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Abstract

A systematic method which allows the optimum thickness of each layer in a depth-graded multilayer coating to be
determined is described. This enables specific reflectivity responses over broad wavelength bands in the soft X-ray and EUV
regions to be calculated. The method is applied to the design of some depth-graded molybdenumrsilicon multilayers for the
wavelength range 13–19 nm, with average normal incidence reflectivities of about 13% in this range, but it is generally
applicable for other material pairs and wavelength ranges. In addition, the effects of layer thickness errors on the
performance of depth-graded multilayers can be simulated. The model gives better results than those based on power law
variation of the layer thicknesses. q 2000 Elsevier Science B.V. All rights reserved.

PACS: 41.50; 78.66
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1. Introduction

Remarkable progress has been made in the field
of normal incidence soft X-ray and extreme ultravio-

Ž . w xlet EUV multilayer mirrors in recent years 1,2 . In
most cases the multilayers have constant bilayer
thicknesses and a peak reflectivity at a given wave-
length and incidence angle. In the soft X-ray and
EUV region, the real parts of the refractive indices
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for all materials have small deviations, d , from
unity, and thus coherent addition of reflections from
many layers in a constant bilayer thickness multi-
layer mirror is required to reflect a significant per-
centage of an incident beam at a given wavelength
and angle. This produces a narrow bandpass and
high peak reflectivity. However, there are some ap-
plications that require relatively broad band spectral
throughout. These applications include soft X-ray

w xmultilayer coated imaging optics 3,4 , for example
as used in EUV lithography, which need maximum

Žintegrated reflectivity possibly convolved with the
.source emission spectrum , spectroscopies with mul-

w xtilayer coated gratings 5 and multilayer coated col-
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w xlecting optics 6 , where the wavelength range is
defined by the spectral bandpass of the multilayer
coatings.

An early suggestion leading to increased angular
and wavelength responses of multilayer mirrors in

w xsoft X-ray region was made by Nagel et al. 7 using
w xdepth-graded multilayer coatings. Meekins et al. 8

designed some depth-graded multilayer coatings for
the soft X-ray and EUV region which increased the
wavelength bandpass but decreased the peak reflec-

w xtivity. Vernon et al. 9 fabricated depth-graded
MorSi multilayer coatings with bilayer thicknesses
linearly decreasing from the top of the multilayer
structure to the substrate. Compared to constant pe-
riod MorSi multilayers these depth-graded MorSi
multilayer coatings had large wavelength bandpasses

w xand small peak reflectivities. Seely et al. 10 also
made depth-graded WrB C multilayer coatings with4

structures similar to those of Vernon. Recently there
has been significant progress in depth-graded multi-
layer coatings for the hard X-ray region, providing
broadband reflectivity at grazing incidence. Such
mirrors can be used in a variety of applications
including synchrotron and medical optics, and, in
particular, for space-borne astronomical hard X-ray

w xtelescopes 11,12 .
Other optimisation procedures have been dis-

w x w xcussed by Vidal et al. 13 , Erko et al. 14 and
w x w xHøghøj et al. 15 . In particular, Loevezijn et al. 16

have described an optimisation method that can be
used to generate specified bandpasses for the soft
X-ray range. The systematic method for optimising
the design of broadband multilayer mirrors for the
soft X-ray and EUV regions described here is similar

w xto that of Loevezijn et al. 16 but has been applied
more generally, to take into account, for example,
interfacial roughness, layer thickness errors and
non-sharp boundaries. The application of the method

Žin optimising the throughput of a system mirror
.reflectivity times source spectrum will be addressed

in a forthcoming paper.
In Section 2 of the present paper the optimisation

technique is described, and in Section 3 it is applied
to some MorSi depth-graded multilayers with spe-
cific performance requirements. The influences of
roughness, layer thickness errors and non-sharp
boundaries on the multilayer performance are dis-
cussed in Section 4. In the concluding section, a

comparison is made with the power law approach of
w xJoensen et al. 17

2. Design of broadband multilayer mirrors for the
soft X-ray and EUV range

The design of a broadband multilayer coating
requires the choice of materials and layer thickness
distribution to give a reflectivity as high as possible
for the specified wavelength range and a given inci-
dence angle. A multilayer usually contains alternat-

Ž . Ž .ing layers of high h and low l atomic number
materials. For a depth-graded multilayer coating, it is
natural to describe the multilayer in terms of bilay-
ers, each consisting of two adjacent layers, with a

Žjth bilayer thickness d sd qd n the rest of thisj jh j l

paper, j is taken to increase from the top of the
.multilayer downwards . The range and distribution

of bilayer thicknesses in a depth-graded multilayer
coating are given by the Bragg equation and deter-
mine the bandpass. The refraction corrected Bragg

w xequation 18 for a multilayer coating with constant
bilayer thickness d, fractional thicknesses d and d ,h l

and complex refractive indices n s1yd y ibh h h

and n s1yd y ib isl l l

1r22 d d qd dŽ .h h l l
mls2 dsinu 1y 1Ž .2sin u

where m the reflection order, l is the wavelength,
and u is the grazing incidence angle. First-order
Ž .ms1 reflection is usually used in the soft X-ray
and EUV range, and the range of bilayer thicknesses
required to reflect over the wavelength range l ymin

l for ms1 can be estimated frommax

y1r2
l 2 d d qd dŽ .min h h l l

d s 1y 2aŽ .min 22sinu sin u

y1r2
l 2 d d qd dŽ .max h h l l

d s 1y . 2bŽ .max 22sinu sin u

The best material pairs for multilayer coatings are
those that form smooth and compositionally abrupt
interfaces and have high optical contrast and mini-
mal absorption, i.e., the performance of a multilayer
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is limited by the optical properties of the materials as
well as by their physical and chemical properties
w x19 . In the range l;12.5–20 nm, molybdenum and
silicon are a common pair of materials and they give
excellent performance. This combination is used here
in the design of some depth-graded multilayers for
the wavelength range 13–19 nm.

The performance optimisation of depth-graded
multilayers for various applications uses a process
that judges a design based on its required perfor-
mance in a given range of wavelength and incidence
angle.

2.1. Merit function and thickness change

The performances of depth-graded soft X-ray and
EUV multilayer coatings can be calculated numeri-
cally with reasonable precision using the well-known
recursive methods based on the Fresnel formulae, so
long as the thickness of each layer in the film is
known. However, a major point of interest is the
inverse problem, i.e., the calculation of the bilayer
thicknesses which provide the best approximation to
the required shape of the reflectivity curve as a
function of wavelength range. From the mathemati-
cal point of view, this is a typical variational prob-
lem which can be solved by a suitable optimisation
method, again recursively and based on the Fresnel
equations. Nevertheless, it is necessary not only to
optimise the shape of the reflectivity curve, but also
to make the average reflectivity as high as possible.
In addition, in the soft X-ray and EUV region,
interfacial roughness can severely reduce the specu-
lar reflectivity of depth-graded multilayer coatings at
normal incidence. Thus, the roughness must be in-
cluded in the calculations. The simplest way to
model the effects of roughness is to use the standard
analysis based on the Debye model. Assuming that
the mean position of a layer boundary is not altered
by the roughness, the amplitude of the reflectivity at
the jth interface is reduced by a factor

2
1 4ps sinuj j

D sexp y 3Ž .j ž /2 l j

where s is the root mean square value of thej

effective roughness and u is the grazing incidencej

angle. Unless indicated otherwise in the following,
all calculations were done with s s0.3 nm.j

In the method used, the thickness of each layer in
the multilayer coating is changed randomly in a
finite range according to

dsd 1qAR 4Ž . Ž .0

w xwhere Rg y1,1 are random numbers uniformly
distributed between y1 and 1 and A is a proportion-
ality factor. A change which results in an improve-
ment, according to a merit function defined below, is
accepted by the computer program written to imple-
ment the method, otherwise it is rejected. The pro-
gram uses optical constants determined from the
atomic scattering factors available on the Internet
w x20 .

In a similar fashion to many optimisation meth-
Ž .ods, a numerical measure the merit function is

needed to minimise undesired features in the reflec-
tivity response of depth-graded multilayer coatings,
in order to ensure that the optimisation generates the
most desirable structure. Many functional forms can
be chosen for the merit function, each representing a
particular desired reflectivity curve shape. Because
of the complicated relationship between reflectivity
and film thickness, optimisation of the merit function
is accomplished by taking numerical derivatives and

Ž .changing the film thickness according to Eq. 4 . For
example, the merit function can be defined in terms
of the form of the reflectivity curve which gives the
maximum integrated reflectivity in a desired wave-
length range. Alternatively, the measure which gives
an approximately constant reflectivity at the highest
obtainable value over the required wavelength range
can be chosen. Whatever merit function is used, the
thickness of each layer is allowed to change during
the optimisation process, but the number and compo-
sition of the layers do not change during the optimi-
sation for the results presented here.

2.2. Initial thickness distribution

To optimise fully a multilayer for a given material
pair and wavelength range is a lengthy process. This
is because there are 2 N variables for a multilayer
coating with N bilayers and the computational com-
plexity of the problem scales with N. The problem
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can be made more tractable by inputting an original
layer thickness distribution for a constant bilayer
thickness, but even then there can be differences in
the calculated optimum results caused by different

Žinitial values of d and g the ratio of the thicknesses
.of the high atomic material and the bilayer . Thus the

choice of a suitable initial thickness distribution is
important for obtaining a good result. During the
optimisation, the results from a previous iteration of
the layer thickness distribution or a linear change of
thickness from bottom to top of the multilayer can be
used for a renewed input condition. This eventually
converges to the optimum result.

3. Optimised depth-graded multilayers

In this section the optimisation of the designs of
depth-graded multilayers with specified performance
requirements is described.

3.1. Depth-graded multilayer coatings with maxi-
mum integrated reflectiÕity

Soft X-ray and EUV optical systems such as
telescopes, microscopes and lithography devices of-
ten require maximum integrated reflectivity in a
given wavelength region to yield images with high
efficiency. The merit function for optimising the
depth-graded multilayer design is then

lmax kMF s R dl 5Ž .Hk
lmin

where k is the number of multilayer coated optics in
the system. During the optimisation, a layer thick-
ness change which increases MF is retained, finallyk

leading to an optimised layer thickness distribution.
ŽThis may not give the best final result since it does
not allow escape from a local maximum. A method
which prevents this will be described in a future

.paper.
Ž .As an example of the optimisation, Fig. 1 a

shows the reflectivities of three MorSi depth-graded
Ž .single ks1 normal incidence multilayers designed

for the wavelength ranges 17–19 nm, 15–19 nm and
13–19 nm. These calculations demonstrate that the

Ž .Fig. 1. a Calculated optimum normal incidence reflectivities
versus wavelength of depth-graded MorSi multilayers for differ-
ent wavelength ranges. The merit function to optimise the inte-
grated reflectivity for one mirror was used, and an interfacial

Ž .roughness of 0.3 nm was assumed. b Layer thicknesses versus
the number of bilayers for the wavelength range 13–19 nm.

shape of the reflectivity curve for a smaller wave-
length range is better. The layer thicknesses for the

Ž .largest wavelength range are shown in Fig. 1 b ; the
thickness distribution shows some large oscillations,
which are typical for depth-graded multilayers. In

Ž .Fig. 2 a the calculated curves for ks1, 2, 3 for the
wavelength range 16–19 nm are shown, showing
that the curve changes shape and the width decreases
as the number of mirrors increases. The layer thick-

Ž .nesses for ks3 are shown in Fig. 2 b .

3.2. Depth-graded multilayers with flat reflectiÕity
responses

For many applications, such as spectroscopy and
lithography, large variability of reflectivity over the
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Ž .Fig. 2. a Calculated optimum normal incidence reflectivities
versus wavelength of depth-graded MorSi multilayers for differ-

Ž .ent merit functions integrated reflectivity for 1, 2 and 3 mirrors
in the wavelength range 16–19 nm, and with 0.3 nm interfacial

Ž .roughness. b Layer thicknesses versus the number of bilayers for
3 mirrors.

wavelength range may not be desirable. In this case
merely maximising the integrated reflectivity is not
the best approach. Instead, near uniform reflectivity
in a defined wavelength range may be required. In
order to design this kind of depth-graded multilayer,

Ž .a possible merit function for a single mirror is

lmax 2XMF s R yR dl 6Ž . Ž .H l 0
lmin

where R is the reflectivity of the multilayer coatingl

at wavelength l and R is the required flat reflectiv-0
Ž .ity value. Eq. 6 can readily be generalised for more

than one mirror. In an optimisation the choice of R0

is important, since choosing it too high will not

Ž .allow a very flat response to be obtained. Fig. 3 a
Ž .shows the results for different R 0.2, 0.25, 0.3 in0

the wavelength range 16–19 nm at normal incidence.
The response clearly becomes less flat as R in-0

creases, and the required value of reflectivity is not
Ž .obtained; for R s 0.2, 0.25, 0.3 the average 16–190

nm reflectivities are 0.20, 0.225 and 0.23 respec-
tively, with variations of "4%, "8% and "14%.
The layer thicknesses for R s0.2 are shown in Fig.0
Ž .3 b .

Ž .Fig. 4 a shows the reflectivities for the wave-
length ranges 17–19 nm, 15–19 nm and 13–19 nm,
with R s0.28, 0.19 and 0.14 respectively, at nor-0

mal incidence. As would be expected, the response
becomes less flat as the wavelength range increases,
and also exhibits more oscillations. For the largest

Ž .Fig. 3. a Calculated optimum reflectivity versus wavelength
using the merit function to give a flat response with different

Ž .target reflectivities, assuming 0.3 nm interfacial roughness. b
Layer thicknesses of layers as a function of the bilayer number for
a target reflectivities of 0.2.
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Ž .Fig. 4. a Calculated reflectivities of three depth-graded MorSi
multilayers designed for flat responses in three different wave-

Ž .length intervals. b Layer thickness distributions for the wave-
length range 13–19 nm.

wavelength range the mean reflectivity is 0.135 with
a variation of "10%; the layer thickness distribution

Ž .is shown in Fig. 4 b .

4. Calculations including layer thickness errors

Many manufacturing inaccuracies, leading to layer
thickness errors, can significantly affect the perfor-
mance of a multilayer mirror. The errors can be
localised, as in interfacial roughness, or global as in
random or systematic incorrect layer boundary posi-
tions, or in non-sharp boundaries. It is important to
incorporate these errors into the optimisation of a
depth-graded multilayer, as they can influence the
design parameters.

4.1. Roughness

Fig. 5 shows the calculated reflectivity of a MorSi
depth-graded multilayer with a flat response in the
wavelength region 13–19 nm at normal incidence
without roughness and with roughnesses of 0.3, 0.6,
and 0.9 nm. The reduction of the reflectivity is
obvious as the roughness increases, although there is
little reduction up to a roughness of 0.3 nm. For a
roughness of 0.6 nm the mean reflectivity is reduced
to 0.116 and the variation across the wavelength
range increases to "11%, and for a roughness of 0.9
nm the corresponding values are 0.089 and "14%.

4.2. Systematic layer thickness errors

Permitted layer thickness errors in depth-graded
multilayer coatings are very small. If the error is
systematic, there is a fixed shift Dd of all layer
thicknesses,

d sd qDd 7Ž .j j0

where d and d are the design and actual thick-j0 j

nesses of the jth layer. Fig. 6 shows the calculated
reflectivity curves for a MorSi depth-graded multi-
layer designed for a flat response in the wavelength
range 13–19 nm for layer thickness shifts of 0 and
"0.2 nm. The curves show two effects, a shift in the

Ž .wavelength range — negative positive for negative
Ž .positive Dd — and increased oscillations. For the
negative shift the mean reflectivity is reduced to

Fig. 5. The calculated reflectivities of MorSi depth-graded multi-
layers designed for flat responses in the wavelength range 13–19
nm, showing the effect of roughness.
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Fig. 6. The calculated reflectivities of MorSi depth-graded multi-
layers designed for flat responses in the wavelength range 13–19
nm, showing the effect of systematic boundary position errors.

0.116 and the variation over the wavelength range
increases to "22%, and although for the positive
shift the mean reflectivity is reduced only slightly to
0.130 the variation increases to "38%.

4.3. Random layer thickness errors

Random layer thickness errors can be modelled
by

d sd 1qCR 8Ž . Ž .j j0

where C gives the largest fractional layer thickness
w xerror and Rg y1,1 are random numbers taken

from a uniform distribution between y1 and 1 and.
Fig. 7 shows the reflectivity curves for the average

Fig. 7. The averaged calculated reflectivities of MorSi depth-
graded multilayers designed for flat responses in the wavelength
range 13–19 nm, showing the effect of random boundary position
errors.

of 100 multilayers for Cs0–0.4. As C increases
there is a slight broadening of the bandpass accom-
panied by a decrease in the average reflectivity. The
results show that the influence of random layer
thickness errors on the performances of depth-graded
multilayers is not dramatic so long as the fractional

Žthickness errors are kept below about 0.1 corre-
sponding to ;0.7 nm for the mirrors modelled

.here , for which the mean reflectivity is decreased to
0.130 and the variation across the range is also
decreased to 8%.

4.4. Non-sharp boundaries

Interdiffusion of the layer materials into one an-
other results in the sharp boundaries between layers
assumed so far to be replaced by some form of
transition layer. Four transition profiles have been

w xsuggested by Stearns 21 , Gaussian, exponential and
two linear profiles with different slopes. For the
exponential profile, for example, the Fresnel reflec-

Žtion coefficients are multiplied by a factor 1r 1q
2 2 .s s where, for normal incidence, ss4prl and s

characterises the width of the profile. Fig. 8 shows
the reflectivity of the multilayer optimised for a flat
response in the wavelength range 13–19 nm for an
exponential transition profile with ss0.3 nm com-
pared to the multilayer with sharp interfaces. The
average 13–19 nm reflectivity is reduced from 0.135

Ž .to 0.130 the target in each case was 0.14 while the
Žvariation increases from "10% to "12.5% apart

Fig. 8. The calculated reflectivities of MorSi depth-graded multi-
layers designed for flat responses in the wavelength range 13–19
nm, showing the effect of non-sharp boundaries.
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.from a large fluctuation close to 13 nm . The other
transition profiles produce almost identical results.

5. Conclusions and discussion

Depth-graded multilayers with optimised layer
thickness distributions will be useful in applications
where a defined shape of the reflectivity curve in a
given wavelength range is necessary. A systematic
method of searching for optimum multilayer designs
has been developed and used to design some multi-
layers for specific requirements. Two of the key
factors in designing the multilayers are to define a
suitable merit function to determine the performance
and to specify suitable starting conditions for the
optimisation. Various different merit functions have
been specified, but others could equally well be
chosen depending on the application.

Previous workers have suggested systematic vari-
ations in layer thicknesses to provide broadband
reflectivity. The technique described in the current
paper has been compared to the power law approach

w xof Joensen et al. 17 , in which the thickness d ofj

the jth bilayer, counting from the top of the multi-
layer stack, is given by

a
d s 9Ž .cj

bq jŽ .

Ž .where a, b )y1 and c are the parameters which
are varied, along with g , the ratio of the molybde-
num thickness to the bilayer thickness. The result of
an optimisation for the 13–19 nm wavelength range
with a target mean reflectivity of 0.14 is shown in

Ž .Fig. 9 a , along with the result obtained using the
method described in the current paper. Although the

Žtwo models give similar mean reflectivities 0.135
for the current method, 0.131 for the power law

.model and have the same variation of "10% across
the wavelength range, the power law model has a
much longer tail at the long wavelength end of the
range and also a less sharp cut-off at the short
wavelength end. The values of the optimised power
law parameters are as10.4 nm, bsy0.87, cs
0.13 and gs0.43, giving the bilayer thicknesses

Ž .Fig. 9. a The calculated reflectivity of the MorSi depth-graded
multilayer designed for flat responses in the wavelength range
13–19 nm compared to that calculated assuming a power law

Ž .distribution of bilayer thicknesses. b The distribution of bilayer
thicknesses in both cases. The lower two curves show the values
of g resulting from the calculations.

Ž .shown in Fig. 9 b . A power law fit to the bilayer
thickness distribution obtained from the present

Ž .model, also shown in Fig. 9 b , gives a curve lying
close to that obtained from the power law model,
suggesting that the power law result may be a good
starting point for subsequent optimisation.

The influence of layer thickness errors on the
performance of depth-graded multilayers has also
been studied. It was found that roughness and sys-
tematic layer thickness errors significantly affect the
performance, while random thickness errors and
non-sharp boundaries have less effect.

Although the technique was applied to MorSi
depth-graded multilayers working at normal inci-
dence in the soft X-ray and EUV spectral region, it is
completely general and can be used for other mate-
rial pairs and wavelength ranges.
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