usually, scattered field 

terms proportional only up to the first power of (a/A) are 

kept. Higher order terms can be included by continuing the 

iteration, but are neglected in practice because 

expressions become too complicated. This implies that the 

results will be appropriate only for a «A. In addition, 

the method is not appropriate for very grazing incidence, 

especially for n-polarized light. A good deal of 

controversy surrounds the Rayleigh hypothesis (Petit 1980). 

Its validity for randomly rough surfaces, even in the case 

of small roughness, is still an open question. 

93 



Expressions for angular scattering obtained through 

a Rayleigh-Rice approach are given, for example, by Elson 

(1975). For the case of L »~, the equivalent of result 

(38) for the total integrated scatter is obtained by 

integration of these expressions. Some of the concepts we 

will use in the next few pages are within the reference 

frame of the Rayleigh-Rice theory. 

A randomly rough surface might be represented by a 

summation of sinusoidal components. We can then consider 

each of these components as a grating (Church and Zavada 

1975) causing diffraction in accordance with the grating 

equation (Born and Wolf 1980) 

~ 

cos9~ = cos90 + m
~s 

(40) 

where 90 and 9m ' are the incidence and diffraction angles, 

measured with respect to the mean surface level, As is the 

spatial wavelength of the grating in question, and m is an 

integer. While the angles of the diffracted orders are 

determined solely by ~s, their intensities depend on the 

surface height amplitude h as (h/~)2 Iml (Bennett 1986). 

Since we are assuming that a small-roughness criterion, say 

equation (30) at least, is satisfied, we can neglect 

diffracted orders higher than the first. In this 

approximation, and for fixed 90 and A, diffraction observed 

at a given angle corresponds to one roughness component 

only. 
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From the grating equation, it appea~s that for any 

given photon wavelength there will be a certain range of 

spatial wavelengths that produce observable scattering. 

The upper limit is given by the ability to resolve the' 

diffracted beam from the reflected one (m = 0). The lower 

limit is given by the condition that the diffracted beam 

grazes the surface. Thus the spread of scattered light is 

related to the range of spatial wavelengths present in the 

surface (within the above limits), while the intensity in 

any given direction is determined by the vertical amplitude 

of the corresponding roughness component. In other words, 

the autocorrelation function of the surface determines the 

angular distribution of scattered light, and the rms 

roughness determines its intensity (Church and Zavada 1975, 

Guenther et al. 1984). 
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Taking the minimum resolvable angle to be 1°, and 

assuming near-normal incidence, we see that for SXR light 

the range of spatial wavelengths that contribute to 

scattering in non-specular directions has an upper limit of· 

- 10 4 A and a lower limit ~. The range of spatial 

wavelengths of interest for SXR scattering is thus three 

orders of magnitude shifted downward with respect to the 

corresponding one for visible light. 

As can be seen from equation (40), ~s scales with ~ 

for fixed angles of incidence and scattering. One can use 

scattering from normally-incident visible light to 



obtain roughness information about surfaces that will be 

used as grazing-incidence SXR reflectors (Bennett 1980). 

The TIS can be measured in a relatively simple manner and 

relates to the rms roughness through equation (38). 

However, if the surface is to be used at normal incidence 

(e.g., as a substrate for a multilayer), it requires great 

extrapolation to characterize it in this way. 

The selection of the minimum resolvable angle as 1 0 

in making these estimates is quite arbitrary. In 

applications for which SXR reflectors would be deposited on 

figured optics, the important point would be whether the 

device was to be used just as a collector or for imaging 

purposes. In particular, long-spatial-wavp.length roughness 

components are not detrimental to a collector mirror as 

long as the image spot does not exceed the detector 

aperture. For imaging mirrors, however, these same 

components would degrade the image quality. Roughness 

requirements would then be much more strict. 

Since spatial wavelengths less than the wavelength 

of the normally-incident light can be assumed, for the 

moment, not to cause scattering, the heights of areas 

smaller than this limiting size can be averaged (Elson et 

a1. 1979). For correlation shifts larger than this 

minimum, then, we essentially compare the average heights 

of these elementary areas, which include tens or hundreds 

of atoms for SXR wavelengths. It is perfectly possible to 
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have height differences between these areas, and hence rms 

roughness values, of a fraction of an Angstrom. 

The preceding discussion evidences the fact that 

the "roughness" is not an intrinsic property of a surface. 

Rather , the same surface can present different roughness 

characteristics to light of different wavelengths. 

Essentially, at the same incidence angle, different 

wavelengths probe different structure scales. In terms of 

the roughness descriptors we have defined, the key point to 

remember is that they are band-limited (Teage 1976), 

whether they are determined by direct or indirect methods. 

This is important from the point of view of both the 

intended application and the measurement technique (Church 

1979). Ideally, the band of spatial "lavelengths of 

interest should be matched by the measurement technique. 

Taking the limits of the spatial wavelength 

components that cause scattering of normally-incident SXR 

as implied above (roughly A to 104 A), we can estimate the 

range of angles over which these would cause scattering for 

hard x-rays (say A ~ lA). For grazing-incidence, the 

grating equation shows that the scattering due to these 

components is concentrated in a very narrow cone around the 

specular direction (of the order of a thousandth of a 

degree), so that background problems are serious. This is, 

however within the capabilities of high precision x-ray 

measurements. Roughness information obtained from small-
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angle scatter of grazing-incidence hard x-rays should be 

adequate when modelling SXR scattering, by the same 

surface, at near-normal incidence. Croce et al. (1972), 

and Croce and Nevot (1976) have demonstrated the use of 

this technique to obtain information about the surface 

topography. The same approach was used with longer 

wavelengths by de Korte and Laine (1979), who measured 

scattering of 8.3 A and 13.3 A radiation incident at 

grazing incidence (9 ~ 10 ) for several surfaces. At these 

wavelengths the additional technical complication arises 

that the beam path must be evacuated. 

One could also measure SXR scattering at near

normal incidence directly. While this is straightforward 

in principle, SXR reflectances, and hence scattering, are 

so low that measurements would be very slow. The methods 

mentioned in the last paragraphs for the study of surface 

roughness are indirect, however, and ultimately depend on 

the validity of scattering theories. 

We consider now the band limits of some direct 

techniques for the measurement of Angstrom-level surface 

roughness in order to determine their usefulness for our 

application. We start with the two main techniques in 

current use: profiling instruments with either stylus or 

light probes. A technique using an electron-beam probe 

will be considered last. The long spatial-wavelength (low 

spatial-frequency) limit is determined by the length of the 
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scan that is possible with a given instrument. This is in 

the millimeter range for both stylus and interferometric 

instruments. The short spatial-wavelength limit is the 

minimum correlation shifts measurable, that is, the 

instrument's lateral resolution. This is determined by the 

size of the probe: the effective stylus radius or the light 

beam diameter. 

In order for the stylUS to be able to follow the 

contour of the surface, the condition that must be 

satisfied, aside from any dynamical considerations, is that 

the radius of curvature of the stylus (p) be less than that 

of the surface (re) at any point. For a sinusoidal surface 

component of spatial wavelength ~s and amplitude h, 

elementary analysis shows that the minimum radius of 

curvature is 

re = (41) 

The condition for "following" gives then (Elson and Bennett 

1979b) 

AS > 2n V'hP . (42) 

Stylus radii are of the order of a few microns. Thus for 

very smooth surfaces (h < 10 A), stylus instruments are ..... 

capable at best of measuring surface roughness components 

with spatial wavelengths not smaller than -500 A. If the 

surface is not smooth enough, however, false (smaller) 

roughness readings will be obtained. 
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In ~ptical profiling instruments the probe diameter 

is determined by the resolution of the optics. This is of 

the order of 1 ~lm. Therefore for this type of instrument 

the shortest spatial wavelengths that CRn be measured are 

of this same order. 

M. Rasigni et al. (1981a, 1981b) have developed an 

electron-microscopy technique that allows the study of 

rough surfaces for very small correlation shifts 

(L < 100 A). This method uses shadowed carbon replicas of 

the surface to be studied. Electron micrographs of these 

are taken and analyzed with a computer-controlled 

microdensitometer. We have mentioned this method before in 

connection with the determination of surface 

autocorrelation functions of polished substrates at very 

small shifts (Rasigni et al. 1983). At present, however, 

the height resolution of this technique (-10 A) is not 

adequate to study the very smooth surfaces required for 

normal-incidence SXR devices. In addition, the required 

procedure is rather complicated. 

A promising technique for the study of roughness, 

with Angstrom-level resolution both horizontally and 

vertically, is that of scanning tunneling microscopy (STM) 

(Binning et al. 1982, Binning and Rohrer 1985). Its 

relative simplicity should make this a much used 

examination tool. The required instrumentation is not 



widely ~vailable yet, however. We return now to the 

problem of scattering. 
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We need to consider in some detail the effect of 

surface roughness components with spatial wavelengths 

comparable to or less than the light wavelength. In this 

case, the Kirchhoff method, which leads to result (36), 

breaks down. Along the lines of the Rayleigh-Rice theory 

one can imagine, as mentioned before in connection with the 

grating equation (40), that such roughness components cause 

no scat tering whatsoever .. A deri vat ion of this resul t \1Jas 

given by Bousquet (1962, 1964) for the case As « A, and in 

the small-roughness limit. This author gave also for the 

normal-incidence reflectance of such a surface, in the case 

of transparent materials 

(43) 

where Ro represents, as before, the surface reflectance in 

the absence of roughness, as given by Fresnel's relations. 

One notes that the Kirchhoff method result (36) coincides 

with this in the same limit of small roughness, except for 

the inclusion here of the refractive index of the surface. 

The physical situation is quite different, however. Since 

no diffraction occurs there is no scattered light, and the 

transmitted light is increased accordingly. The cases 

where As ,.., A (the "resonance region"), or where the 

roughness is not very small compared with the wavelength, 



cannot be treated with Bousquet's approach without raising 

questions connected with the Rayleigh hyppthesis. 
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All results mentioned so far for the scattering of 

light from rough surfaces stem from very simplified models 

of the interaction of light with the surface and of the 

surface itself. The effect of inhomogeneities of the 

"optical constants" at the surface is generally neglected. 

These, however, can produce additional scattering 

(inhomogeneity-induced scattering) (Filinski 1972). Models 

for single-surface scattering normally assume, as mentioned 

before, a perfectly reflecting surface. When this 

assumption is relaxed and light penetrates at least 

partially, the presence of inhomogeneities in the material 

will cause internal scatter. Transmitted light will also 

be affected and thus, for multilayers in general, the 

effect can be important. Inhomogeneities in the materials 

can be treated with theories such as Maxwell Garnett's 

(1904, 1906) or Bruggeman's effective medium approximation 

(1935). The second is more appropriate for good quality 

films. If the inhomogeneities have sizes much smaller than 

the wavelength, a condition that is fulfilled in the very 

good quality films that must be produced for SXR 

multilayers, it seems appropriate, on the basis of the 

discussion in chapter 2, to account for them by way of the 

average density. This is probably less adequate at longer 

wavelengths. 
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Multiple scattering is neglected in the theories 

mentioned. "Rigorous" approaches are quite complicated. A 

recent review of these was given by Desanto and Brown 

(1986). Andre (1984) has done a computational study of the 

problem of rough surface reflection of SXR radiation using 

a rigorous theory due to Garcfa et al. (1979) and Shen and 

Maraudin (1980). This theory treats the problem using a 

formalism developed for quantum-mechanical potenti~l 

scattering. Multiple scattering is included and the ~wald

Oseen extinction theorem (Born and Wolf 1980) is applied. 

Through it, the boundary conditions are "extended" below 

the surface to ensure that the incident field becomes zero. 

Like the Rayleigh-Rice approach, it is a perturbation 

method, and is in practice limited to cases where the 

Rayleigh roughness criterion is satisfied. However, it is 

not limited in terms of the correlation length. Andre's 

calculations are for roughness parameters that satisfy the 

Rayleigh criterion but are not much smaller than this. His 

results indicate that the classical DWF is essentially 

correct if the correlation function is Gaussian or 

exponential and the correlation length is roughly an order 

of magnitude larger than A/sinS, but not larger than an 

upper limit which depends on the particular correlation 

function. For correlation lengths outside these limits the 

DWF overestimates the loss in reflectance due to 

scattering. In particular, for correlation lengths of the 
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order of A/sinS, the attenuation factor is already very 

close to unity, and becomes unity as L ~ O. That is, 

surface roughness features with lateral dimensions smaller 

than the apparent wavelength induce no scattering losses. 

This last result is independent of the form assumed for the 

autocorrelation function and agrees with the prediction of 

the Rayleigh-Rice theory. Note that the results just 

quoted are for the reduction, due to scattering, of 

reflected light. Nothing is implied about the possibility 

of losses through enhanced transmission. 

Up to this point we have mentioned results 

concerning scattering by a single surface. We will 

consider in the next section the problem of scattering 

losses in multilayer reflectors. 

4. Reflectance Losses in Multilayers 

For visible light, the subject of reflectance losses 

due to roughness-induced scattering has been of interest in 

the last decade in relation to attempts to perfect laser 

mirrors. We will describe the main approaches that have 

been used and will quote some results of interest to us. 

Eastman (1974, 1978) used a scalar approach to 

treat the rough multilayer problem. Carniglia (1979) 

extended the formalism to include the case of additive 

roughness in successive layers and scattering due to 

inhomogeneities in the layers. Elson (1977), Bousquet et 

a1. (1981), and Gourley and Lissberger (1979) used vector 
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perturbation methods. Most authors considered the limiting 

cases of replicating (vertically correlated, or identical) 

and non-replicating (vertically uncorrelated) roughness for 

the layers BO »test cases". As in the case of single

surface scattering, a Gaussian HDF was usually assumed. 

The vector theories can be used to predict angle-resolved 

scattering and require specification of the autocorrelation 

function for each and every layer. In the cases where 

numerical results were given, a Gaussian or exponential 

autocorrelation was assumed. The more general theories 

require the specification of the cross-correlation 

functions between surfaces. 

The solution that results from the scalar Kirchhoff 

method for a single rough surface was used by Eastman 

(1974, 1978) to treat the multilayer case. This is often 

referred to as a scalar Kirchhoff treatment for the 

multilayer case, and sometimes it is implied that it could 

be developed to the point where angular scattering by the 

multilayer can be calculated. It seems to us that 

insufficient consideration has been given to the fact that 

the Kirchhoff approach is justified when the field is 

observed at "long" distances from the surface where the 

Kirchhoff boundary conditions have been applied. There is 

no general criterion for deciding what constitutes a long 

enough observation distance, but to apply the solutions for 

the field at distances of the order of ~/4, as must be done 



in the multilayer case, seems risky. 
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In spite of this, the 

result obtained for the loss in specular reflectance is in 

agreement with that obtained from other treatments, as we 

will show later. Eastman's method is essentially to u~e 

the single-surface Kirchhoff solution for the reflectance 

amplitude and perform the Airy sum for the multilayer with 

rough interfaces. In this manner it can be shown that for 

the case of transparent multilayers with replicating 

roughness and a Gaussian HDF, the loss in specularly 

reflected light is given by the same expression (36) as for 

a single rough surface, that is, DWF. Now Ro represents 

the reflectance of the ideal multilayer. 

In addition to the question raised above, the same 

warnings made in connection with result (36) for a single 

layer apply here, since Eastman's result is a consequence 

of it. In particular, if the surface autocorrelation 

functions for the interfaces have correlation lengths not 

much larger than A/sinS, then (36) cannot be justified. 

For SKR multilayers roughness features can have lateral 

dimensions of the order of the incident radiation 

wavelength. Direct evidence of this are TEM micrographs of 

our multilayers, one of which is presented in chapter 5, 

where a related discussion is given. 

Elson's theory has been used to show that in the 

case of dielectric quarter-wave stacks, correlated 

roughness i~ the layers should produce more scattering 
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losses than uncorrelated roughness (Elson 1977). In the 

former case, because of the quarter-wave periodicity, the 

roughness-induced currents are essentially the same at each 

layer and constructive interference effects are produced 

(Elson et ale 1979). In addition, for the uncorrelated 

case, n-polarized light is scattered more strongly than a

polarized light. SXR multilayers do not have quarter-wave 

periodicity but half-wave periodicity. These effects are 

probably less important but should apply to some degree. 

Explicit forms foi the angular scatter in the form 

of the bidirectional reflectance distribution function 

(BRDF) have been given by Bousquet et ale (1981) in 

convenient expressions. These authors showed, by means of 

a very convincing example, that the design of a multilayer 

can dramatically affect the shape of the angular scatter 

curve and, more important, the total scattered intensity. 

This is a promising theoretical approach for studying ways 

of reducing scattering losses in multilayers. 

Recently, Gaponov et ale (1985, 1986) have treated 

the problem of scattering for a single surface and in 

multilayers for SXR wavelengths. This wor.k used a scalar 

theory, but the Kirchhoff method was not used. Instead, 

taking advantage of the fact that c ~ 1 for all materials 

at sufficiently short wavelengths, Born's first 

approximation was used (weak scattering), and multiple 

scattering was neglected. The HDF and correlation function 



were assumed to be Gaussian. Initially, no aSBumption was 

made about the importance of the correlation length in 

comparison with the wavelength. For the case of a single 
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surface these authors found that small scale roughness 

tends to match the admittances of the media bounding the 

surface. The discontinuities at the boundaries are 

effectively made less sharp by the roughness. This result 

is in agreement with others we have mentioned in section 3, 

obtained through totally different approaches. In 

addition, for the case of replicating roughness in the 

layers, and neglecting absorptive effects, they found an 

expression for the normal-incidence reflectance of the 

multilayer. For the case of correlation lengths much 

larger than the wavelength this agrees with Eastman's 

result in the limit of small roughness, i.e., the first two 

terms in the expansion of the DWF. Their result indicates 

that DWF would overestimate the reduction in specular 

reflection if L » A is not satisfied. In the opposite 

case of L « A the result of Gaponov et al. for the total 

diffuse intensity scattered by the multilayer goes to zero 

as L2. 

The result of no scattering in the limit L ~ 0 agrees 

with what one can expect on the basis of Bousquet's 

(1962,1964) treatment and Andre's (1984) computations for 

the single rough surface, which were discussed in section 

3. We mention also in connection with this Croce and 
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Nevot's (1980) very successful approach in modelling rough 

surfaces with differentiated sublayers, as having a 

continuous variation of the refractive indices in the 

direction perpendicular to the layers. These authors 

achieved very good fits of theoretical curves to 

reflectance measurements on smooth (cr < 10 A) substrates by 

using this graded-index model instead of DWF which, as 

mentioned before, was found to overestimate the reduction 

of reflectance at very low angles. Next, we briefly 

discuss the physical basis of this model because it ties in 

some apparently disparate concepts we have mentioned. 

We imagine the surface zone of the sample with 

roughness to be divided into a large number of narrow 

horizontal strata, each of the same width. The density of 

matter in the layers, and hence the electron density, 

increases as we consider layers closer to the bulk of the 

sample. If the HDF is assumed to be Gaussian, then it can 

be shown (Nevot 1978) that the density varies with depth 

according to the form of the error function, from zero 

(outside) to the bulk value. The refractive index of each 

layer depends only on its density according to (2.46). The 

e>cact distribution of matter in the layer is unimportant, 

in accordance with the ideas discussed in section 2. Thus 

we can replace each layer by an equivalent one with the 

same thickness and density, but in which matter is 

distributed uniformly. Then the Fresnel approach can be 
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used to calculate the reflectance. For grazing incidence, 

but not too close to the TER region this model predicts the 

same diminution of reflectance as the DWF, the rms 

roughness (for a Gaussian HDF) corresponding to a 

transition layer with thickness (N~vot 1978) 

Ltr = 4.525 eY. (44) 

Other authors have justified the graded index model 

from the perspective of a Fresnel zone construction lilce 

the one shown in figure 1 (Smirnov et al. 1979). A 

criterion for the applicability of the model can be 

obtained which implies that no scattering occurs when 

L < < ( eY >- )1 I 2 
sin3 9 

(45) 

is satisfied. This can be contrasted with the condition 

discussed at the end of the previous section: L « >-/sin9. 

The graded-index model can readily be extended to 

non-Gaussian HDFs, and coated surfaces, and naturally 

accommodates cases in which the density varies with depth 

for other reasons. In particular, for the case of 

interdiffusion between layers, one can recognize the model 

as identical with the approach mentioned at the end of 

section 2. Thus, use of this model implies that no 

distinction is made between roughness and diffusion. Since 

all lateral structure is averaged out, the model cannot 

predict scattering per see All light not specularly 

reflected appears to be transmitted or absorbed. We note 



that the distinction between scattered and transmitted 

light becomes more relevant as the number of layers 

increases and as incidence becomes closer to normal. 

III 

From the preceding discussion we can extract some 

important conclusions. For roughness with small 

correlation length there is no scattering at an interface, 

at least if the roughness has slight amplitude. The 

roughness reduces the admittance mismatch, however, and 

transmission is enhanced at the expense of reflection. The 

effect is identical to that produced by interdiffusion of 

the materials bounding the layers. Considering the 

physical situation, it is quite clear that 'in the limit of 

small correlation lengths, roughness is in fact 

undistinguishable from interdiffusion. The cross

correlation of roughness between layers should play no role 

in this case. The loss of reflectance due to this type of 

roughness (or interdiffusion, for that matter) can be 

partially compensated for by increasing the number of 

layers. The limit to this possibility is set by the 

absorptive losses. 

For long correlation lengths (L » A/sinS) 

interfacial roughness causes scattering losses. These 

cannot be counteracted by increasing the number of layers 

if the design is already optimal for the smooth-interface 

case. In this limit of long correlation lengths, the 

cross-correlation between layers can have significant 
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effects; greater cross-correlation tending to increase 

losses in periodic structures. In this case also, however, 

different designs for the multilayer can be expected to 

produce different behavior in terms of scattering losses. 

Slightly aperiodic designs, which can be useful for other 

reasons, might reduce scattering losses in multilayers 

fabricated with materials which grow with correlated 

roughness in the layers. 

Since in real multilayers the roughness 

autocorrelation function for the interfaces cannot be 

expected to be any simple function, a single correlation 

length might not be a good descriptor. Different scales of 

roughness will exist, in general. However, one might then 

apply the ideas mentioned, separately, to the different 

groups of spatial components. 

As long as the roughness is small and the incidence 

is not too low, the DWF should account reasonably for the 

loss in reflectance at an interface. However, the "budget" 

of light available for reflection is affected differently 

~ccording to the physical mechanism responsible: admittance 

mismatch reduction due to diffusion (and roughness with 

short lateral scale), or scattering due to roughness with 

long lateral scale. In this later case, if roughness is 

correlated between layers in the stack, the loss of 

reflectance can be approximated by multiplying the ideal 

curve by DW~. For reflectance calculations in the case of 
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completely uncorrelated roughness, when using a recursive 

approach analogous to the one shown in section 2, the 

reflectance amplitude coefficient at each layer should be 

multiplied by an amplitude DWF (square root of DWF). 

S~_!ler and Rosenbluth (1986) have shown how the scheme can 

be used to study the effects of scattering QL diffusion in 

multilayer calculations. The later is done by modifying 

the recursive expression for the reflectance amplitude by 

means of the Stokes relation for transmitted light, which 

has the effect of imposing energy conservation on the 

specularly reflected plus transmitted fields. Thus all 

light not reflected at the interface is transmitted. 

In this work, in general, we use a computational 

approach that assumes uncorrelated roughness in the layers, 

and losses due to scattering. This method has been 

developed by Vidal and Vincent (1984), in matrix form, 

based on generalized reciprocity relations given by Roger 

(1982, 1983). While on different theoretical grounds, 

results for the loss in reflectance obtained with this 

approach have been shown to be essentially equivalent to 

those obtained with the DWF approach (Vidal and Vincent 

1984). 



CHAPTER 4 

DESIGN AND FABRICATION OF SOFT X-RAY REFLECTORS 

Because of the lack of knowledge of material 

properties when deposited in very thin films, and the 

uncertainty in the optical constants for the SXR spectral 

region, the design of multilayer devices is not as 

straightforward as one could imagine. Nevertheless, we 

will discuss here some guidelines that can be followed more 

or less closely, depending on available knowledge about the 

materials. We will consider first the selection of the 

materials themselves, and then the design itself. Only 

periodic multilayer reflectors will be treated, but the 

same approach can be extended to transmission devices. 

Although aperiodic designs present no fundamental 

difficulty from the point of view of fabrication, they have 

not been produced yet, to our knowledge, for SXR 

applications. In any case, their characterization is bound 

to be more complicated just because of the lack of 

periodicity. We will not consider these structures here. 

In order to produce multilayers of sufficient 

perfection, very well controlled deposition processes are 

required. We will describe in section 3 the apparatus and 
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general methodology we have used in fabricating SXR 

structures. Then, the specific case of multilayer 

reflectors for normal-incidence 210 A radiation will be 

treated. The design will be considered with special 

attention to the selection of optical constants. The 

fabrication procedure and deposition conditions for these 

samples will also be given. 

1. Materials Selection 

At SXR wavelengths an interface between two media, 

even if ideally smooth, will cause very little reflection. 

As we have mentioned before, this is due to the fact that 

~ ~ 1 in this region for all materials. For any pair of 
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materials, the differences in their respective refractive 

indices (6n) and extinction coefficients (6~), are 

generally small. As one can see from the Fresnel 

relations, this means the amplitude reflection coefficient 

(r) will be small except for very grazing incidences. In 

addition, as described in chapter 2, the absorptance is not 

negligible for any material at SXR wavelengths. At much 

longer wavelengths, quarter-wave stacks can be used to 

enhance the reflectance of a surface. At SXR wavelengths 

these would not work well. Since r is small, many layers 

would be needed. On the other hand, all light would be 

absorbed after a few layers. 
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If one non-absorbing material was available one 

could fabricate a "Bragg reflector". This consists of 

extremely thin layers of an absorbing material separated by 

layers of the non-absorbing material, such that the 

combined thickness of two successive layers is still ~/2. 

The standing waves that would result in the case of normal

incidence illumination, for both the quarter-wave stack and 

the Bragg reflector, are shown in figure 1, after Spiller 

(1981) whose ideas we follow in this description. In the 

Bragg reflector the nodes of the standing wave pattern are 

located in the absorbing layers. Thus the reflectance 

amplitude at the interfaces would be very small, much 

smaller than at the H-to-L interfaces in the quarte~-wave 

stack. The light beam, however, is able to penetrate much 

deeper into the Bragg reflector multilayer, traversing many 

more interfaces. Highly perfect crystals can be used in 

this way with hard x-rays. In this case, wavelengths are 

of the order of inter-atomic distances, so the atomic 

planes act as the high absorption layers. When the Bragg 

condition is satisfied, relatively high reflectances can be 

obtained. Such crystals are used as monochromators in x

ray equipment. When the atomic planes are located at the 

antinodes of an x-ray standing wave, a large number of 

planes can contribute to the reflectance. The penetration 

of perfect crystals by hard x-rays through distances much 



longer than would be possible in other circumstances is 

known as the Borrmann effect (Borrmann 1941). 

H H H H 

{3 = 1/2 
<:=::> 

a) quarter-wove 
V stock H 'A/2H H H H .... 

{3-----0 

b) Bragg reflector 
\. 

T ' 'A/2 

Figure 4.1. Schematic diagram for (a) quarter-wave stack, 
and (b) Bragg reflector. 

SXR wavelengths are one or two orders of magnitude 

longer than inter-atomic distances. For this reason the 

"spacer" between the thin absorbing layers must be some 

other material, which will absorb radiation too. The 

design that is found to produce best reflectance at SXR 

wavelengths is a compromise between the quarter-wave stack 
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and the Bragg reflector. In order to keep absorption low, 

we use as a "spacer" the material with the lowest possible 

absorptance at the design wavelength, and keep the nodes of 

the standing wave in the other material. In order to 

increase the contribution of the interfaces to the total 

reflectance we must bring the interfaces closer to the 

antinode of the standing wave, but this means increasing 

the thickness of the absorbing layers. Hence there will be 

certain optimal thicknesses for the layers. We define the 

"thickness ratio" (8) of the structure as 

8 = (1 ) 

where dH and dL are the thicknesses of the high-absorption 

and low-absorption layers, respectively. Thus for a 

quarter-wave stack 8=0.5, while for the Bragg reflector 8 

is a small number (the lower limit given by the thickness 

of a single atomic plane). The optimal thickness ratios 

for SXR reflectors are generally between 0.4 and 0.25. We 

note the use of Hand L to indicate the high and low 

absorption materials in the multilayer, unlike in the more 

usual case of non-absorbing layers, where they are taken to 

signify (as in figure la) the materials with high or low 

refractive index. 

In the range 6 ~ A ~ 124 A the pairs of materials 

that should produce the best reflectances have been given 

by Rosenbluth (1983) using the optical constants from the 
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tabulation of Henke et al. (1981). However, these 

selections take no account of of the difficulties in 

fabricating the materials. Some basic guidelines for the 

selection of materials have been given, from the optical 

point of view, by Spiller (1981, 1986). We quote these in 

slightly different form, and add some others based on 

consideration of other material properties: 

i) Reject all materials which cannot be handled 

with the availabl~ deposition system(s) 

because of technical or safety considerations. 

ii) Select as spacer (L) the material with the 

lowest absorptance for the design wavelength. We 

note this implies the lowest value of &2. However, 

since n ~ 1 for most of the SXR region, then by 

equation (2.17b) it is usually enough to consider 

the extinction" coefficient (K) instead. 

iii) As the second material (H) select the one such 

that the reflectance at an interface with the L 

material is maximum. A reasonable approximation in 

most of the SXR region is that the quantity 

(2) 

will also be a maximum. One must also keep in mind 

that the optical constants are density-dependent, 

as implied in expression (2.46), and the densities 
/ 



of very thin films can be different from those of 

thicker films or from bulk samples of the same 

materials. Moreover, the accuracy of tabulated 

values of optical constants in the SXR region is, 

in gener81, worse than in the visible region. 

120 

In some cases, the criterion of maximizing 

expression (2) might lead to a combination which 

"saturates" after few layers (a few tens, say). 

Then it can be a better approach to select material 

pairs where the contribution of each interface to 

the total reflection is less (i.e., expression (2) 

is not maximized), but where a greater number of 

layers can contribute (Gaponov et al. 1984). 

iv) Reject pairs that will react chemically, 

unless the reaction is self-limiting in the sense 

that a thin layer of a stable compound is formed at 

the interface. In this last case the situation can 

be considered as a case of diffusion (see v). 

v) Reject pairs that will interdiffuse extensively 

at the temperatures the multilayer is likely to be 

subjected. From the discussion in section 3.3, one 

could easily define a theoretical criterion for the 

"allowable" interdiffusion layer thickness. This 

would not be too useful, however, because in 

general we do not have enough information to 
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predict the extent of interdiffusion. In some 

cases it is known that pairs interdiffuse readily, 

as when they form solid solutions, and thus can be 

rejected. Some assistance might be obtained f~om 

equilibrium phase diagrams (Hansen 1958, Elliott 

1965, Shunk 1969). If an intermediate compound 

forms, it is possible to see from the phase 

diagrams whether it will form a solid solution with 

the components or not. In this later case one can 

expect very thin layers of the compound. In using 

equilibrium phase diagrams and other information 

derived from bulk samples, however, we must 

remember that these results do not necessarily 

apply to thin films, which are formed in a vapor 

deposition process in a non-equilibrium fashion. 

Some material pairs interdiffuse slowly 

enough that a multilayer fabricated with them will 

conserve reasonable reflective power for a certain 

period of time. In addition, in cases where there 

is interdiffusion of the materials but their 

optical properties are of sufficient interest, 

"diffusion barrier" layers of a third material 

might be deposited between each pair. Evidently, 

these would have to be as, thin as possible. 

vi) Reject pairs that will form rough interfaces. 



122 

Again, one can use a theoretical criterion, but the 

main difficulty is that not enough is known about 

the layering properties of many material pairs. In 

addition, more so than for interdiffusion, 

interfacial roughness depends not only on the 

materials themselves, but on the deposition method 

and conditions. In this case (and to a lesser 

degree for interdiffusion) there is no substitute 

for experience. 

vii) If several pairs are available which give 

similar values for (2), select the pair in which 

the H material has the lowest absorption. This 

choice will give better reflectance. However, the 

required number of layers to achieve maximum 

reflectance before saturation might be very large. 

For example, at the shorter SXR wavelengths 

(A < 20 A), Rosenbluth's choices, if realizable, 

imply many hundreds or thousands of layers. One 

must consider whether the deposition system to be 

used is capable of depositing them without 

introducing non-negligible fabrication errors. In 

some cases it might be necessary to settle for 

fewer layers and smaller reflectance. With a 

smaller number of layers, the thickness ratio that 

produces best reflectance for a given pair of 



materials becomes larger. A design closer to the 

quarter-wave stack saturates faster and produces 

better reflectance if the number of layers must be 

small due to considerations having to do with ~he 

fabrication process. 

2. Selection of Structural Parameters 

We will assume here that a pair of materials has 

already been selected for a particular design wavelength, 

and address the problem of selecting the structural 

parameters that will produce b~st reflectance for a 

periodic multilayer. These structural parameters are the 

period or bilayer spacing (d), the total number of periods 

(Np ),' and the thickness ratio (B). A brief consideration 

of non-periodic structures is included later. 
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Bragg's condition, in first order, determines a 

good approximation to the required bilayer spacing, that is 

d = ---- (3) 
2sin9 

where A and 9 are the design wavelength and angle. The 

value for d given by condition (3) will generally be too 

low because the refractive indices of the materials are not 

included, which are usually less than unity for SXR 

radiation. Also, the position of the reflectance peak will 

vary slightly with B. In principle, higher-order 
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reflectors can be made by satisfying the Bragg condition 

for m > 1. Then, however, absorption effects will be 

relatively more important and reflectance will be reduced. 

As stated before, if there was no absorption, the 

most efficient design would be the quarter-wave stack 

(~=O.5). For the case where absorption is important one 

usually finds the most efficient design by trial and error. 

However some authors have considered the problem 

analytically and derived approximations which can be useful 

as a starting point. Vinogradov and Zeldovich (1977) have 

given, for the optimum thickness ratio (~oPt), a 

transcendental expression which we can rewrite as 

tan(TI~oPt) ~ TI~opt + ~, (4) 

where 

TI nLiCL 7t iCL 
~ = ~---- (5) 

nHiCH - nLIeL IeH - iCL 

For small values of ~opt (IeL « IeH), expression (4) 

can be further approximated to 

1 
1 eLY" ~opt ~ (3~)1/3 ~ - 3TI - (6) 

TI TI iCH 

Rosenbluth (1983) has shown that condition (4) is actually 

valid for any angle of incidence and for both 

polarizations. 

The thickness of the multilayer, and hence the 

number of bilayers that can be expected to contribute 

significantly to the reflectance, is limited by the 



absorption length of the material. Using equation (3) for 

the bilayer spacing we find for the maximum number of 

bilayers before saturation 

Np,max ~ ( 7 ) 
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Based on the previous discussion, we can select the 

structural parameters for the multilayers in the following 

manner: 

a. Use expression (3) to find an approximate value 

of d. 

b. Use expression (7) to obtain the number of 

bilayers in the structure. If this is too 

large, according to discussion in the previous 

section, we might want to decide on a lower 

value. As in quarter-wave stacks, best 

reflectance is obtained with an odd number of 

layers. Use H layers at both ends of the 

structure. 

c. Use (4) to obtain a starting value for e. 

d. Calculate the reflectance as a function of 

wavelength using these parameters and modify d 

if necessary until the reflectance peak is 

close to the desired wavelength. 



e. Modify ~ until the value that produces optimum 

reflectance is found. It might be necessary to 

change d slightly to keep the peak position at 

the design wavelength. 
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f. Modify the number of layers in order to find if 

saturation has occurred or not and reduce or 

increase the number of layers accordingly. 

g. Refine steps d and e. 

The final values obtained for d, ~ and Np are our 

design parameters. The reflectance calculations are 

usually performed assuming perfect interfaces. If 

information from previous experience is available about the 

roughness or interdiffusion characteristics of the pair of 

materials to be used, it is best to calculate the 

reflectance using these values in step g, as there will be 

some effect on the design. 

It is possible to obtain slight gains in peak 

reflectance if the structure is made slightly aperiodic, 

with decreasing bilayer spacing towards the top. In 

addition, specially for the cases where saturation is slow 

(many layers), it is possible to "tailor" the reflectance 

response in order to obtain, for example, greater 

integrated reflectance at the expense of peak reflectance. 
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This can be accomplished with thin-film optimization 

programs (Liddell 1981). 

3. Fabrication 

The deposition methods suitable for fabrication of 

SXR multilayers must satisfy certain general criteria. The 

most important of these is the ability to deposit very 

thin, uniform layers (thicknesses from -200A down to 

monolayers), with very good thickness control both 

laterally and through the layers. 

Any simulation of random thickness errors in SXR 

multilayers cay illustrate the importance of good thickness 

control in their fabrication. More detailed theoretical 

studies of the effect of errors (Spiller and Rosenbluth 

1986) show that the tolerance in layer thickness that must 

be maintained in order that specular reflectance losses are 

less than 50%, is given approximately by 

ea < (_d )2 , 
- 45 

(8) 

for the case of accumulating errors, where ea is the rms 

thickness error per layer, and d is the design period, both 

quantities in A. Thus a normal-incidence mirror for 

~ = 40 A will require the error to be less than -0.2 A. If 

the errors can be compensated in subsequent layers (which 

requires an in situ monitoring technique during 

deposition), the tolerance is (Spiller and Rosenbluth 1981) 
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ec < (~) 
..... 7.5 

(9) 

In general, it is desirable to keep contamination 

of the layers os low as possible, which depends on both the 

vacuum pressure and the speed of deposition. Damage to the 

surfaces during fabrication is to be avoided also, since it 

will increase roughness. The temperature of the sample 

during fabrication is an important variable, but higher or 

lower temperatures might be desirable depending on the 

situation. 

SXR multilayer mirrors have been successfully 

fabricated by electron-beam evaporation (Spiller 1981), 

magnetron sputtering (Barbee 1981), and laser evaporation 

(Gaponov et al. 1981). Each method presents certain 

advantages and disadvantages with respect to the others. 

The method we have used to fabricate our mirrors 

combines advantages of magnetron and triode-supported 

sputtering. Our system has been described elsewhere (Falco 

1984). We mention only some relevant facts here. 

At the core of the system are three magnetically-

confined-plasma, dc-sputtering guns (Simard Tri-Mag™). 

Figure 2 shows a cut-away view of one of the guns. The 

sputtering gas (ultra-high purity argon) is admitted into a 

confinement chamber within the gun in order to reduce 

plasma losses by diffusion and favor uniform target 

erosion. The triode configuration allows high ion 
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densities and independent control of sputtering voltage and 

current. The target can be powered by de or capacitively 

coupled rf sources. Large magnets (not shown in figure 2) 

provide a magnetic field parallel to the target surface, and 

perpendicular to the anode-cathode electric field. This 

forces an helical path of the electrons, which increases 

the distance they must travel when attracted by the anode, 

and thus increases the probability of ionizing the argon. 

The plasma confinement provided by the magnetic field also 

helps to reduce substrate damage by secondary electrons 

emitted by the target. 

Target Holder 
Confinement Cover Target 

Anode Plate 

Filament 
Housing 

r 
Water Cooling 

Figure 4.2. Schematic diagram of Simard Tri-Mag™ 
sputtering gun. 

The sputtering guns sit on a 66 x 66 x 40 em 

stainless steel chamber which is evacuated by a 6" 

diffusion pump, backed by a mechanical pump, and assisted 
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by a liquid nitrogen cryotrap. Vacuum pressures in the 

10- 8 Torr region are reached in this manner. The 

disposition of the guns, and associated support and control 

equipment are illustrated in figure 3. Several featur~s of 

the system ensure very uniform sputtering rates. The Ar 

pressure in the chamber is held constant to within ± 0.01 

mTorr, by means of a micrometer-adjustable orifice plate in 

the vacuum line, and gas flow controllers in the Ar lines. 

The power supplies for the guns are feedback controlled at 

40 Hz with a microprocessor, using an empirical 

Shaft Encoder 

Microprocessor 

Servo --~ 
Controlled 

Motor 

Substrate 

Substrate Table 

Sputtering Guns 

Mass Flow Controller 

Power Supplies 
L:========I feedback controlled 

Figure 4.3. Diagram of sputtering system. 
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relationship between the sputtering rate, target voltage 

and current, and geometrical factors dependent of the 

target-substrate disposition. The sputtering rate at any 

point in the ~puttering beam is found to be constant to 

better than ±0.3% over times long enough to make complete 

deposition runs (Bennett 1985). Sputtering rates at beam' 

center at a distance of a few inches from the target can be 

as high as 50 A/sec. To confine the beam to the zone 

directly on top of the guns, chimneys are placed on each 

gun. In addition, baffles can be placed at several 

positions in the chamber. 

The substrates are placed on a turntable facing the 

guns. The turntable motions are powered by a servo

controlled motor which holds rotation rates accurate to 

± 0.05%. The motor is governed by a microprocessor. 

Through the microprocessor, the complete run can be 

programmed, so that it can proceed automatically once the 

guns have been stabilized. Although not made use of for 

the present worle, this enables aperidic multilayers to be 

fabricated without additional difficulty. The substrate

to-target distance is fixed during a run, 'but can be 

precisely adjusted from 5 to 25 cm. 

We describe now the "dynamical" method used to 

calibrate the sputtering rates prior to the deposition of 

the samples. On the basis of previous experience with 

sputtering of the same material, an estimate is made of the 
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required range of the target voltages and currents 

necessary to produce a desired sputtering rate. A mask set 

is placed on a microscope slide, leaving a narrow slit 

aperture. The mask set has been specially designed to' 

avoid shadowing effects. The slide is arranged on the 

turntable with the mask slit along the radial direction of 

the turntable. In this manner, the deposited line will be 

a measure of the sputtering beam profile, integrated along 

the angular coordinate of turntable motion. The substrate

to-target distance is adjusted to that at which the samples 

are to be fabricated. 

Once the sputtering gun is stabilized and the 

sputtering parameters are adjusted and locked to the 

approximate values mentioned before, deposition of the 

calibration line begins. The angular rate of motion over 

the gun is set at a value similar to those that would be 

expected to be used during sample fabrication. Deposition 

continues until a thick line (~5,000 A at center) of 

material has been obtained. This will normally take a 

large number of passes (-200) over the gun. 

After the slide with the sputter-deposited line is 

removed from the chamber, the thickness of the line is 

measured as a function of distance along its length (i.e., 

along the system radial coordinate). The measurements are 

carried out on photographic plates taken through a 

microscope fitted with a Mirau interferometer (Wyant et al. 
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1983). The light source is monocromatized to 5,465 ± 3 A 

with a filter. With this arrangement the thickness of the 

line at any point can be determined with an accuracy of 

0.3% or better. The limitation is set by the resolution of 

the photographic method used to record the interference 

pattern. The deposited thickness per pass is then obtained 

by dividing by the number of passes. During sample 

fabrication it is assumed that this rate of deposition per 

pass will obtain if conditions are kept the same as during 

calibration. Target current and voltage settings must not 

be changed from what they were during calibration. In any 

case, these can be read out with digital instruments and 

controlled by 10-turn potentiometers with sensitivity 

limited by the noise level of the power supplies. The rate 

of deposition per pass is adjusted mainly by changing the 

rate of motion of the turntable over the gun. Small 

adjustments of the effective sputtering rate can be 

achieved, if necessary, by use of the empirical relations 

mentioned before and by slight changes in target voltage or 

current, or by varying substrate-to-target distance. 

With the procedure described above the deposition 

rate per pass can be determined to better than 0.3% for any 

point along the system's radial direction. Typically, the 

deposited thickness will vary smoothly along the radial 

direction. Up to distances of ±25 mm from beam center it 
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drops to 0.3%/mm (Bennett 1985). In a central 10 mm region 

the drop is no more than O.l%/mm. 

It is known that the density of a very thin film 

can be different ,smaller in general, from that of the ,bulk 

material or, for that matter, a thick film (Pulker 1984). 

For this reason we can expect that the rates of deposition 

per pass determined with this procedure will result in thin 

layers with thicknesses actually different ,probably 

larger, than the one called for. Unfortunately, the 

density of the films that will result is usually not known 

in advance, so this effect cannot be included. We will see 

in chapter 5 how these densities can be determined and 

compensated for in a subsequent deposition run. 

4. Multilayer Reflectors for 210 A Radiation 

The design and fabrication of multilayer reflectors 

for normally-incident 210 A radiation is described here. 

This particular wavelength was picked because of the recent 

demonstration of light amplification at 206.3 and 209.6 A 

(Matthews et ale 1985). In this spectral region 

information on the optical constants of many materials is 

lacking, and that which is available is sometimes not too 

accurate. While carbon has been used as the spacer in much 

of the previous work with SXR multilayers, due to its small 

absorption and the smooth interfaces it forms with many 

metals, other materials appear to be better choices in this 



wavelength region; in particular beryllium, boron, and 

silicon. 
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Beryllium is toxic, and its deposition would 

require extraordinary pr~cautions. In addition, the 

available information on the optical constants is more 

complete for silicon (Palik 1985) than for beryllium or 

boron. Silicon has low absorption at wavelengths longer 

than its L absorption edge (124 A) and through the rest of 

the SXR region. An examination of the equilibrium binary 

phase diagrams of silicon and refractory metals such as Mo, 

W, and Ta shows that, although not completely unmiscible, 

interdiffusion could be small. These heavy metals are 

likely candidates for the thin absorbing layers in the SXR 

structures. Thus, for these reasons we chose Si as the 

spacer material for this design. 

The study of Si/metal multilayers is also of 

interest in itself because of the possible fabrication of 

fully crystalline multilayers by advanced technology such 

as molecular beam epitaxy (MBE). These multilayers could 

withstand the effects of high intensity radiation much 

better than polycrystalline or amorphous ones, since 

recrystallization could not occur before melting. 

Recrystallization can greatly increase surface roughness or 

even destroy the layered structure in a multilayer, as has 

recently been shown by Ziegler et al. (1986) for 

carbon/metal multilayers. As a rule of thumb, 
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recrystallization occurs at roughly one-half the absolute 

temperature of fusion. Thus, it can occur at temperatures 

below 600 0 C for amorphous or polycrystalline Si. In 

contrast, crystalline Si can withstand temperatures to ,near 

its melting point of 19560 C without changing shape, except 

for thermal expansion. Much work on silicon MBE, and 

attempts to produce "diamond-like" crystalline carbon, 

indicate that crystalline multilayers might be easier to 

fabricate with silicon than with carbon. 

As mentioned above, information on the optical 

constants is far from complete in the 200 A region. For 

some of the heavy metals of interest, only the absorptance 

has been published. In order to be able to decide on the 

high-absorption element for our design, we were forced to 

interpolate the available data for the dispersive part as 

explained below. We chose W as the high-absorption 

component in our design. As the range of interpolation is 

very large, the selection of the best material is uncertain 

to some extent. In addition to having adequate optical 

properties, W has very high tensile strength and low 

thermal expansion, which are desirable properties, in 

particular considering the possibility of a free-standing 

SXR multilayer. This would be useful as an output mirror 

in a laser cavity, among other interesting applications. 

We next quote the data so~rces used and describe the 

interpolation performed in order to assemble the required 
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sets of optical constants for Si and W in the 200 A region. 

For tungsten, data for both n and ~ have been 

published for ~ < 124 A (Bos and Lynch 1970, Henke et ale 

1982) and ~ > 264 A (Weaver et ale 1975). For the 

intermediate region, of interest for the work reported 

here, we have determined ~ from the available data for the 

absorption coefficient. For 185 A < ~ < 264 A we have used 

the data of Weaver and Olson (1976). For 124 A < ~ < 264 

A, we have used the data of Hansel et ale (1969). In order 

to estimate n in the 124 A < ~ < 264 A region, we extended 

the known curve (Henke et ale 1982) for the real part of 

the atomic scattering factor to lower energies by using a 

functional form suggested by the f'(E) curves for heavier 

elements, and by matching values determined from the 

existing data at ~ > 264 A. This procedure is more 

appropriate than a linear interpolation, but is no 

substitute for a much-needed determination of n for Wand 

other heavy metals in the 200 A region. 

Subsequent to the design and fabrication of the 

Si/W samples described here we obtained additional 

information on the real part of the refractive index of W 

for the region of interest (Hadler 1969). These are 

Kramers-Kronig determinations of n using the absorption 

data of Hansel et ale (1969), and cover the range from 

295.1 A to 21.8 A for Ta, W, He, and Pt. The results for W 

at wavelengths below 124 A agree with those of Bos and 
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Lynch (1970) who also used the data of H§nse1 et a1. 

However, there is not a good match with the results of 

Weaver et ale (1975) at wavelengths above 264 A. This is 

not surprising, considering the differences between the 

absorption data of the latter authors and that of H§nsel et 

a1. At wavelengths close to 200 A, where the absorption 

data of these two groups agrees fairly well, the values of 

n for W we have used, determined in the manner described in 

the previous paragraph, are very close to the 

Kramers-Kronig analysis results of Radler. The same is 

true at shorter wavelengths, down to 124 A, where the 

results of Bos and Lynch can be used. At longer 

wavelengths our values for n deviate from those of Radler, 

since we have forced a match of the f' curve at A ~ 264 A 

so that the refractive index values will correspond to 

those of Weaver et ale (1975). In view of this, we decided 

not to alter the set of optical constants used for W. 

Optical constants for Si are available for the 200 

A region (Edwards 1985), and we used these constants in the 

initial design of the multilayer structure. However, it 

should be noted that the optical constants for amorphous-Si 

(a-Si) are known to strongly depend on sample preparation 

parameters (Piller 1985), and results of structural 

characterization are usually not given along with the 

optical data. The films used for acquiring the data 

reported by Edwards were described only as "probably 
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amorphous", but the data was included in a tabulation for 

crystalline Si because there was a good match at ~ < 124 A 

and A > 620 A with other existing data. It is possible 

that the samples used were actually polycrystalline. For 

the sputtering conditions used during the fabrication of 

the multilayers reported here, the Si films are amorphous, 

as shown in chapter 5. However, the void size, amount of 

argon inclusion, local structure factor, etc. are almost 

certainly different than for the samples used to obtain the 

data published by Edwards, and thus the optical constants 

will differ. 

It is useful to describe some of the other optical 

data on Si in the range of interest, to emphasize the 

problem in locating useful data. The extinction 

coefficient for a-Si has been measured by Brown and Rustgi 

(1972) for the spectral zone adjacent to the L absorption 

edge at 124 A. Pierce and Spicer (1972) have determined 

both n and ~ based on reflectance measurements for 

A > 1,050 A made on films prepared in situ in ultra high 

vacuum. The compilation given by Piller (1985) includes 

values of nand K for 248 A < ~ < 1,050 A, but these are 

derived from extrapolations of the Pierce and Spicer 

measurements and must be considered to be of unknown 

accuracy. The values of the extinction coefficient 

obtained from the measurements of Brown and Rustgi for 

A - 124 A and those given by Piller for A N 248 A are both 



higher by a factor of 3.5 than those given by Edwards for 

these wavelengths. This difference is too large to be due 

only to density differences in the films. However, for 

photon energies in this region and lower, the 

photoabsorption by solid materials is not necessarily 

atomic-like, as we have discussed in chapter 2. 
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For the lower energy region (E~~ 60 eVj ~ ~ 200 A), 

the state of knowledge of the optical const~nts is worse in 

general than for harder x-rays. Theoretical calculations 

are much more difficult because absorption of radiation is 

not caused mainly by inner-shell electrons, as it is for 

higher energies. Rather, outer electrons play an important 

role, so that deviations set in from both the Coulomb form 

of the average potential and from the independent-electron 

approximation, useful at higher energies. Because of this, 

details of the microstructure (solid-state effects) of the 

sample become relevant for very soft x-ray and VUV 

radiation absorption. This is especially important near 

absorption edges. It seems that at least part of the 

disagreement in the determinations of the photoabsorption 

cross sections by different workers is due to differences 

in the structure of their films. 

Probably more important as a source of differences 

in the optical properties of the samples is the existence 

of impurities in them. At -200 A, for example, the 

imaginary part of the atomic scattering factor for oxygen 



is 8 times that of Si (Henke et al. 1982). Accurate 

determination of film characteristics (density, crystal 

structure, crystallite size, and purity) and statement of 

the deposition method and conditions, should be a part 'of 

every release of optical constants for the low-energy 

spectral region. Unfortunately, most of this information 

is usually not given. 

141 

The data base for the optical constants of Wand 

Si, assembled from the various sources mentioned, is given 

in tables 1 and 2, for regular wavelength-intervals. The 

data for W has been adjusted to be adequate for a W density 

lower than the bulk density, for reasons explained in the 

next chapter. The data for Si is presented in two separate 

columns, the first corresponding to crystalline Si, and the 

second to a-Si. We note that in the region of interest for 

us (~200 A) the data included in the first column is not 

necessarily valid for truly crystalline Si. For 

wavelengths between 125 and 248A, the K data for a-Si has 

been obtained by multiplying the corresponding K data for 

crystalline Si by a factor of 3.5. For wavelengths shorter 

than 248 A the a-Si data for n was taken to be the same as 

for crystalline Si but modified to take into account the 

density difference. 

The initial design for our Si/W normal-incidence 

reflector called for 31 layers, 16 layers of W 

(dw = 37.6 A), alternating with 15 layers of Si 
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(dsi = 71.15 A). This design was based on the initial set 

of optical constants discussed above for Wand the 

"crystalline" Si data. With these sets the peak 

theoretical normal-incidence reflectance, assuming ideal 

interfaces, was 30% at A ~ 210 A and was calculated to drop 

to 20% with 10 A rms roughness in each layer. 

Table 4.1 

Optical constants for W (p=18 g/cm 3 ). 

).,(13.) n IC 

120.0 0.9523 0.0312 

130.0 0.944 0.0387 

140.0 0.928 0.0508 

150.0 0.918 0.0641 

160.0 0.904 0.08~2 

170.0 0.893 0.109 

180.0 0.889 0.111 

190.0 0.878 0.141 

200.0 0.860 0.178 

210.0 0.846 0.228 

220.0 0.834 0.263 

230.0 0.822 0.267 

240.0 0.812 0.239 

250.0 0.807 0.231 

260.0 0.797 0.232 

270.0 0.777 0.254 



h (A) 

120.0 

130.0 

140.0 

150.0 

160.0 

170.0 

180.0 

190.0 

200.0 

210.0 

220.0 

230.0 

240.0 

250.0 

260.0 

270.0 

Table 4.2 

Optical constants for Si 

crystalline Si amorphous Si 

n Ie X 10 3 n Ie X 10 3 

1. 028 1. 29 1. 024 1.11 

1. 030 1.13 1. 026 3.95 

1. 000 1. 43 1. 000 5.01 

0.993 1. 78 0.994 6.23 

0.991 2.15 0.992 7.52 

0.988 2.54 0.990 8.89 

0.985 2.97 0.987 10.4 

0.982 3.43 0.9845 12.0 

0.978 3.93 0.981 13.8 

0.976 4.43 0.979 15.5 

0.972 5.0 0.976 17.5 

0.968 5.53 0.9725 19.4 

0.964 6.1 0.969 21.3 

0.960 6.7 0.9945 23.8 

0.956 7.3 0.989 25.2 

0.952 7.85 0.986 26.7 
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The substrates on which the samples were deposited 

were 50 x 20 mm float glass pieces. These were cut from 

ordinary, double-strength thickness plates. Float glass is 

produced by letting the molten silica solidify on a bed of 

fluid tin. The upper surface thus produced is 

microscopically smooth. Unfortunately, some waviness is 

also commonly present. The surfaces can be distinguished 

because the one that was in contact with the tin is 

contaminated by it. This tin fluoresces under UV 

illumination, thus the "bottom" surface is, so to speak, 

marked. We have measured the rms roughness of float glass 

samples with an optical profilometer (WYKO Mep - 1000M) and 

obtained values of the order 5 A. While the lateral 

resolution of this instrument, as we have explained in 

section 3.3, is not sufficient to give information about 

the roughness components of more interest for us, it is an 

indication of the smoothness of the substrates. Indirect 

measurements performed with grazing-incidence hard x-rays 

shows that this material is in effect microscopically 

smooth (Nevot 1978). In previous work, also using grazing 

incidence x-rays, we have obtained evidence that float 

glass is smoother than ordinarily polished silicon wafers 

(Fernandez and Falco 1985). For comparison, these wafers 

were also measured with the WYKO profilometer, which showed 

an rms roughness of ~15 A. 
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The substrate surfaces must be cleaned in order to 

eliminate contaminants which might reduce film adhesion or 

induce defects. On the other hand, it is of utmost 

importance to avoid damaging the surface since, as has 'been 

emphasized in chapter 3, surface microroughness must be 

avoided. Thus cleaning procedures which involve acids or 

sputter-etching cannot be ueed. The cleaning procedure we 

have used for our substrates is the following (all the 

water used is de-ionized and all chemicals are high

purity): 

1. Ultrasonic-clean for 10 minutes in a weak 

solution laboratory glassware detergent. 

2. Rinse in running water for 10 minutes. 

3. Bathe in tri-chloro-ethylene vapor for 5 

minutes. 

4. Rinse in running water for 10 minutes. 

5. Bathe in methanol vapor until dry. 

The substrates are immediately placed in the sputtering 

chamber and the vacuum cycle is started. 

The targets for the depositions were 57 mm diameter 

disks of 99.9999% pure Si and 99.95% pure W. The base 

pressure of the system for these depositions was 

5 X 10- 7 Torr. The Ar pressure during sputtering was 

approximately 5 mTorr and was held constant to within 

±0.01 mTorr. 



The deposition rates for both Si and W were 

approximately 8 A/sec, with a target-to-substrate distance 

of 110 mm. The substrates were initially at room 

temperature, and no effort was made to control their 

temperature during deposition. Based on previous 

experience, it is expected that their temperature during 

deposition remained below ~150oC. 
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The Si/W multilayers were prepared in three 

separate depositions, and four samples were made in each 

run. Characterization with Cu K~ x-rays showed evidence of 

better quality for the samples made during one of the 

depositions, in which each Si layer was deposited in a 

single pass above the gun. For the two other runs three 

passes for each Si layer were used. This was confirmed by 

preliminary reflectance measurements with synchrotron 

radiation, which indicated a reduction in reflectance of 2-

4% throughout the wavelength region investigated for the 

samples from those two runs. More detailed 

characterization and testing procedures were pursued for 

the samples made during the run that showed evidence of 

greater quality. These are the results reported in the 

next chapter. 

During fabrication, an initial "thick" buffer layer 

of Si (~340 A) was deposited on the substrates. After the 

deposition was completed the samples were left under vacuum 

until they reached room temperature. Once removed from the 



chamber the samples were exposed to the atmosphere. No 

special precautions were taken, except to keep them in 

containers to prevent dust contamination or accidental 

scratches. The time between the fabrication and the final 

testing sequence with synchrotron radiation was 

approximately 3 months. 

In the next chapter we will describe the complete 

characterization procedure and the test results for these 

samples. 
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CHAPTER 5 

CHARACTERIZATION AND TESTING 

As mentioned in chapter 1, in much of the recent 

work on SXR multilayer reflectors, the calculated 

reflectance curve is adjusted to the measured results 

simply by matching the peak values. The actual differences 

are then ascribed to interfacial imperfection, or to the 

use of inadequate optical coristants. While in well

fabricated structures these might be the largest sources of 

deviations, progress in this field requires studying the 

problems more closely. Adequate characterization of the 

multilayers is the first logical step in this direction. 

While much work needs to be done in this area, current 

thin-film analysis methods can provide very useful 

information about the multilayers. Accordingly, in the 

first four sections of this chapter, we review the 

techniques we have used to characterize our samples. Low 

and high-angle x-ray diffraction with hard x-rays is used 

in order to obtain structural information about, 

respectively, the multilayer, and the component materials. 

Rutherford backscattering spectroscopy can provide 
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stoichiometric data, and information about possible 

impurities within the multilayers (e.g., Ar and 02). 

Transmission electron microscopy can furnish images of the 

layers which aid in the characterization of roughness .. In 

section 5 we present the results of our characterization 

procedure as applied to the Si/W samples described in 

section 4.4. In the final section the tests of these 
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samples with synchrotron radiation are described, and the 

results compared to those calculated by assuming the 

parameters obtained through the characterization procedure. 

To our knowledge this is the first time SXR multilayers 

have been characterized in such a comprehensive manner. 

1. Low-Angle Diffraction in 9-29 Configuration 

Much structural information about SXR multilayers 

can be obtained by means of low-angle x-ray diffraction 

measurements in a 9-29 configuration. Hard x-ray radiation 

is used as the probe. This is convenient because sources 

are commonplace and there is no need to evacuate the beam 

path. The technique can be applied with a standard 9-29 

Bragg-Brentano diffractometer (Klug and Alexander 1974). 

We have used such an instrument for preliminary 

characterization of our samples. However, the measurements 

of interest, in particular when the sample period is larger 

than ~40 A, must be performed at low angles (9 - 10_50 ). 

Conventional 9-29 diffractometers loose accuracy rapidly as 



the 9-angle becomes small. The measured angular positions 

of the diffraction peaks are then extremely sensitive to 

small displacements of the sample in the direction 

perpendicular to its surface, and to slit alignment. At 

low angles, a relatively large area of the sample is 

illuminated and, since the sample is flat, the deviation 

from the focusing circle (Klug and Alexander 1974) is not 

negligible and introduces aberrations. In addition, it is 
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desirable to make measurements at the total external 

reflection (TER) angular regime because useful information 

can be deduced, as mentioned in chapter 3. For all 

materials, TER occurs at angles 9 - 9c ~ (2~)1/2 for hard 

x-rays (Cqmpton and Allison 1935), which is of the order of 

30 arc minutes or less for all materials. The standard 

Bragg-Brentano diffractometer does not have adequate 

precision at these angles. 

In order to avoid the problem mentioned above, 

specially designed 9-29 diffractometers must be used. 

These incorporate extremely narrow slit aperture systems 

and a flat-crystal monochromator in order to produce an 

essentially parallel and monochromatic beam. Beam 

parallelism reduces the dependence of peak position on 

sample placement. On the other hand, the smallness of the 

slits reduces the intensities, and in order to obtain good 

counting statistics, long integrating times are required at 

each angular setting. The low-angle 9-29 diffraction 
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measurements reported here were performed at the Institut 

d'Optique, Universite de Paris, with an instrument 

described elsewhere (Devant 1969, Nevot 1978). The motions 

of the 9 and 29 axes are accomplished by computer

controlled stepper motors. The design allows for an 

angular precision of,±l arc second. 

We discuss now how to obtain structural information 

about the multilayer from the 9-29 scan. It will be clear 

that a qualitative inspection of the curve serves to 

provide valuable information, while good semi-quantitative 

estimates can be made with a few measurements and simple 

calculations, and very good characterization can be 

obtained from detailed modelling. 

In order to illustrate some features of the 9-29 

scan we show a calculated example for a C/W multilayer in 

figure 1. The thicknesses assumed are de = 46.8 A and 

dw = 13.2A. The number of layers is 51, beginning and 

ending with a W layer. The probing radiation is Cu K~l 

(1.54052 A), and the optical constants are obtained from 

equation (2.46) and tabulated values for the corrections to 

the atomic scattering factor (Cromer and Liberman 1970). 

For this example the interfaces are assumed to be perfect, 

i.e., no roughness or interdiffusion occurs. 

The most prominent features are the Bragg peaks, at 

angular positions determined by the Bragg condition, from 

which the multilayer period can be obtained. The Bragg 
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condition, however, must be corrected for the fact that the 

refractive index is not unity. The shift caused by the 

decrement from unity of the real part of n makes the Bragg 

angles greater than one would determine from the 

uncorrected Bragg equation. The corrected equation is the 

Darwin-stenstrBm-Ewald expression (3.13). For hard x-rays, 

the shift is important for low grazing angles (9 ~ 50) 

only. 

The imaginary part of the complex refractive index 

;n also introduces a deviation from the usual Bragg law. 

This is not due to absorption properly, but to the effect 

on the phase changes on reflection at the interfaces 

(Rosenbluth 1983, Rosenbluth and Lee 1982). It is 

nevertheless called an "absorptive" correction. This is 

smaller than the refractive correction, but can be 

comparable to it in some cases. Usually, but not always, 

the effect of the absorptive correction is to shift the 

peak reflectance to smaller values than those given by the 

Bragg equation (Rosenbluth 1983, Rosenbluth and Lee 1982). 

For x-rays, this is generally in the opposite sense to the 

shift due to the refractive correction. 

For eu K~ radiation, in cases when the absorptive 

correction can be neglected, equation (3.13) can be used 

for 9 < 50 and the uncorrected Bragg equation for greater 
'" 

angles. Naturally, when the 9-29 curve is calculated using 

the Fresnel method, or any equivalent one, the corrections 



we have mentioned are automatically included. In order to 

determine the peak positions, or in order to calculate the 
complete 9-29 curve, the optical constants for the 
materials in question at the wavelength used must be 

accurately known. We will return to this problem later. 
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Calculated low - angle 8-28 scan for an ideal multilayer. 

Calculation is for a C/W multilayer with de = 46.8 A, dw = 13.2 A, and 51 layers. 
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In the approximation in which the positions of the 

low-lying Bragg peaks depend only on the multilayer's 

average refractive index decrement from unity (~), we can 

use the refraction-corrected Bragg condition (3.13) to' 

determine the thickness of the bilayers (Miceli et al. 

1986). Since for all Bragg peaks sinS » 0, equation 

(3.13) can be simplified to 

sin29 =c :)2 + 26. (1) 

Thus, a plot of sin2 S vs m2 will have a slope of (h/2d)2 

and an intercept 2~. If OH and OL correspond to the Hand 

L materials in the multilayer, then 

(2) 

from which ~ can be calculated. Again, this assumes that 

the 0 values for the materials are accurately known. 

Returning to our example in figure 1, we note that 

the Bragg peak intensities tend to decrease as the peak 

order increases. Moreover, the decay is more pronounced as 

the interfacial sharpness is reduced. This can be seen by 

comparing figure 1 with figure 2. In the later case all 

parameters for the calculation have been kept the same as 

for figure 1, but the rms roughness in all layers has been 

assumed to be ~=5 A. For even greater roughness the Bragg 

peaks begin to become unobservable, starting with the 

higher orders. 
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Calculated low-angle 8-29 scan for a multilayer with 5 A rms roughness in all interfaces. 
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Other things being equal, a multilayer with better 
interfaces will show a greater number of Bragg peaks. 
However, it seems to be overlooked sometimes, that the 
number of peaks observed depends also on interrelated 
instrumental conditions, namely: the diffractometer 
geometry, the brightness of the x-ray source, and the 
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photon-counting statistics. The ability to distinguish 

peaks ·from noise depends on these factors. In addition, 

for given values of rms roughness in the interfaces, a 

multilayer with smaller d-spacing will show a smaller 

number of peaks. For a given order (m), the corresponding 

Bragg peak of the thinner multilayer appears at a larger 

angle and will have its intensity reduced by a larger 

factor. This can be seen by considering the Debye-Waller 

factor (DWF) for the special case of the Bragg angles. We 

can write it then approximately as 

(3) 

Hence, unless these facts are kept in mind, it can be 

misleading to look for the number of Bragg peaks as 

evidence of the interfacial quality. 

The relative intensities of the Bragg peaks in 

the 9-29 scan are related to the Fourier components of the 

multilayer profile. This relationship can be seen most 

156 

easily by considering the multilayer as a grating or 

reflective "thick" hologram and using a dynamical theory of 

x-rays. On the basis of the discussion in section 3.2 we 

can imagine each Fourier component as a sinusoidal grating 

with its modulation in the direction perpendicular to the 

multilayer surface. To first order, only one diffracted 

beam exists in the vacuum side. The superposition of all 

gratings gives the multilayer profile and, correspondingly, 
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the superposition of diffracted amplitudes would predict 

the diffracting behavior of the multilayer. Since 

absorption cannot be neglected, we should consider the 

multilayer as two superimposed series of grating: phase 

gratings and absorption gratings. The diffracted 

intensities add coherently. Kogelnik (1969) has treated 

this mixed-grating case for thick holograms and given a 

simple expression for the sinusoidal case. This can be 

applied to the multilayer case when the modulation for both 

'" the real and imaginary parts of ht is small compared with 

the average value. Since the intensity of each beam 

diffracted at a Bragg angle depends on the amplitude of the 

corresponding grating, one could then directly obtain 

quantitative information about the sharpness of the 

interfaces from a 9-29 scan, and reconstruct the profile. 

Unfortunately, for the cases of interest to us, the 

multilayer materials are picked precisely because their 

optical constants are very different. While the modulation 

of the index of refraction is usually small enough, that of 

the extinction coefficient is not, and the first order 

approach suggested here is not adequate. As a result, 

calculated peak intensities using this method are of the 

correct order of magnitude, but are not accurate in detail. 

Nevertheless, if we look at the connection between the 9-29 

scan and the multilayer in the manner suggested above, some 

qualitative observations can be made. By straightforward 



Fourier analysis we can show that the amplitudes of the 

Fourier components for a rectangular wave representing the 

profile (assuming an infinite number of layers) are given, 

except for the dc component, by 

Sinc(tJm) := 
sin1T$m 

1T$m 
(4) 

158 

where m is a positive integer, corresponding to the Bragg 

order, and $ is the thickness ratio. The Sinc function is 

zero whenever $m is an integer, which implies that the 

profile has no component corresponding to that value of m. 

Hence there will be no diffracted light (in the first order 

approximation) in the direction of the corresponding Bragg 

angle. This means the n-th Bragg peak and its multiples 

will be missing. This is completely analogous to the 

problem of "missing orders" in the theory of gratings 

(Born and Wolf 1980). Thus, for example, in a multilayer 

with $=1/3 every third Bragg peak will be missing, in 

multilayer with $=1/4 every fourth Bragg peak will be 

missing. In addition, in cases where the thickness ratio 

is close to simple fractional values the corresponding 

peaks will not disappear but will be noticeably depressed 

with respect to the immediate neighbors. When this occurs, 

it can serve as a immediate indication of the thickness 

ratio of the multilayer. 

In our example of figure 1, the thickness ratio is 

$=0.22. This is close to $=1/5 and $=1/4, and we notice 
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that the fifth and fourth order peaks are depressed with 

respect to their neighbors. It is remarkable also that the 

"valley" between these two peaks is deeper than the others 

shown. Moreover, the minimum occurs at the angle one would 

expect by working out simple proportionalities with ~ and 

the Bragg angles. 

One should note that thickness errors or unequal 

sharpness of the interfaces in the multilayer can also 

cause depressions in the 9-29 curve. However uniform 

roughness in the interfaces will not cause additional 

features, but will tend to reduce contrast of all features 

mentioned. 

The reason for the lack of high-order Bragg peaks 

in a multilayer with interfaces which are not sharp is 

quite clear from the preceding discussion. The multilayer 

profile does not contain the high-frequency Fourier 

components that would produce such high-order peaks. 

In the case where there is strong interdiffusion, 

the profile will approximate a sinusoid, in which case a 

single order of diffraction will be observed. The 

pioneering experiments of DuMond and Youtz (1940) with 

Au/Cu multilayers produced precisely such results. These 

authors showed that the diffusion process could indeed 

produce a sinusoidal profile. 

An indication of the regularity of the layering in 

the direction normal to the surface is given by the 
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presence of secondary maxima between Bragg peaks (figures 1 

and 3). These are equivalent to the Kiessig lines observed 

under the same conditions (hard x-rays, low incidences) 

with single films coating a substrate (Kiessig 1931). 'With 

visible light (and thicker, transparent films) they are 

known as fringes of equal inclination (Born and Wolf 1980). 
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Figure 5.3. Calculated 9-29 scan in zone of second to 
fourth Bagg peaks. 

Expanded portion of figure 5.1 showing detail 
of secondary maxima in the case of a perfect
interface multilayer. 
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The maxima corresponds to constructive interference 

conditions between the top and bottom surfaces. From the 

Bragg condition one can show that the film thickness (T) is 

approximately related to the angular separation of the· 

secondary maxima (~S, in radians) by 

T ~ = (5) 
2 ~S ~(2S) 

as long as the observation angles are not two close to Se. 

Otherwise, a more accurate expression must be used (Kiessig 

1931, Wainfan et al. 1959, SegmUller 1973). 

In the multilayer case the secondary maxima are 

enhanced with respect to what they would be if a single 

film of the same thickness were to replace the multilayer. 

In a typical case for a SXR multilayer, such as that of our 

example, the contrast is favored for two reasons: First, 

there is better reflectance at the vacuum-top layer and 

bottom layer-substrate interfaces because a heavy metal 

forms both the top and bottom layers. These have 

refractive indices with the largest difference from that of 

nvaeuum = 1. Second, the material inside the multilayer is 

mostly a low absorption one. This allows more radiation to 

reach the bottom interface, and hence more can be reflected 

there. The most important difference between 9-29 curves 

of a multilayer and of a single film of the same thickness 

is the appearance of the Bragg maxima in the former case, 

due to the internal layering. 
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The same approximate expression (5) used for the 

Kiessig lines in the single film case can be applied to the 

secondary maxima in the multilayer case. With this 

expression we can obtain a good estimate of the geometrical 

thickness of the multilayer. 

The number of secondary maxima between two 

successive Bragg peaks is Np-2, where Np is the number of 

bilayers in the multilayer. As the number of layers (and 

the thickness T) increases, these peaks become less intense 

and more numerous, and eventually are lost in the 

background noise. The existence of the secondary maxima is 

not greatly affected by interdiffusion as long as it is the 

same at all interfaces or at alternate interfaces. On the 

other hand, their appearance is very sensitive to thickness 

errors in the layers. The period (d) of a perfect 

mul~ilayer is commensurate with the total thickness (T). 

The Bragg peaks and the secondary maxima generally form an 

orderly pattern. An expanded portion of figure 1, showing 

the secondary maxima more clearly is presented in figure 3. 

A single thickness error in one of the layers will produce 

a dephasing of the two stacks into which the multilayer is 

now effectively divided: one above and one below the 

defective layer. Furthermore, the multilayer period (not 

counting the defective bilayer) is now not commensurate 

with the total thickness. The effect on the secondary 
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maxima is best shown by examples. We assume the same basic 

design of the previous example. 

A 2 A defect was assumed in the fourth layer from 

the top for the calculation of the scan shown in figure 4. 

Fringing of the secondary maxima is clearly observed even 

for such a small error. For want of a better term we will 

call these "error fringes". For the calculated curve of 
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Figure 5.4. Calculated 9-29 scan for multilayer with a 2 A 
defect in the fourth layer from the top. 

Error causes a "fringing" in the pattern. 
Compare with figure 5.3. 
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figure 5, a single 2 A defect has again been assumed, this 

time on the 26th layer (the central layer). The frequency 

of the error fringes is a maximum in this case; it will 

decrease as the layer in error becomes closer to either the 

top or the bottom of the stack. High-frequency error 

fringes, especially if close to a multiple of the frequency 

of the secondary maxima, will tend to produce more dramatic 
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Figure 5.5. Calculated 9-29 scan for multilayer with a 2 A 
defect in the central layer. 

The error causes fringes of higher frequency 
than in the case of figure 5.4. 



effects. In the example of figure 5 alternate secondary 

peaks have practically disappeared. They probably would 
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not be observed in an actual measurement. 

Bragg peaks have been split. 

In addition, the 

From the inter-fringe angular spacing one can, 

again with expression (3), estimate the distance at which 

the error has occurred, as measured from the closest 

surface of the multilayer (top or bottom). The 8-28 scan 

for an error in the n-th layer from the top looks 

practically the same as that for an error in the n-th layer 

from the bottom. If more than a single error is assumed in 

the layers, the fringe systems superimpose and patterns 

quickly become much more complicated. For random errors of 

a few percent in the layer thicknesses the secondary maxima 

cannot be observed. 

We turn our attention now to the TER region in the 

8-28 scan. Very detailed studies of this region for bare 

surfaces or for surfaces with adsorbed films (or otherwise 

modifying layers) have been published (Parratt 1954, 

Wainfan and Parratt 1969, Croce and Nevot 1976, Nevot and 

Croce 1980). For a non-absorbing material, reflection 

would indeed be total below the critical angle and drop 

sharply at angles higher than that. All materials, 

however, absorb x-rays to some degree. This causes a 

"smoothening-out" of the TER decay rate. Reflectance is 

thus not truly total for angles below 9c • In addition, the 
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reflected radiation is able to penetrate the material 

slightly at such angles, with penetration depth on the 

order of tens of Angstroms (Parratt 1954). For angles 

above the critical angle the penetration depth increases 

rapidly. Thus the TER region can be used to obtain 

information about the surface zone, while the rest of the 

9-29 scan generally contains information about the complete 

multilayer. An estimate of 6 for the surface zone can be 

obtained by measuring the critical angle and using 

9c ~ (26)1/2. The value of the critical angle can be 

approximated as that of the inflection point in the decay 

of the reflectance curve, that is, the point of maximum 

slope. This approximation is worse for more highly 

absorbing materials. 

Since for hard x-rays the optical constants are 

simply related to the atomic scattering factor and the 

density, by measuring 6 in this manner one indirectly 

obtains the value of the average density of the material 

near its surface. The exact shape of the TER region of the 

9-29 curve depends on the 6/~ ratio of the material. By 

modelling, it is possible to fit calculated curves to the 

measured scan and obtain this ratio. This method relies on 

very delicate measurements and on the flatness of the 

sample surface. 

Finally, detailed modelling of the multilayer by 

fitting calculated curves to the complete measured 9-29 
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scan can provide precise information on the layer thickness 

and interfacial roughness parameters. This is time

consuming and is best done after a preliminary analysis, 

using the methods described before, has been carried out. 

In section 5 we will show how to combine such a modelling 

procedure with information obtained from other 

characterization techniques. 

2. Rutherford Backscattering Spectroscopy 

Rutherford backscattering spectroscopy (RBS) is a 

very useful tool in thin-film analysis. In addition to 

stoichiometric information, it can provide measurements of 

the "phys ical" (i. e., dens i ty-dependent) thickness of the 

film or layers in a sample. We will first discuss the 

fundamentals very briefly. 

The operational principle of this technique is 

scattering of ~-particles (4He++) or other positive 

particles by the nuclei in the sample. As these nuclei are 

generally much heavier than 4He++, some of the ions (less 

than one in lO~) will be scattered back through large 

angles towards the source direction. In general, an ion 

will travel some distance into the sample before finding a 

nucleus in a position such that the "impact parameter" 

(Ritchmyer, Kennard, and Cooper 1969) is small enough for 

backscattering to occur (i.e., hitting sufficiently "head-

on"). In the process of traveling into the sample, and 



also while emerging back from the sample, the ion looses 

kinetic energy through inelastic collisions with the 

electrons. For a backscattered particle with a given 

initial energy, the energy lost depends on the total 

distance traveled within the sample, and on the kind and 

density of nuclei in the path. 
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For energies up to a few MeV~ nuclear reactions can 

be neglected and the collision of the positive particle and 

a nucleus can be considered to be elastic. The ratio of 

the kinetic energy of the particle after to that before the 

collision (the "kinematic factor") can be calculated from 

classical mechanical considerations. The differential 

scattering cross section for elastic scattering gives the 

probability that a particle which collided with a nucleus 

will be scattered into a differential solid angle dn 

defined with respect to the collision center. Integrated 

over the solid angle subtended by the detector, this leads 

to the probability of observing the scattered particle. 

Again from classical considerations, and assuming the 

Coulomb force to be the only relevant one, the well known 

Rutherford scattering law is obtained (Goldstein 1959). 

The number of particles backscattered from a given 

depth within the sample depends on the concentration and 

type of nuclei at that depth. Thus, if an energy

discriminating detector is used, information about the 

depth profile of the sample can be obtained. The details 



of the theory and practice of RBS are discussed at length 

by Chu et al. (1978). 

In a modern RBS analysis system, the positive ions 

are produced in an ion generator and accelerated, usually 

with a van de Graaff machine. The particle beam is 

monochromatized and collimated. Such arrangements can 

produce intense beams with variable energy and cross 

sections. The complete beam path must be under vacuum 

(-l0- 6 Torr) to prevent scattering and energy straggling 

due to the air. The beam hits the sample, usually at 

normal incidence (the only case considered here), and the 

detector is located at a high backscatter angle (28 -

170°). The signal from the detector is amplified and 

processed through a multichannel analyzer. The resulting 

data is the backscatter yield as a function of channel 

number, i.e., of the energy. From the basic principles 

mentioned before, we see that heavier elements at a given 

depth in the sample will produce peaks at higher energies 

than lighter elements. From Rutherford's scattering law, 

the yield will be higher for heavier elements, increasing 

as Z2 • The width of the peak depends on the thickness of 
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the layer within which the element in question is located 

in the sample, and also on the identity of the element. If 

the concentration of the element varies with depth, the 

peak yield will vary as a function of energy, being higher 

for higher concentrations. However, even for uniform 



concentration, the yield will not be constant as depth 

increases. Instead it will tend to increase. This is due 

mainly to the fact that the scattering cross section 

increases as the particle energy decreases, as can be seen 

by again considering Rutherford's law. 
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In RBS spectra of samples with more than a single 

constituent type of atom, the peaks linearly superimpose. 

If the atomic numbers are not too similar and if samples 

are not too thick, the corresponding peaks can be resolved. 

For thick layers (the substrate, for example) the peaks 

corresponding to the component elements extend towards zero 

energy. In a sample in which layers of two elements 

alternate in depth, i.e., a multilayer, the peak 

corresponding to each layer can be resolved. Thus the RBS 

spectrum will consist of a series of closely spaced peaks 

if the thicknesses of the intervening layers of the other 

element are large enough. The depth resolution is best for 

heavier elements and for materials close to the sample 

surface, in which case it can be of the order of 100 A. 

For greater depths and for light elements, depth resolution 

is much worse, of the order of 1,000 A (Chu et ale 1978). 

In the case of interest for us the d-spacing of the 

multilayers are of the order of 100 A or less and, usually, 

heavy and light elements alternate. Thus the individual 

layers are not resolvable in the RBS spectrum. On the 

other hand, the peaks corresponding to the two elements 



used are widely separated in energy and will not overlap 

each other. 
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RBS analysis gives two types of results which are 

very useful when characterizing SXR multilayers. The first 

is the total "physical" (or density-dependent) thickness of 

each chemical element in the multilayer, as opposed to its 

geometrical thickness. The total number of counts in a 

peak due to a given element A, after accounting for the 

increase in scattering cross section with decreasing 

energy, depends on the number of A atoms existing in the 

beam path. This is the same as the number density ~A of 

element A atoms integrated over the volume "cut" by the 

beam through the sample. Assuming uniformity of the 

layers, if the total thickness of element A is tAl then the 

number of counts will be related in a simple manner to the 

product ~ tA (Chu et ale 1978). If the material is assumed 

to have its bulk density, then the "physical" thickness can 

be determined. On the other hand, if the geometrical 

thickness is known from some independent measurement, then 

the average density of the material A in the sample can be 

calculated. In section 5 we will show how RBS results can 

be combined with information obtained from low-angle x-ray 

diffraction measurements in order to obtain the density, 

and also to refine the diffraction analysis. 

The second type of result we obtain from RBS 

measurements is information about the chemical quality of 
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the multilayers. This is important for two reasons. 

First, substances that were not intended in the layers can 

affect their optical constants adversely. For example, 

oxygen in the layers can react with a spacer material such 

as silicon, and produce an oxide with higher absorption. 

Secondly, impurities can induce defect formation in the 

layers or at the interfaces, which can have adverse 

effects. On the other hand, in cases where crystallites at 

the interfaces create roughness problems, impurities might 

help keep their size small and thus reduce roughness. 

From the point of view of our application, a 

limitation of the RBS technique is its lack of sensitivity, 

in general, to component materials unless they are heavier 

than the substrate used. Since in SXR multilayers the 

substrate is chosen mainly for its low roughness, this is 

often some type of glass. If the spacer material is 

carbon, silicon or any lighter element, it will not in 

general be possible to obtain accurate information about it 

using RBS. Two ways around this difficulty are to strip 

the multilayer off the substrate, when possible, or to 

place an additional substrate when fabricating the 

multilayers, for the specific purpose of RBS analysis. In 

this later case one chooses a sufficiently light substrate 

(C, B, Be) which need not meet the demanding roughness 

requirements of the SXR substrates. 
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The HBS measurements of our samples, repo~ted in 

section 5, have been performed at the University of Arizona 

HBS facility, which is built around a 6 MeV van de Graaf 

accelerator. 

3. Crystallographic Information 

The group of techniques used in x-ray 

crystallography can be useful when studying SXH 

mu1tilayers. These methods can provide information about 

the structure of the materials in the layers (e.g., whether 

they are amorphous or po1ycrysta11ine). In the case of 

p1ycrysta11ine materials, average crystallite sizes and 

orientation can also be determined. If the materials in 

the multilayer grew epitaxia11y, i.e., if a super1attice 

was formed, the crystallographic method will show this 

clearly. Further, in that case it will be possible to 

calculate the multilayer periodicity or even obtain the 

functional form of the multilayer profile independently of 

other methods mentioned before (McWhan 1985). 

Crystallographic techniques have been used for a 

very long time (K1ug and Alexander 1974); hence we will 

just mention some of those we have found useful in 

characterizing multi1ayers, and the specific type of 

information to be obtained from each. 

One of the most common x-ray diffraction 

arrangements is the Bragg-Brentano geometry. As mentioned 
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in section 1, this arrangement is not usually adequate for 

very lowe angles, and hence cannot provide reliable 

information about the low order Bragg peaks corresponding 

to multilayers with periods smaller than -100 A. Nor can 

it be used for measurements in the TER zone. On the other 

hand, it can be very useful to study the internal structure 

of the layers~ If crystallites are formed in the layers, 

diffraction peaks will be observed when the Bragg condition 

is satisfied. Since the periodicity causing these Bragg 

peaks is of atomic dimensions, the corresponding scattering 

angles (29) will be much higher than the ones at which the 

multilayer peaks are observed. From the peak positions, 

lattice spacings can be determined and crystallographic 

orientation deduced. 

If crystallites are too small, or if the material 

in question is too scarce in the sample (very thin, or very 

few layers) the Bragg-Brentano geometry will not be 

adequate using sealed-tube x-ray sources because the 

intensities of the Bragg peaks will be too small in 

comparison with the background. In these cases the 

Seemann-Bohlin geometry is useful. With this, higher 

intensities can be obtained. 

The diffractometric techniques mentioned above can 

give accurate values for the peak positions, widths, and 

relative intensities. On the other hand, they are very 

selective. That is, the diffraction peaks detected are 
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only those corresponding to lattice planes with definite 

relationships to the substrate surface. One could obtain 

additional information by using a powder camera technique, 

such as the conventional Debye-Scherrer method, but this 

would require peeling a portion of the multilayer off the 

substrate. Instead, we have found a variation of the later 

method, as developed by Read (Read 1964, Read and Altman 

1965), to be very convenient. This "wide-film" Debye

Scherrer, or Read camera technique is sensitive and 

relatively fast. It is non-destructive, and samples 

deposited on flat substrates are quite adequate. 

The Read camera is commonly used at low grazing 

incidence angles when the total sample thickness is small 

(of the, order of a few thousands of Angstroms). In this 

sense, it is similar to the Seemann-Bohlin technique. One 

advantage over the Bragg-Brentano geometry is that the 

volume sampled is larger, approximately proportional to the 

cosecant of the grazing angle. The apparatus is very 

simple, consisting basically of a cylindrical chamber on 

which the photographic film is placed, a collimator and 

beam stop, and a substrate holder. The angle (w) between 

the substrate plane and the collimator is adjustable from a 

few degrees up to almost normal incidence. During 

operation, w is fixed. There are no moving parts. More 

accurate measurements can be obtained with higher wangles; 

on the other hand, diffraction peaks appearing at 
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scattering angles 29 < w cannot be observed because of 

shadowing by the substrate. The sample is illuminated with 

eu KQ radiation for a period of time from -30 minutes to a 

few hours, depending on the intensity of the features ~ne 

wishes to observe. Once the film is developed, the 

diffraction pattern and the coordinates of the spots (in 

the case of crystalline materials) can be measured. From 

this and the geometrical conditions the lattice spacings 

and orientation of reflecting planes can be determined 

(Westwood 1973). The features observed in the equatorial 

plane are identical to those observed on a Seemann-Bohlin 

diffractometer scan. For polycrystalline materials 

diffraction spots become elongated and, for randomly 

oriented crystallites, arcs will be observed in the film. 

As crystallite size in the material decreases the arcs 

becomes wider until, for completely amorphous materials, no 

features whatsoever are observed. 

4. Transmission Electron Microscopy 

Recent advances in sample preparation techniques 

for transmission electron microscopy (TEM) make it possible 

to obtain images of the layers in SXR multilayers. With 

these, one can directly ascertain the quality and 

regularity of the layering, and gain some information about 

interfacial roughness. Also, it can be easily observed if 

roughness is replicating or not through the layers, and if 

roughness "heals" or not with increasing number of layers. 



It is useful to know these facts, as one can conclude from 

the discussion in section 3.4. 
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We briefly describe the particular technique used 

to obtain TEM micrographs of our samples. This is based on 

a microcleavage technique developed by Lep~tre and Rasigni 

(1984). The technique is destructive, although only a very 

small portion of the sample is needed. The multilayer 

sample is scratched and cleaved. The edge of the break is 

rubbed against the electron microscope grid, so that some 

small fragments stick to it. The layer planes of one of 

the fragments are then aligned parallel to the electron 

beam. If the sample is sufficiently thin in the direction 

of the beam, and if it has not been damaged much in the 

scratching and rubbing process, a clear transmission image 

can be obtained (Lep~tre et al. 1986). In addition to the 

image, a diffraction pattern produced by the multilayer 

periodicity can also be observed. If the substrate is 

crystalline, diffraction spots from its lattice can 

simultaneously be obtained. These can be used to calibrate 

the amplification factor better than is possible from the 

microscope settings alone. With the latest generation of 

electron microscopes, operating at 400 kV, atomic-

resolution images are possible. In that case a crystalline 

substrate can be used to directly measure the layer 

thickness (Lep~tre et al. 1986, Pet ford-Long et al. 1987). 
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In comparison with low-angle x-ray diffraction as a 

tool to study multilayer structures, TEM is a very local 

technique. X-ray diffraction results average over lateral 

lengths in the sample of order of millimiters. As 

explained in section 1, x-ray diffraction can give 

information about individual layer (average) thickness and 

roughness only through modelling. This is so because phase 

information is lost in the recording process, be it by 

means of film or detector and counter. In the TEM case the 

diffraction pattern is recombined to form the image, and 

phase information is lost only when recording this final 

image. 

When substrates used are not crystalline and when 

high resolution electron microscopes are not available, TEM 

can still give useful information, but results becomes much 

more qualitative. Due to magnification uncertainty and 

tilt and contrast errors it is not possible to make 

accurate measurements of layer thicknesses. Tilt errors, 

in particular, can produce image artifacts which might look 

like defects in the multilayer (Baxter and Stobbs 1986). 

We mention in addition that all TEM sample preparation 

procedures used to date can introduce artifacts in the 

appdrent layering. 

In the next section we will present TEM results for 

our samples. 



5. Characterization Results 
for Soft X-Ray Multilayers 
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Having described the characterization techniques in 

the previous sections, we proceed now to explain how these 

were applied to the Si/W multilayer samples described in 

section 4.4. 

Preliminary low-angle x-ray diffraction scans with 

Cu K~ radiation were taken with a standard Bragg-Brentano 

diffractometer. Samples from each run were studied and 

results are shown in figure 6. All plots in this figure 

start with the second Bragg peak, since the position of the 

first one is uncertain with the type of instrument used. 

The intensity scale in these plots is linear, and the 

horizontal scale is the scattering angle (29) in degrees. 

The third scan (sample ST3-B) evidences better quality of 

the layering, as can be inferred from the fact that the 

high-order Bragg peaks are clearly observed. The 

deposition run (ST3) in which sample ST3-B was made was 

done with a different method from the other two runs. In 

the case of run ST3 the Si layers were each deposited in a 

single pass above the Si sputtering gun, while in the other 

two they were deposited by passing the substrates three 

times over the gun. In all cases the W layers were 

deposited in single passes. The difference between sample 

ST3-B and the ones from the other depositions was confirmed 

when preliminary synchrotron measurements showed that the 
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Measured low-angle 8-28 scans for Si/W 
samples using a Bragg-Brentano diffractometer. 

Radiation used is Cu Ka x-rays. First Bragg 
peak shown is the second-order one. Note high 
order peaks are better resolved for sample 
ST3-B. 



reflectance curve for ST3-B was approximately 2 percentage 

points higher than that ~or one of the other sampl~s 

(ST2-B). We attribute the reason for this difference to 

greater interfacial roughness induced by the stop-and-go 

growth conditions, or to greater entrapment of impurities 

(oxygen in particular) allowed by this method. 

From the preliminary 8-28 scans some information 

can be obtained. The fact that the third Bragg peak is 

depressed is an indication that the thickness ratio is not 

far from ~ = 1/3, as discussed in section 1. We recall 

that the initial design for these samples called for 

~ = 0.346. The corresponding Bragg peak positions from 

sample to sample are the same to within instrumental 

uncertainty. This indicates a high degree of 

reproducibility between sample deposition runs. 
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Except where noted, all measurements reported in 

the remainder of this section were performed on samples 

from the same deposition run (ST3) as sample ST3-B. This 

same sample was further analyzed with eu Kal radiation in a 

high-precision low-angle diffractometer (see section 1). 

The resulting scans are shown in figure 7. We note that 

the intensity scale is now logarithmic, in order to show 

detail, and the angle (in arc seconds) is the 8 angle. The 

upper curve, displaced vertically for clarity, was obtained 

with take-up and receiving slits 190 ~m wide. For the 

higher resolution scan these slit widths were 75 ~m and 



40 ~m respectively. An expanded portion of the high-

resolution scan is shown in figure 8. The appearance of 

secondary maxima is evidence of the regularity of the 

layering. 
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Figure 5.7. Parallel-beam diffractometer scan for sample 
ST3-B. 

Portion of high resolution scan within broken 
lines is expanded in Fig. 5.8. 

Unfortunately, the undulations present on the 

surface of the float glass introduce errors in the 

measurements which are particularly troublesome near the 
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inflection point from total external reflection at 

-1000" (29). This precludes an even more precise 

determination of some of the structural parameters that 

would have been possible with a truly flat sample. 

Nevertheless, the bilayer spacing (d = dw + dSi) can be 

determined accurately from the Bragg peak positions. By 

fitting model calculations to the measured curve, the 

thickness ratio, rms roughness of the layers, and 'the 

thickness of oxide on the top W layer can be deduced. 
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Figure 5.8. Expanded portion of high resolution scan in 
figure 5.7. 

The second to fourth Bragg peak zone in 
figure 5.7 is expanded here to show detail of 
the secondary maxima. 
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As a starting point, the theoretical optical 

constants for bulk Wand Si at the Cu K~l wavelength were 

used. These were calculated by relations (2.46). The 

corrections to the atomic scattering factor (f' and ftl) are 

usually taken from the table given by Cromer and Liberman 

(1970). However, we have not relied entirely on the 

Cromer-Liberman (C-L) values. Several authors have voiced 

doubts about the accuracy of, or have published results 

which disagree with, the C-L values (Wagenfeld 1974, Hazell 

1974, Cooper 1977, Price et al. 1978, Stibius Jensen 1979, 

Gerward et al. 1979, Deutsch and Hart 1985, 1985, Liberman 

1985). A revision of the theoretical framework that led to 

the C-L values is overdue. New theoretical calculation of 

the corrections to the atomic scattering factors at 

wavelengths corresponding to characteristic x-ray lines of 

interest to experimentalists are much needed. More 

accurate measurements, wherever possible, will also be 

needed to test these calculations. This is particularly so 

fpr the real correction (f'), since in both theoretical and 

experimental determinations it is usually evaluated from a 

dispersion integral (Kramers-Kronig or related) involving 

the imaginary part (ftl) over the full energy range. 

For Si, the values of ftl (or equivalently ~/p) for 

Cu K~l radiation given by different workers (Henke et al. 

1982, Cromer and Liberman 1970, Gerward et al. 1979, 

Veigele 1973, Hildebrandt et al. 1973, Scoffield 1973, Hart 
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1980) are all relatively close. We have chosen to use the 

value given by Biggs and Lighthill as quoted by Henke et 

ale (1982). For f', the agreement between different 

published results is not nearly as satisfactory (Cromer and 

Liberman 1970, Wagenfeld 1974, Hazell 1974, Gerward et al. 

1979, Hart 1980). Fortunately, in this case direct, 

interferometric measurements of the refractive index (and 

hence f') exist for crystalline-Si. This method, developed 

by Hart, Bonse, and co-workers, is the most accurate to 

date. We have adopted the value of Hart (1980) for the 

unit decrement 6 of crystalline-Si. 

For W, the agreement between different reported 

values for ~/p is not good (Henke et al. 1982, Cromer and 

Liberman 1970, Veigele 1973, Scofield 1973). We have again 

chosen to use the value given by Biggs and Lighthill, as 

quoted by Henke (1982). As for the value of f' for W, we 

have used the C-L result, with a correction (Stibius Jensen 

1979, Gerward et ale 1979). Because of the disagreements 

in the fIt value implied above, we note that there is some 

uncertainty in this particular selection of f' for W. 

The density of amorphous Si is generally lower than 

that of crystalline Si (p = 2.3 gm/cc). From existing 

experience with sputtered Si films, and as we demonstrate 

later, the Si layers in our samples could be assumed to be 

amorphous. However, the value of p for a-Si varies from 

sample to sample. We assumed a value of 2.1 gm/cc. For W 
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the density was in~tially assumed to be the bulk density 

(pw = 19.3 g/cm3 ). With these values for the densities, 

and with the choices of the f' and fll corrections as given 

above, we determined an initial set of optical constants 

for Wand Si for Cu K~l radiation. These are given in 

table 1 in terms of 6 =1 - nand K. 

Assuming these values for the model calculations of 

the x-ray diffraction intensity vs angle R(S) curves, we 

determined initial values of dS1 and dw. 

Si 

w 

Table 5.1 

Optical Constants for A = 1.54052 A 
(PSi - 2.1 g/cm3 , pw = 19.3 g/cm3 ) 

o X 10 6 K X 10 6 

6.82 0.153 

45.70 4.08 

In order to measure the density of the W in the 

multilayer, RBS analysis was performed on a second sample 

from run ST3. From the placement of this sample (ST3-A) 

during deposition, we do not expect thickness differences 

between it and sample ST3-B of more than a fraction of a 

percent. The resulting RBS spectrum is shown in figure 9. 

Since in this case the backscattered signals from the Si 

and 0 in the float glass substrate overlap with those from 

the sample, it is not possible to obtain information about 



the Si content in the sample. For W, however, the number 

density of atoms per unit area (areal density) can be 

determined. Combining this result with the initial dw 

value obtained from the fit to to the low-angle x-ray 

measurements, R(8), we calculated the density of theW in 

the sample. We found this to be almost 10% less than the 

originally assumed bulk density. The previously assumed 

optical constants for W (Table 1) were then modified by 

incorporating this measured value for pw. The thickness 

parameters obtained in the initial R(8) fit were 
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Figure 5.9. 

Channel Number 

Rutherford backscattering spectrum of sample 
ST3-A. 
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Large peak near channel number 900 corresponds 
to W in the sample. Signal from Si in the 
sample cannot be resolved in this case from 
that of the substrate. 



fit were changed in order to obtain agreement again. The 

new dw was then used to recalculate pw from the RBS data 

and so on in an iterative, self-consistent manner. In 

practice, after the second cycle of iteration the changes 

are small enough to be negligible. The density of the 

tungsten film approaches a final value of 18 g/cm 3 • From 

this fitting procedure for the low-angle x-ray data, we 

determine the layer thicknesses to be dSi = 73.0 A and 

dw = 39.4 A. The estimated error of the average bilayer 

spacing d, is ± 0.5 A. The ratio parameter is 

$ = 0.35 ± 0.01. 
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We note that our final value for dw is 4.8% higher 

than the intended thickness of 37.6 A. This is consisten 

with the W density in the multilayer being lower than bulk. 

Since the thickness of the W in the sample used for 

calibration of the sputtering rate was of the order of 

6,000 A, it is likely that the density of the material 

approached that of bulk, 19.3 g/cm3 • However, as shown 

above, when the thin layers were deposited in the 

multilayer structure the resultant density was lower, at 

18 g/cm3 • Since the sputtering rate and speed of the 

substrates over the guns determined from our calibration 

should nevertheless have led to the correct amount of W 

being deposited in each layer, the measured difference in 

density must be compensated for by a difference in layer 

thickness. With densities smaller by a factor of 



189 

18/19.3 ~ 0.93, we should expect to have deposited layers 

thicker by the inverse of this factor. Indeed 

(39.4/37.6)-1 ~ 0.95. This suggests that the cause for the 

larger thicknesses for the W layers was mainly the reduced 

density of the sputtered films, rather than a calibration 

error per se. The reduced density is also indirect 

evidence of a very disordered microstructure. 

Figures 10 and 11 show the results of a calculation 

of the 8-28 diffraction curve, R(8). These fits used the W 

density obtained as explained above, and a value for 

amorphous silicon pa-Si = 2.1 g/cm3 • These calculations 

are to be compared with the measured curves, figures 7 and 

8. The fit values for the rms roughness were as follows: 

8 A for the top oxide layer, 9 A for the W layer 

immediately below the oxide, 8 A for all other W layers, 

and 6 A for the Si layers and the substrate. The oxide 

layer (assumed to be W03) thickness was taken to be 16 A, 

and the thickness of the adjacent W layer was reduced 

accordingly. The uncertainties in the roughness values are 

approximately ± I A on the average, but we must point out 

that the fit found is not unique. 

A small oscillatory anomaly in the height of the 

secondary maxima, which can be observed between 3,500" and 

4,400" in figure 8, is thought to be due to a documented 

irregularity during the deposition of this particular set 

of samples. During deposition of the loth bilayer the 
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Figure 5.10. Calculated 9-29 scan for Si/W multilayer. 
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Si-gun went out momentarily, turning itself back on 

automatically. The substrates were far from the Si gun at 

the time, so this was thought to have had no effect on the 

sample. However, if the corresponding Si layer is made 1% 

thinner in the calculation, this oscillation is 

approximately reproduced, as can be seen in figure 11. 
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The complicated structure observed near 9 = 5000" 

in figure 8 is thought to be due in part to a thinner 

bilayer that was deposited directly over the initial 

silicon layer, due to a mistake in programming the 

deposition. Although Cu Kal radiation penetrates the 

entire multilayer, and thus is sensitive to this defect, it 

should not detract from the performance of the multilayer 

since A ~ 200 A radiation practically does not penetrate 

this far. Because of this it was decided to complete the 

deposition of the structure in spite of the defect. 

We believe that no silicides formed at the WISi 

interfaces since the temperature of the samples during 

deposition and subsequent measurements was never 

sufficiently high for reaction to take place. Lepselter 

and Andrews (1969) have found that solid-solid reactions of 

transition metals and Si occur at temperatures of the order 

of one-half the (absolute) eutectic temperature of the 

binary alloy system. The later is 1,665°K for Si 

(McLachlan et a1. 1985). Therefore, we can expect 

reactions only at temperatures above ~560oC. Consistent 



with this estimate, the minimum temperature at which WSi2 

has been observed to form is 650 0 C (Ottaviani 1986). 

Silicide formation will affect the stability of a fully 

crystalline multilayer. On the basis of available 

information (Ottaviani 1986, Phillips 1978, Lajzerowicz et 

ale 1986), it appears that at sustained temperatures above 

-650 0 C WSi2 would form at the interfaces of such a 

multilayer, and that the thickness of this silicide layer 

would grow proportionally to the time. This would 

eventually degrade the multilayer~ progressively reducing 

its reflectance. 
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With high-angle x-ray scans of the samples using 

the Bragg-Brentano diffraction geometry, we determined that 

both Si and W were deposited with very small crystallite 

sizes since no diffraction peaks were observed. Wide-film 

Debye-Scherrer (Read) camera exposures of the samples were 

also taken. One of the Read pictures is shown in figure 

12. The sharper broad arc is at the approximate angular 

position for W with a (110) orientation, and indicates 

polycrystalline W with very small crystallites. A broad 

(-10 0 29) Debye arc is observed also in the picture, 

centered at the angle expected for Si. Thus, the Si layers 

in the sample are shown to be amorphous, as indicated 

previously. 

One sample was further analyzed with an x-ray 

diffractometer in a Seemann-Bohlin configuration. The 



Figure 5.12. Read camera picture of Si/W multilayer. 

angular width of the W lines was determined and the 

crystallite sizes calculated from the Scherrer equation 

( Klug a nd Alexander 1974) 

0.89 ~ 

r = (6) 
t cos8 
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where r is the full width (28) in radians at half-maximum 

of the peak at angle 8, and t is the crystal size in 

Angstroms. We obtain t ~ 37 A for our multilayer, strongly 

suggesting that the crystallites are limited in size by the 

thickness of the W layers in the sample ( 39.4 A, as shown 

before ) . This indicates that the crystallite growth is 
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interrupted by the amorphous Si layers, so that no degree 

of epitaxy between successive W layers can exist. 

RBS was also used to obtain information about the 

chemical quality of our materials. To avoid a large signal 

from the float glass substrate, a pyrolytic graphite 

substrate was coated with a Si/W multilayer in a separate 

run, under sputtering conditions nominally identical the 

those described in section 4.4. This sample was analyzed 

with RBS, and the scan is shown in figure 13. 
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Figure 5.13. RBS spectrum for a Si/W multilayer on a 
pyrolytic graphite substrate. 

Substrate, Si, and W peaks are off-scale in 
order to show 0 and Ar signals. Most of the 
o is on the top of the sample and as native 
oxide on the substrate. 
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From this scan the oxygen content in the interior 

of the sample was determined to be 1.4 ± 0.7 atomic 

percent. The argon content in the sample was 0.5 ± 0.1 

atomic percent. Thus, the chemical quality of the samples 

is very good, and it is not necessary to correct the 

optical constants for the presence of impurities. For this 

same sample, the thickness of the oxide layer on top of the 

multilayer was determined to be 21.5 ± 7.0 A. This is 

consistent wi~h the result obtained from the fitting of 

low-angle x-ray diffraction measurements. 

TEM was also used to study the samples, using the 

microcleavage technique described in section 4. One of the 

micrographs taken for sample ST3-A is shown in figure 14. 

Not all layers can be seen. The scale shown is the one 

obtained from the electron microscope settings and cannot 

be considered accurate. This is the same sample used for 

the first RBS analysis described, and is a "sibling" sample 

of ST3-B on which the diffraction measurements previously 

described, and the final testing with synchrotron 

radiation, to be described in section 6, were performed. 

In the micrograph shown in figure 14, the smooth 

nature of the interfaces can be seen. The W layers appear 

as the darker bands in this positive image. The first 

(bottom) W layer is seen to be thinner, as mentioned 

before. The (bottom) thicJ<er layer is the Si "buffer" 

layer. If the x-ray results for the average bilayer 



spacing are used to "calibrate" the TEM picture, the 

"buffer" layer is found to be approximately 325 A thick. 

The amorphous substrate, which cannot be seen in the 

picture, would not provide an internal calibration scale. 

Surface height variations of the order of 5 A over a 

lateral scale of the order of 100 A along the layers are 

found. It is interesting that while the thicknesses of 

layers of the same material seem to vary from bilayer to 

bilayer (again by -5 A), the bilayer spacing remains 
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remarkably constant. Since the deposition method used does 

not provide for error compensation, the only explanation is 

that the apparent differences from layer to layer 

vertically of the same material are artifacts of the TEM 

technique. A possibility is that the sample pieces 

explored were not thin enough, and hence roughness features 

in the background of W surfaces show as if they were in the 

forefront, due to the much greater opacity of W to the x

rays. 

It is apparent that the roughness partially 

replicates from layer to layer, at least for the deeper 

layers, and also that there is a smoothening effect for the 

first few layers deposited. Whether the greater roughness 

of the interfaces closer to the substrate is related to 

smaller thickness of the first W layer is an open question. 

No interdiffusion properly can be seen in figure 

14, so it seems that if there is some it should be very 
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small. This cannot be assured, however, due to the 

possibility of tilt error, which seems to be present; the W 

layers appear to be thicker than determined by the x-ray 

measurements. 

Figure 5.14. 

0 

1000 (A) 

Transmission electron micrograph of sample 
ST3 - A. 

The dark bands are W layers. The first 
(bottom) thick layer is the "buffer" Si 
layer. Shown in the insert is the scale 
obtained from the electron microscope 
settings. 

The lateral scale of the rough features, at least 

for the region that can be seen in this picture, is sma~ler 



than the design wavelength (A - 210 A). On the basis of 

the discussion in section 3.5, this should affect the 

reflectance just as if interdiffusion had occurred. If 

this is so, penetration of the SXR through the multilayer 

might be greater than otherwise, and the design could 

benefit from a number of additional layers. 

6. Test of Si/W Multilayers 
with Synchrotron Radiation 

The same multilayer ST3-B that was analyzed with 

the grazing angle x-rays was tested at several incidence 

angles using synchrotron radiation in the 120 - 280 A 

region. These tests were performed at the ACO Synchrotron 
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at L.U.R.E., Universite de Paris XI, Orsay. A schematic of 

the set-up is shown in figure 15. The synchrotron light 

was first refocussed by a grazing incidence (4 0 ) toroidal 

mirror and monochromatized with a LHT30 Jobin Yvon 

monochromator with holographic grating. The typical 

bandpass of the monochromatized beam is about 0.2 A in the 

range of interest, which is approximately two orders of 

magnitude less than the bandpass of the multilayer tested. 

An ultra-high vacuum reflectometer was placed after the 

monochromator. To limit the beam divergence to less than 

the rocking-curve peak width for the sample, the beam 

exiting the monochromator was collimated by slits set in 

the reflectometer. With this arrangement, the multilayer 

can be considered to be tested with almost parallel 
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monochromatic light. Since theoretical calculations are 

performed assuming such conditions, we are thus able to 

directly compare calculations and measurements. 

Monochromator 
Toroidal Grating 

Refocusing S, $ 
Toroidal Mirror rl1~ .*. . S2 
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ACO /-. ! CoII!moting "-~. ,.,. \ 
~ro(l Sitts 
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Figure 5.15. Arrangement used to test the Si/W multilayers 
at the ACO synchrotron light source. 

The multilayer was tested at various angles of 

incidence between 50 and 45 0 from the normal. All the 

results were obtained with the mirror axes of rotation 

parallel to the synchrotron orbit plane. The degree of 

polarization' of the beam incident on the sample must be 
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known in order to make meaningful comparisons with 

theoretical results. This is especially important for 

incidence angles around 45 0 , which corresponds to the 

pseudo-Brewster angle in the SXR range. Previous 

polarization measurements achieved recently on this beam 

line have shown that light is approximately 70% polarized 

in the plane of the synchrotron orbit (Khandar-Shahabad 'and 

Dhez 1986). With the arrangement used, this means that the 

beam incident on the sample is approximately 70% ~

polarized, and this must be taken into account in the 

calculations. The reflectance at non-normal incidence 

should be greater for 100% ~-polarized light, in particular 

near 45 0 incidence. 

The reflectance measurements are shown in figures 

16 - 19, together with the calculated values. For the 

calculated reflectances, we have assumed the structural 

parameters determined from the characterization procedure 

described in the previous section. No adjustments were 

made. The "kink" observed in some calculated curves near 

A = 240 A is probably an artifact introduced by changing 

over to the optical constants given by Piller (1985) for 

A = 248 A. The optical constants used were those given in 

table 4.2 for amorphous Sij for W we used the optical 

constants in table 4.1, but modified to take into account 

the reduced density with respect to bulk W. The data of 

Weaver and Olson (1976), which was used for the wavelength 
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region of more interest to us, was obtained from evaporated 

films of unspecified thickness or crystalline structure. 

These films, however, were free-standing. This leads us to 

believe that they were sUbstantially thicker than the W 

layers in our samples. We have assumed that the density of 

the films used by Weaver and Olson was that of bulk W. In 

any case, if the reflectance calculations are repeated 

without taking into account this change in the density of 

W, all resulting curves are slightly higher (by 

approximately one percentage point), and consequently the 

agreement in the peak regions is slightly worse, while it 

improves somewhat in the off-peak zones. We have not been 

able to take into account density effects for Si, other 

than using data that seemed adequate for a-Si, due to the 

lack of information about the films used to determine the 

optical constants. 

Considering the uncertainties in the optical 

constants in the 200 A region, in particular for Si, the 

agreement between calculation and measurement is excellent. 

We note that changes in the optical constants of the spacer 

material (Si), would affect the results more dramatically 

than changes in the constants for W. The main disagreement 

always appears for the wavelength range shorter than the 

Bragg peak. Presently, we have no clear explanation for 

such a systematic difference. Even the supposition of 

overlapping orders of light in our testing beam cannot 
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directly solve this question. To a lesser degree, there is 

disagreement also at longer wavelengths. Outside the Bragg 

peak zone, the measured reflectance is generally larger 

than the calculated one. This could indicate the presence 

of scattered light. We recall that the manner of including 

interfacial imperfection in our calculations treats both 

roughness and interdiffusion on equal terms, and this 

implies that any light not specularly reflected at an 

interface is assumed to be transmitted through it. 

However, if there are rough features with lateral 

dimensions larger than ~~OO A there will be scattered 

light, on the basis of discussion in chapter 3. If this is 

so, then the actual specular reflectance would be smaller 

than the measured reflectance by a non-negligible amount. 

Further consideration of this point requires the use of 

vector scattering theories, and must remain for future 

studies. 



CHAPTER 6 

CONCLUSIONS 

The development of multilayer optical elements for 

the soft x-ray spectral region has been stimulated in 

recent years by a combinations of circumstances including: 

the development of synchrotron radiation sources as a probe 

to study both inanimate and living matter, the mounting 

number of additional applications which require optical 

devices to collect, disperse, or image SXR light, and the 

availability of highly precise thin-film deposition 

systems. Further progress in the design and fabrication of 

multilayer devices for these·wavelengths will require 

better control and more precise knowledge of the properties 

of the materials used. 

Better characterization procedures are the key to 

understanding the observed optical properties of SXR 

multilayers. We have described how a combination of 

techniques can yield structural information which allows 

the calculation of the optical behavior without the need 

for arbitrary adjustments of parameters. We have used low

angle 9-29 diffraction with hard x-rays to determine the 

layer thicknesses in the multilayer and the interfacial 
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roughness values. While the 9-29 curve fits are not 

unique, particularly in relation to roughness parameters, 

they can provide narrow ranges of possible values. 

Rutherford backscattering spectroscopy analysis was used to 

determine the concentration of important contaminants, and 

the areal density of the materials. We showed how the 

information on the areal density can be combined with the 

geometrical thickness values obtained from the x-ray 

measurements to obtain the densities of the materials in 

the multilayer. These density values enter in the 

determination of the optical constants for hard x-rays, and 

are assumed to have bulk values when no other information 

about the films is available. By using more appropriate 

values for the densities, obtained in the manner described, 

this source of uncertainty is eliminated and the calculated 

fits to 9-29 scans are improved. 

Crystallographic techniques provide information 

about the internal structure of the materials. This 

information is useful in understanding the peculiarities of 

the thin films as compared with the bulk. For the special 

case of superlattices, crystallographic methods offer an 

independent method of determining the multilayer depth 

profile. 

Transmission electron microscopy is of assistance 

in directly examining the interfacial roughness and 

interdiffusion. This technique can help remove some 



arbitrariness in the assignment of the roughness 

parameters, in particular if atomic-resolution TEM can be 

used. However, problems exist with the use of current TEM 

techniques due to artifacts introduced by sample 

preparation, and tilt and depth effects. 
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We have described in this dissertation the design 

of Si/W multilayer reflectors for normally-incident 210 A 

radiation, and their fabrication by a high-precision 

sputtering method. Our characterization procedure was 

applied to these structures. The multilayers were shown to 

have structural characteristics very close to the design 

values. In particular, average thickness values for both 

Si and W were higher than the design values by less than 

2 A. For the W layers most of the excess thickness was 

shown to be due to the diminished density of this material 

when deposited in very thin layers. The density of W in 

the layers was determined to be 6.7 % lower than the bulk 

value. The crystallite size for W in the sample was shown 

to be very small, which explains the density reduction as 

due to structural disorder. The Si in the samples was 

shown to be amorphous. Very well defined secondary maxima 

in the low-angle 8-28 scans proved the excellent regularity 

of the layering. The concentration of argon and oxygen as 

contaminants in the interior of the sample were determined. 

to be very small, attesting to the good chemical quality of 

the samples. 



From a fit to the measured low-angle diffraction 

scan the roughness values for the interfaces were found. 

Relatively low roughness indicates good layering 

characteristics of the Si/W pair by the deposition method 

used. The smooth interfaces were also observed by 

transmission electron microscopy. To our knowledge, this 

is the first time SXR multilayers have been so 

comprehensively characterized. 
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The reflectances of the samples were measured with 

synchrotron radiation for a wide range of wavelengths and 

different incidence angles. The curves calculated with the 

parameters obtained from the characterization procedure are 

in excellent agreement with the measurements, considering 

the uncertainties involved. The measured peak reflectance 

at 50 from the normal was 13.5% for 70% S-polarized light. 

At more oblique incidence the peak reflectance increases 

and shifts towards shorter wavelengths. At 45 0 the 

measured reflectance was 19.5%, again for 70% S-polarized 

light. The increase is mainly due to the dropping 

absorptance of Si for shorter wavelengths. This indicates 

that, from the optical point of view, Si should be a good 

spacer material at wavelengths from above 210 A down to 

124 A, at the L absorption edge for Si. 

Silicon should also exhibit good characteristics in 

combination with other heavy metals such as Mo, Ta, Hf, Os, 

Ir, Pd, and Pt. For Si/Mo in particular very good results 



have been recently reported (Barbee et ale 1985, Keane et 

ale 1986, Ceglio et ale 1987). Better reflectance than 

theoretically possible was obtained, which was attributed 

to the use of inadequate optical constants (Barbee et 

al.1985). To date, most of the combinations of Si and the 

metals mentioned remain untried. In terms of the study of 

new material combinations much more work remains to be 

done. The characterization procedure we have implemented 

has general applicability and should facilitate the study 

of new material combinations in SXR multilayers. 

The fundamental barriers to the attainment of 

"ideal" reflectance are related to the microstructure of 

the grown materials, their interdiffusion characteristics, 

and the inclusion of impurities. The microstructure 

influences the optical properties at SXR wavelengths 

through the material densities and, in some cases, through 
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"solid-state effects". In addition, microstructural detail 

at the interfaces determines the roughness characteristics 

of multilayers. The latter, along with interdiffusion, 

causes losses in the specularly reflected light. 

Impurities of light-absorbing substances degrade the 

performance of spacer materials. 

For interdiffusion, or for roughness features 

smaller than ~/sine, it seems that the losses are accounted 

for by an increase in the light transmitted through the 

interface. The compensation of these losses by the 
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addition of more layers is hindered by the fact that the 

number of layers effectively contributing to the multilayer 

reflectance is limited by absorption. Interfacial 

roughness fe£tures with lateral dimensions larger than 

A/sinS causes losses due to scattering. From the design 

point of view~ these losses can probably be reduced, for 

the case of correlated roughness, by modifying the 

thickness ratio or by making the structure aperiodic. 

Diffusion can be impeded by the use of "barrier" layers, 

but these would also cause some losses. 

All types of roughness can be reduced by improved 

deposition methodology. One approach in attempting to 

reduce roughness would be to try to limit crystallite sizes 

during deposition, since large crystallites seem to cause 

increased surface roughness. Small crystallite formation 

in sputter-deposited films is favored by conditions such as 

fast deposition, cooled substrates, and thermalization of 

the impinging atoms (long substrate-to-target distances). 

However, each case has to be studied separately. 

A very promising approach to reduce interfacial 

roughness may be the fabrication of essentially crystalline 

structures. Atomically perfect interfaces would be 

roughness-free, except for that induced by thermal motion. 

In addition, such structures could resist high-intensity 

radiation much better than equivalent amorphous or 

polycrystalline ones. The growth of crystalline materials 
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is particularly promising for Si-containing SXR multilayers 

because there seem to be large differences in the light 

absorption properties of crystalline and amorphous Si 

(Edwards 1985, Piller 1985). The best available technology 

for the fabrication of crystalline multilayers, or 

superlattices, is molecular beam epitaxy (MBE). The ultra

high vacuum conditions of MBE fabrication would in addition 

practically eliminate oxygen contamination, which is 

detrimental in Si spacers. MBE systems with the capability 

for depositing thousands of layers with the required 

thickness tolerances also bring the possibility of 

exploiting designs made with other low-absorbtion 

materials. This can be especially useful for the shorter 

wavelengths of the SXR spectrum (A < 40 A). Whether by new 

design approaches, or by improved fabrication techniques, 

the reduction of interfacial·imperfection, or of its 

effects, remains for future research. 

Some suggestions for improvement in our fabrication 

and characterization procedure can be made on the basis of 

experience. Due to the thinness of the layers to be 

fabricated, and the importance of achieving correct 

thicknesses within fractions of an Angstrom, the 

calibration procedure is crucial. It is necessary to keep 

all conditions during fabrication as close as practicable 

to those during calibration. Using our present calibration 

procedure implies in some cases more than one calibration 
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run in order to adjust the parameters. However, since a 

few thousands of Angstroms of material must be deposited, 

calibration runs are time consuming, and reduce the useful 

operation time of a precision deposition system between 

overhauls. More fundamentally, the thick films deposited 

for the calibrations can have larger densities than the 

very thin films in the multilayer. This will result in 

larger thicknesses than called for, as shown in the case of 

the W layers in our samples. 

We suggest the use of low-angle hard x-rays to 

measure the thic)(ness of thin calibration films. This 

method can be very accurate as long as the substrates used 

are flat. The geometrical thickness thus determined could 

be combined with the results of R~S analysis of the same 

films, in order to find their densities. This information 

could be used then to refine the design of the multilayer 

before fabrication. Moreover, the deposition conditions 

could be changed to try to achieve different densities. 

The same RBS analysis can give chemical information on the 

chemical purity of the materials and allow for possible 

corrections. In the case of sputtering it is known that 

changes in substrate-to-target distance, for example, can 

have dramatic effect on the densities of very thin films 

(Houdy et al. 1985). 

A current limitation in the design of SXR 

multilayer structures is the lack of precise knowledge of 



the optical constants of many materials at these 

wavelengths. The availability of better optical elements 

and light sources will facilitate measurements at SXR and 

VUV wavelengths. This in turn should generate more 

accurate knowledge of the optical properties of materials 

and facilitate the design of multilayer optical elements. 

A number of very important applications appear certain for 

these devices. We hope to have contributed in some small 

measure to their development. 
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