
Multilayer mirrors 
for x rays and 

the extreme UV 
By James H. Underwood 

Multilayer reflectors for the x-ray and extreme 
ultraviolet spectral regions—together called 
the X U V region, and stretching from a few 

angstroms to about 300 Å—have recently become a 
practical reality. This is partly a result of advances in 
vacuum deposition and surface preparation technol
ogies, and partly because of the recent resurgence of 
interest in optics for this region of the spectrum. In 
turn, this interest stems from the development of new 
and intense sources of X U V such as synchrotron radia
tion and plasma sources, and the realization of the 
scientific opportunities offered by this region of the 
spectrum, from x-ray microscopy to x-ray astronomy. 

Multi layer interference filters and reflection and 
antireflection coatings were first developed over 40 
years ago, and have since become a standard item in 
optical technology for the visible and nearby U V and 
IR spectral regions. However, it is interesting to note 
that attempts to make multilayer reflectors for x rays 
preceded this work by about 10 years. Because of the 
much greater difficulty of the problem, success in 
making such devices, as wel l as multi layer reflectors 
for the extreme ultraviolet spectral region. ( λ < 300 

Å) has been achieved only recently. 

The first efforts to make multilayer x-ray reflecting 
structures were apparently suggested by an analogy 
with the Lippmann method of color photography. 
(Gabriel Lippmann received a Nobel Pr ize in physics 
in 1908 for this work.) In this method, a high-resolu
tion photographic emulsion is backed with a highly 
reflecting surface such as mercury. When monochro-
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matic light falls on such a plate, standing waves are 
produced in the emulsion as a result of the interfer
ence between the incident light waves and those re
flected from the backing. The silver halide grains re
ceive maximum exposure at those depths where the 
magnitude of the electric vector is greatest, i.e., at the 
antinodes of the standing waves; the planes of these 
antinodes are parallel to the reflector surface. 

Upon development, multiple layers of silver grains 
appear at these planes; the distance between the lay
ers is half the wavelength of the incident light. When 
the exposed plate is i l luminated with white light, the 
silver layers selectively reflect light of this original 
wavelength. If a multicolored scene is imaged on a 
Lippmann plate, a silver multi layer of the appropriate 
spacing is produced at each image point. When 
viewed in white light, the developed plate yields a 
reproduction of the original scene in faithful colors. 

Koeppe 1 (1923) and Deubner 2 (1930) reasoned that 
if structures analogous to a Lippmann plate, but with a 
layer spacing comparable to the wavelength of x rays, 
could be produced in the laboratory, they would re
flect x rays in a manner analogous to the Bragg reflec
tion of x rays by crystals. Thus they could be used as 
x-ray mirrors or dispersing elements in x-ray spectro
meters. These workers tried to make such multilayers 
by successively electroplating thin layers of two dif
ferent metals (such as silver/cadmium, silver/gold), 
but were only able to observe x-ray diffraction from 
the crystal structure of the individual materials, not 
from the artificial layer structure (or "superlatt ice"). 

The first successful attempt to make x-ray diffract
ing multilayers was reported in 1940 by D u M o n d and 
Youtz. 3 By alternately evaporating gold and copper 
from two thermal sources, they were able to make 
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multilayers with an average interplanar distance of 
about 100 Å, and to observe the diffraction of molyb
denum K x rays ( λ = 0.71 Å) from the superlattice. 
Unfortunately, the diffracted intensity from this com
bination of metals decayed in a few days due to the 
loss of compositional modulation resulting from inter-
diffusion of the gold and copper. Thus their original 
hopes of developing the method to measure the abso
lute wavelength of x rays were frustrated. However, 
they were able to turn defeat into a partial victory by 
developing it as a method of determining rates of dif
fusion in the solid state. 

In the 1960s Dinklage and Frer ichs 4 and Dink lage 5 

continued this work on diffusion, and, again using an 
evaporative method, were able to make composition-
ally modulated structures, using magnesium as one of 
the component layers, that retained their diffracting 
power for a considerable period of time. More re
cently, significant advances in ultrathin multilayer 
technology have been made in the laboratories of 
Troy Barbee at Stanford University and Eberhard 
Spiller at I B M , who, together with their co-workers, 
have firmly established the practicality and utility of 
multilayer reflectors for X U V optical instrumentation. 

Work on such devices is now being carried out at a 
half-dozen laboratories around the world, and compa
nies are now beginning to offer x-ray mirrors commer
cially, either as separate items or as accessories to 
their existing line of equipment. 6 

Principles 

When Roentgen discovered x rays in 1895, he tr ied 
to reflect them, refract them, and focus them using 
mirrors, prisms, and lenses of various materials. His 
lack of success was understood after it became clear 
that, for all materials, the real part n of the refractive 
index is only slightly different from unity over most of 
the x-ray region. Since absorption is also important in 
this region, the refractive index is expressed as a com
plex quantity n. It can be written in terms of the com
plex atomic scattering factorf1 + if2 by the relation 

Here N a is the number density of atoms in the mate
rial, re the classical electron radius, and X the wave
length. The absorption index β is a small positive quan
tity, and 8 is also small and positive over most of the 
X U V r e g i o n . T u n g s t e n , fo r e x a m p l e , has 

δ = 5.0 X 1 0 - 5 , β=4.0X 10-6 at 1.54 Å (copper K 
x rays), δ = 1.5 X 1 0 - 3 , β = 2.3 X 10-4 at 8.34 Å (alu-

FlGURE 1. Computed reflectivity of a polished sur
face of tungsten as a function of the glancing angle of 
incidence at three x-ray wavelengths. The solid lines 
represent the s state of linear polarization (electric 
field vector perpendicular to the plane of incidence) 
and the dashed ones the p state (electric vector paral
lel to the plane of incidence). At about 45 deg (the 
pseudo-Brewster angle) the reflectivity of the p com
ponent is at a minimum and what little reflected radia
tion there is, is almost completely polarized. 

minum K), and δ = 1.1 X 1 0 - 2 , β = 1.3 X 10-2 at 44.8 
Å (carbon K). 
The coefficients of reflection and transmission at an 

interface are given by the Fresnel equations, which 
can be found in any physical optics or electromagnetic 
theory textbook. These work equally wel l with real or 
complex indices of refraction. If we formally substi
tute the values of n derived from the 8 and β values for 
tungsten given above into the Fresnel equations, we 
obtain the curves shown in F ig . 1. The intensity reflec
tion coefficients I/Io for the s and p states of polariza
tion are plotted versus the angle of glancing incidence 
6 (the angle of incidence measured from the surface 
tangent, or the complement of the optical angle of 
incidence). 

We see that the reflectivity is quite high at small 
glancing angles, and in fact approaches unity as 8 tends 
to zero. This is due to what is loosely called total 
external reflection. Since the refractive index of the 
tungsten is less than unity, the incident light is pro
ceeding from a medium of higher optical density (vac
uum) to one of lower density (the mirror material) and 
so a phenomenon analogous to the familiar total inter
nal reflection of visible light takes place at values of 6 
less than the critical value θC given by arccos n (thus θ 
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= 2δ). In fact, because β is finite, absorption in the 
second medium ensures that the reflectivity is never 
quite 100%, but at sufficiently small glancing angles it 
is large enough to make x-ray reflecting mirrors a 
practicality. In fact the technology of glancing inci
dence optics that has been built up around this princi
ple has successfully led to x-ray astronomical tele
scopes, x-ray microscopes, synchrotron radiation 
focusing and steering mirrors, and other instruments. 

On the other hand, it would seem from F ig . 1 that 
mirrors are useless at ordinary angles of incidence. 
Even for carbon K x rays, the reflectivity is less than 
1% at glancing angles greater than 20 deg, and falls to 
10-4 at normal incidence. However, because the in
tensity is proportional to the square of the electric 
f i e l d a m p l i t u d e , w e see that an i n t e n s i t y 
reflection coefficient of 10-4 represents an amplitude 
reflection coefficient whose absolute value is 1 0 - 2 . 
Neglecting absorption for the moment, it thus appears 
that if about 100 single-surface reflections could be 
combined with the correct phase, an intensity reflec
tivity approaching 100% could be obtained, at normal 
incidence for carbon K. From F ig . 1 we see that this 
reflectivity value would also occur at a glancing angle 
of about 4 deg for C u K x rays and at ~ 20 deg for A l K. 
This in fact is the principle of X U V reflecting multi
layers. 

Figure 2 is a schematic diagram of a cross-section of 

FIGURE 2. Schematic cross-section of a multilayer re
flector for x rays or the extreme ultraviolet. 

a basic multilayer reflector for x rays or the extreme 
UV. It is composed of alternating layers of two materi
als, a material A which is optically less dense (i.e., it 
has a relatively high value of β), and a material B with a 
lower value of 5 (and hopefully a low value of the 
absorption index 0). Usually, the structure is periodic 
with all the layers of material A having thickness d A , 
and all of material B thickness dB. Nonperiodic struc
tures have useful properties which wi l l be discussed 
later. The structure depicted in F ig . 2 wi l l reflect 
x rays with peak intensities at the angles θn given by 
the equation 

where m is an integer (the order number). 
X-ray physicists wi l l recognize (2) as the Bragg 

equation; visible light opticists wi l l recognize it as the 
equation for thin-film fringes of equal optical path 
difference. In fact these structures can be regarded 
either as artificially made "pseudo-crystals" of excep
tionally large lattice spacing, or as an extreme case of 
interference filter coating technology, in which the 
deposited layers are a few atomic diameters thick. In 
fact, to calculate the reflectivity of such a structure, 
one can either use atomic scattering factors and a crys
tal diffraction theory such as the Darwin-Prins ap
proach, or one of the standard optical multilayer pro
grams using matrix or recursive methods to compute 
reflectivity. 

Most of these are not bothered by refractive indices 
less than 1, or by wavelengths and film thicknesses of 
the order of angstroms. Such a program was used to 
compute the reflectivities shown in F ig . 3, which are 
for a multilayer having tungsten (dW

 = 7.5 Å) as the 
reflector layers and carbon (dc = 15 Å) as the spacer 
layers. Strong reflectivity peaks appear at the Bragg 
angles given by Eq . (2)—in fact, the peaks are slightly 
displaced from the positions given by (2), because of 
refraction and absorption. Absorption in the materials 
also limits the peak reflectivity to somewhat less than 
100%. This effect in general becomes worse at the 
longer wavelengths. 

Fabrication 

In order to make these x-ray and extreme U V re
flecting mirrors, the layers must, of course, be exceed
ingly thin. As an illustration, 7.5 A of tungsten repre
sents about 3 atomic layers. In view of this, scepticism 
regarding the l ikel ihood of achieving peak reflectivi
ties approaching those predicted in F ig . 3 would be 
quite justified. It is not immediately evident that such 
thin layers could be deposited in an orderly and uni
form film, or even that a sufficiently smooth substrate 
could be prepared. 
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FIGURE 3. Computed reflectivity of a tungsten-car
bon multilayer reflector with dw = 7.5 Å, dc = 15 Å, 
at three x-ray wavelengths. (a) 1.54 Å; solid lines, 100 
layer pairs; dotted lines, 30 layer pairs. (b) 8.34 Å; 
solid lines, 100 layer pairs; dotted lines, 10 layer pairs. 
(c) 44.8 A; solid lines, 100 layer pairs, dotted lines, 30 
layer pairs. In each case the large peak to the right is 
the first order (m = 1) Bragg peak; the " to ta l " reflec
tion region is at the left. Interesting interference 
structure appears near the critical angle when the 
number of layers is small. 

Surprisingly perhaps, both these problems have 
been overcome. It turns out that the best commercial 
silicon wafers used in the microelectronics industry 
are routinely polished to an rms roughness of about 3 
A , and make good, relatively cheap substrates for X U V 
mirrors. Unfortunately they are not optically flat, 
which limits their usefulness for imaging applications. 
However, optically flat or spherically figured sub
strates of glass, fused silica, or similar optical materials 
can be obtained from companies specializing in mak
ing low-scatter mirrors, in particular for laser gyro
scope applications; the smoothness of these substrates 
is as good as, or better than, the best wafers. 

Precise control of the layer deposition process is 
clearly necessary, and two somewhat different meth
ods have been developed to accomplish this. In the 
method developed by Barbee and K e i t h 7 at Stanford 
University, the substrates rotate on a table beneath 
two magnetron sputtering sources, on each of the two 
materials being deposited. The power to these sources 
(which may be dc or rf, depending on the material 
being sputtered) is accurately controlled by means of 
stable precision power supplies, and this determines 
the deposition rate (in conjunction with the gas pres
sure, also carefully controlled). The thickness of each 
layer is then determined by the distance of the 
substrates from the sources and the turntable rotation 
speed. As the table revolves continuously at a stable 
and constant speed, the alternating layers are built up 
on a particular substrate as it passes under first one 
source, then the other. 

A different technique has been developed by 
Spil ler 8 at I B M . Instead of sputtering, the materials 
are evaporated from two electron beam sources. Be
cause of the extremely strong temperature depen
dence of material vapor pressures, it is more difficult 
to achieve precise open-loop control of the deposition 
rate with evaporation than it is with sputtering. In 
Spiller's method, in-situ monitoring of the x-ray reflec
tivity at a long wavelength (carbon K, 44.8 Å, or boron 
K, 67.9 Å) is used to control the layer thicknesses. This 
is achieved through the use of an x-ray reflectometer, 
consisting of a source and a detector built into the 
deposition chamber. 

A t the beginning of a deposition, the source, sub
strate, and detector are set at the positions cor
responding to the Bragg angle for reflection of the 
source radiation at the value of d required. Dur ing the 
run, the thickness of each layer is allowed to increase 
until the structure shows the maximum reflectivity. 
This procedure is repeated for successive layers, en
suring that the final multilayer has maximum reflectiv
ity. 

These methods both have advantages and disad
vantages, but both have been used with great success 
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to produce multilayers to reflect radiation throughout 
the X U V spectral range. Numerous material pairs 
have now been tried, and in some cases spectacular 
agreement with theory has been obtained. For exam
ple, with a pair of refractory materials such as tungsten 
and carbon, or molybdenum and sil icon, one can ex
pect to achieve as much as 80% of the predicted 
reflectivity at wavelengths of an angstrom or two. 

Present work is concentrated on materials prob
lems, the effects of substrate roughness on the perfor
mance, on developing techniques for depositing 
multilayers on large and/or strongly curved sub
strates, and on extension to all X U V spectral regions. 
In addition, variations on the simply periodic type of 
multilayer are being investigated. These include 
structures having a large number of weakly reflecting 
layers to achieve high spectroscopic resolution, multi
layers tailored for the exact opposite—a broad 
bandpass, laterally graded structures, and even Fabry-
Perot etalons. 

A Fabry-Perot etalon for the x-ray or extreme U V 
region consists of two multilayer mirrors separated by 
a thicker layer of the less absorbing material, or alter
natively by a third material. It is the exact analog of 
the solid Fabry-Perot with dielectric mirrors used at 
visible wavelengths. 

Figure 4 is a cross-sectional view of such a structure 
obtained by the technique of microcleavage transmis
sion electron microscopy developed by Lepêtre and 
his colleagues. 9 This micrograph clearly shows the 
well-formed, continuous, and smooth layers necessary 

FIGURE 4. Cross-section of a Fabry-Perot etalon for 
the soft x-ray region viewed by microcleavage trans
mission electron microscopy. The tungsten-carbon 
multilayers have a period of 32.5 Å, and the carbon 
spacer is 480 Å thick. (Photograph courtesy of 
Y. Lepêtre, Argonne National Laboratory) 

One particularly interesting potential 
application of multilayer reflectors is 

as cavity mirrors for lasers in the 
XUV region. 

for good multilayer performance at short wave
lengths. In addition to their utility in allowing the 
multilayer theorist and designer a chance to romp in 
the spectral region of ultrashort wavelengths, these 
devices all have clear applications. 

Applications 

The applications of X U V reflecting multilayers can 
be broadly divided into two categories: spectroscopy 
and imaging. Perhaps the most obvious application of 
these devices is as dispersion elements in x-ray spec
trometers and microprobes, where they offer the ad
vantages over natural and synthetically grown crystals 
of greater durability, suppression of contamination by 
higher order reflections, and increased sensitivity. 

The last is particularly important in the x-ray flu
orescence analysis and microprobe analysis of the 
light elements (Z<10). For these elements, whose 
fluorescent lines appear at longer wavelengths, the 
range of available x-ray dispersers has significantly in
creased with the advent of multilayers. Mult i layer dis
persers are also finding application in other fields of 
research involving x rays, such as synchrotron radia
tion research and laser fusion. 

One particularly interesting potential application of 
multilayer reflectors is as cavity mirrors for lasers in 
the X U V region. Several schemes directed toward the 
eventual production of a soft x-ray laser are under 
intense study, the two most important being the free-
electron laser approach and the highly ionized atom 
(plasma) approach. Both these would benefit from ef
ficient normal-incidence mirrors operating in the 100 
to 1000 Å region. 

There are equally exciting potential applications of 
X U V reflecting multilayers in areas where high-reso
lution imaging is required, for example in X U V mi
croscopy and astronomy. Because the K absorption 
edges of the biologically important elements carbon, 
nitrogen, and oxygen are in the x-ray region between 
20 and 50 Å, it is of great importance for the x-ray 
microscopy of medical and biological specimens. 

Whi le glancing incidence microscopes have been 
uti l ized for a number of years, they have not achieved 
a resolution much better than about a micron, because 
of the severe aberrations of glancing incidence ele-
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ments, the difficulties of fabricating and aligning the 
extremely aspherical mirrors, and x-ray scattering 
from the surfaces. It now appears possible, through 
the use of multilayer mirrors, to make normal inci
dence imaging devices, at least for the wavelength 
region above about 25 A , which represents the lower 
limit of 2d spacing l ikely to be achieved in the near 
future. 

Two groups 9 , 1 0 have demonstrated normal inci
dence imaging with single mirrors, at wavelengths of 
44.8 and 67.9 A , and attempts to make compound 
microscopes for sub-100 Å radiation are wel l under 
way. 1 1 Their proponents hope that these devices wi l l 
eventually achieve a diffraction-limited resolution of 
the order of 100 Å. 

The X U V region contains many lines of the highly 
ionized atoms of astrophysically important elements 
found in the high-temperature plasmas surrounding 
the sun (the solar corona) and many stars, in the inter
stellar medium, and in and around other interesting 
objects such as supernova remnants and galaxies ex
ternal to our own. Obtaining high-resolution images of 
these objects is important to our understanding of the 
physical processes taking place in them. 

Unti l now, all x-ray telescopes have been of the 
glancing incidence variety, of which the biggest and 
most useful was that carried on the Einstein Space 
Observatory. However, multilayer optics again offer 
potential advantages in spatial resolution, and several 
groups are working to bui ld a normal incidence x-ray 
telescope with compound optics analogous to the visi
ble-light Cassegrain or Gregorian telescopes. Such 
telescopes wi l l probably be used first for solar studies, 
since at the earth the sun's X U V flux is orders of mag
nitude higher than that from stellar sources. The spec
tral selectivity of multilayer mirrors is somewhat dis
advantageous for nonsolar astrophysics, and these 
devices wil l probably be uti l ized mostly in a mode 
complementary with glancing incidence optics. 

Many other uses of X U V reflecting multilayers, in 
laser fusion, diffraction, fluorescence analysis, spec
troscopy, and so on, can be envisaged. The mounting 
interest in them can be judged from the large number 
of papers that were given at a recent conference on 
applications of thin-film multi layered structures to fig
ured x-ray optics. 1 2 

At least a half-dozen groups around the wor ld are 
now making and testing these devices. It is l ikely that 
multilayer optics wi l l soon become as important in the 
x-ray region as they are already in the visible and 
other spectral regions. 
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