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Procedure to characterize microroughness of
optical thin films: application to ion-beam-sputtered
vacuum-ultraviolet coatings

Josep Ferré-Borrull, Angela Duparré, and Etienne Quesnel

A method for characterizing the microroughness of samples in optical coating technology is developed.
Measurements over different spatial-frequency ranges are composed into a single power spectral density
~PSD! covering a large bandwidth. This is followed by the extraction of characteristic parameters
through fitting of the PSD to a suitable combination of theoretical models. The method allows us to
combine microroughness measurements performed with different techniques, and the fitting procedure
can be adapted to any behavior of a combined PSD. The method has been applied to a set of ion-beam-
sputtered fluoride vacuum-UV coatings with increasing number of alternative low- and high-index layers.
Conclusions about roughness development and microstructural growth are drawn. © 2001 Optical
Society of America
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1. Introduction

With the ongoing trend of optical lithography toward
ever-decreasing wavelengths, the interest in the
study of the microroughness of optical coating com-
ponents has taken a new perspective because of its
crucial influence on the scattering losses of deep-UV
and vacuum-UV ~VUV! coatings.1,2 This makes re-
sidual roughnesses a dominant scatter source and a
technological problem that has to be engineered if
high-quality components are to be achieved.

Within this framework, new concepts for the opti-
mization of coatings that take into account specific
problems relevant only at these shorter wavelengths
have to be developed. Among these concepts, the
development of accurate modeling of microroughness
of optical surfaces is of particular interest. Power
spectral density ~PSD!3,4 functions offer a comprehen-
ive description of the surface statistics and are a
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referred tool for specifying surface roughness.
However, when different surfaces are to be compared,
the PSD functions have to be represented together in
the same graph. Hence only qualitative information
can be obtained. To accomplish a quantitative mi-
croroughness description, first-order statistics such
as the rms roughness or the correlation length are
commonly used.3 Nevertheless, these statistics pre-
sume that the surfaces follow certain models, which
in general are too simple to describe the actual prop-
erties of the surfaces. For instance, common models
for representing optical surfaces are combinations of
Gaussian and exponential cross-correlation func-
tions.6–11 These models, however, cannot appropri-
ately describe the fractal behavior.12 Moreover,
Jakobs13 showed that the behavior of the PSD of a
coated sample contains two components: a fractal
one caused by the substrate roughness and a second
component caused by pure film roughness.

In this study we provide a means of characterizing
the microroughness of optical coatings with a reduced
set of parameters, each with physical meaning ~such
as rms roughness or correlation length!. The
method is based on the PSD description of a surface
with subsequent extraction of characteristic param-
eters through fitting of the PSD to theoretical models.
These models can be chosen according to the actual
behavior of the PSD’s.

This method has been successfully applied to a set
of coatings for the VUV range. The investigation of
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these samples was driven by the technological chal-
lenges at short wavelengths: the selection of mate-
rials with low absorption and scattering in the VUV
and the choice and optimization of the deposition
processes.14,15 It has been proven that for applica-
tions in the UV range fluorides are the preferred
materials because of their larger energy gap. How-
ever, not every deposition technique is suitable to
produce appropriate fluoride coatings: Conven-
tional evaporation techniques tend to produce coat-
ings with high tensile stress because substrate
heating is required for improving the coating adhe-
sion and because of the large differences in thermal
expansion coefficient between substrates and coating
materials. However, the ion-beam-sputtering ~IBS!
technique solves this problem, since it does not re-
quire substrate heating, hence producing coatings
with higher density and compressive stress.15,16

The roughness properties of IBS fluoride coatings are
studied with the methods proposed in the present
paper. In Section 2 a brief overview of the concepts
involved in surface microroughness characterization
is given. Then a revision of the available models to
represent surface roughness is provided, and finally
the method for combining these models to analyze the
roughness of thin-film coatings is described. In Sec-
tion 3 experimental results obtained from atomic
force microscope ~AFM! measurements on IBS fluo-
ide coatings are presented, and an initial qualitative
tudy is performed. Then the results of applying the
ethod to the same coatings are presented. Finally,

onclusions are drawn in Section 4.

2. Measurement and Characterization of Surface
Microroughness

In this study we propose a method for reducing the
large amount of data produced by microtopography
measurements. Although the measurements pre-
sented in this study were performed with an AFM,
the method is suitable for any technique that results
in the surface profile of the sample as a one- or two-
dimensional function of the position such as mechan-
ical profilometry, white-light interferometry, or
confocal microscopy.

The simplest reduction procedure consists of char-
acterizing the surface by its rms roughness ~srms!.3
This quantity is useful for comparing different sur-
faces. It is well known, however, that the rms
roughness depends on the spatial-frequency band-
width of the particular measurement technique.
Therefore, when the results from different measure-
ments are compared, the measurement conditions
~scan length and sampling distance! need to be equiv-
lent. Moreover, the rms roughness does not give
nformation about the spatial distribution; this

eans that two surfaces with the same rms rough-
ess could contain different lateral structures.
The PSD yields a more complete roughness de-

cription, since it takes into account the statistical
orrelation between the different surface points. It
s defined as the Fourier transform of the surface
utocovariance function.17 In optical coating tech-
nology it is common to use the two-dimensional iso-
tropic form of the PSD, since the majority of optical
coatings and their substrates justify sufficiently the
assumption of isotropic roughness. This PSD is
then related to the surface autocovariance function
through the Hankel transform.6

PSD functions obtained from measurements are
defined only in a limited range of spatial frequencies.
This range depends on the scan length and the sam-
pling distance, and it also can be additionally reduced
by the effect of measurement artifacts.13,18 These
imitations can be overcome when we combine mea-
urements performed on different scales andyor with
ifferent measuring methods.19 These measure-

ments should fulfill at least two conditions:

~i! The spatial-frequency ranges where the mea-
urements are defined should partially overlap.
his condition is easy to meet by adequate selection of
he scan sizes and sampling distances.

~ii! In the overlapping region the different PSD
unctions should be of the same order of magnitude.

hen the result of the PSD combination is a function
hose value at a given frequency f is the geometrical
verage over all the PSD’s that are defined at this
requency,

PSDcombined~ f ! 5 F)
i51

N

PSDi~ f !G1yN

, (1)

where N is the number of PSD functions overlapping
at that particular frequency.

Figure 1 shows an example of this procedure: The
original PSD functions correspond to AFM measure-
ments of a sample corresponding to a three-layer
fluoride coating on CaF2. A more complete descrip-
ion of all studied samples is given below. The mea-
urements were performed at the same position and
ith three different scan sizes: 0.2 mm 3 0.2 mm, 1
m 3 1 and 10 mm 3 10 mm. The decrease observed
t the low-frequency range in the original PSD func-
ions is a result of the detrending procedure com-
only applied to the raw data.12 These points are

Fig. 1. Example of the combination of PSD functions correspond-
ing to different scan sizes.
1 May 2001 y Vol. 40, No. 13 y APPLIED OPTICS 2191
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not considered for calculating the combined PSD.
Furthermore, the influence of noise can be perceived
in the high-spatial-frequency ranges of each individ-
ual measured PSD. These points have not been con-
sidered for the combination, either. With this
example it is shown that this procedure enables the
generation of a complete description of surface rough-
ness on a large bandwidth of spatial frequencies.
This procedure can be applied to combine any num-
ber of microtopography measurements, including
measurements taken at different positions on the
same sample or even measurements performed with
different methods.

Although the PSD has a more complete description
of the surface than the rms roughness, it is difficult to
compare the roughness characteristics of different
samples on the basis of a function. Consequently, it
is useful to obtain quantitative information from the
PSD’s that can be used to make the comparison be-
tween samples easier. This quantitative informa-
tion can be extracted with the help of mathematical
models.

A. Overview of Models Applied in Surface
Characterization

PSD functions contain a complete description of the
surfaces’ statistics in the sense that they do not only
take into account the height statistics but also con-
tain information on the surface lateral details. A
further step in the PSD interpretation is to model
them as analytical functions that depend on a re-
duced set of characteristic parameters. Provided
that these parameters possess a physical meaning,
their value is of use to characterize the surface. In
this section the mathematical models available for
the representation of PSD functions and their rela-
tion to the types of surfaces commonly found in opti-
cal coating technology are presented.

Several statistical models have been used in the
past for roughness description of optical surfaces and
thin films. These models consist of a function or
combination of functions approximating the experi-
mental PSD behavior. The most extended model for
the PSD of a coating is the sum of Hankel transforms
of a Gaussian and an exponential autocorrelation
function.6–11,20 The corresponding PSD’s have the
orm

PSDgauss~ f; ss, ts! 5 pss
2ts

2 exp~2p2ts
2f 2!, (2)

PSDexp~ f; sl, tl! 5
2psl

2tl
2

~1 1 4p2tl
2f 2!3y2 . (3)

n this model the characteristic parameters are the
urface rms roughnesses s and the correlation

lengths t for both the Gaussian and the exponential
functions. The s and the t are the result of applying
integral expressions ~4! and ~5! of Ref. 12 for all the
spatial frequencies from 0 to infinity. This means
that these rms roughnesses and correlation lengths
become independent of the scale, and thus they are
suitable for comparing different surfaces. The cor-
192 APPLIED OPTICS y Vol. 40, No. 13 y 1 May 2001
relation length t is a measure of the characteristic
lateral size of the structures on the surface. As a
result of the fast decrease of the Gaussian function, it
is adequate for surface structures with short-range
correlation length ~s subscript!. However, the expo-
nential model has a much slower decrease, thus mak-
ing it suitable for long-correlated surface structures ~l
subscript!.

This model has been extensively used and has led
to satisfactory results. However, it is not completely
correct when a wide range of spatial frequencies are
considered. It has been demonstrated by AFM and
scattering measurements13 that the PSD of a coating
can be actually approximated by the sum of the PSD
of the substrate and the PSD of the pure thin film.
The PSD’s of the substrates follow an inverse power
law that cannot be approximated by either the Gauss-
ian or the exponential PSD’s. To this end the frac-
tal12,17 model is used to describe these roughnesses,

PSDfractal~ f; K, n! 5 Kyf n11, (4)

where K has units of length to the power of ~3 2 n!.
Here rms roughness and correlation length cannot be
defined for the fractal model, and consequently the
parameters K and n are the values taken to charac-
terize the surface. This PSD form is obtained when
it is assumed that the surface is self-affine.21 This is
a common characteristic of highly finished optical
surfaces.

An alternative function for describing the PSD of
the pure thin film is the ABC model21,22 ~also called
the k-correlation model in some references!:

PSDABC~ f; A, B, C! 5
A

~1 1 B2f 2!~C11!y2 , (5)

where C is a constant greater than 2. Unlike the
previous models, the ABC model does not correspond
to any defined autocovariance function. Neverthe-
less, specific information about the surface micro-
structure can be extracted from the parameters A, B,
and C. Following Eqs. ~4! and ~5! of Ref. 12, equiv-
alent rms roughnesses and correlation lengths that
depend on the three parameters can be derived:

sABC
2 5

2pA
B2~C 2 1!

, tABC
2 5

~C 2 1!2B2

2p2C
. (6)

From analyzing expressions ~5! and ~6! it can be de-
uced that the parameter C provides the possibility of
aving a continuous transition model between the
xponential ~C 5 2! and the gaussian ~C .. 2! models.
All models presented up to this point are monoton-

cally decreasing functions of the spatial frequency.
owever, it has been observed that several coatings

how the formation of superstructures uniformly dis-
ributed along the surface.23,24 This induces a local

maximum in the lower frequencies of the PSD that
cannot be described satisfactorily by any of the pre-
vious models. An example is represented by the
PSD of Fig. 1, where the local maximum can be rec-
ognized at a frequency near 3 mm21. A convenient
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PSD for the modeling of this local maximum is a
Gaussian function with its maximum shifted to a
nonzero spatial frequency25:

PSDsh~ f; ssh, tsh, fsh! 5 pssh
2tsh

2 exp@2p2tsh
2~ f

2 fsh!
2#.

(7)

his PSD corresponds to an autocovariance function
ith the form of a Gaussian multiplied by a cosine.
he period of the cosine is related to the periodicity of

he superstructures in the surface. This period is
ranslated into the spatial-frequency domain as the
hift of the PSD maximum to the frequency fsh. The

meaning of the other model parameters can also be
related to other characteristics of these superstruc-
tures: The tsh corresponds to their size; ssh, to their
height.

So far, no combinations of these models have been
used for a quantitative surface-roughness descrip-
tion, even when the experimentally obtained PSD’s
suggested that such a combination would be useful.
The reason might have been the lack of a method
indicating the steps to find the correct combination
and providing prescriptions for extracting meaning-
ful values. In this study we suggest such a method,
which is based on the use of the models outlined
above.

B. Analysis Method

The surface-roughness analysis of a given optical
coating or substrate is accomplished by means of fit-
ting the experimentally obtained PSD to a combina-
tion of models. This combination ~and thus the
number of parameters that characterize the surface!
will depend on each particular sample. The combi-
nation has to be chosen through examination of the
experimental PSD and recognition of the different
roughness contributions.

In this study, for instance, we use the following
particular combinations. For the substrates the
fractal model is applied,

PSDsubstrate~ f; K, n! 5 PSDfractal~ f; K, n!, (8)

here only two parameters are needed for the de-
cription. A convenient model for a large variety of
oatings is the combination of the fractal and the
BC models:

SDcoat1~ f; K, n, sABC, tABC, C! 5 PSDfractal~ f; K, n!

1 PSDABC~ f; sABC, tABC, C!. (9)

he fractal function takes into account the substrate
nfluence, whereas the ABC model is directly related

to the intrinsic roughness of the coating. The ABC
model has been found to be more adequate than the
Gaussian, the exponential, or their sum, because the
exponent C enables better matching of the film PSD.

his model needs five parameters to describe the sur-
ace ~K, n, sABC, tABC, and C!. Finally, as is demon-

strated in detail in Subsection 3.B, a more elaborated
model is needed to fit the PSD of coatings showing the
superstructures mentioned above. In this case the
sum of three PSD functions is considered:

PSDcoat2~ f; K, n, sABC, tABC, C, ssh, tsh, fsh!

5 PSDfractal~ f; K, n! 1 PSDABC~ f; sABC, tABC, C!

1 PSDsh~ f; ssh, tsh, fsh!, (10)

here as many as seven parameters are necessary.
The fitting procedure is carried out by minimiza-

ion of a merit function that is a measure of the
ifference between the experimental PSD and the
heoretical model. Thus if P is the set of parameters
hat characterize the model under consideration, the
erit function is defined as

Merit~P! 5
1
N (

i51

N

@log PSDmeasured~ fi!

2 log PSDmodel~ fi; P!#2. (11)

n this expression the fi are the spatial frequencies at
which the measured PSD is evaluated and N is the
number of points at which the PSD is sampled. This
merit function is a customized form of the chi-square
function, widely used in the fitting of experimental
data.26 The customization consists of substracting
the logarithms of the PSD’s instead of the PSD’s
themselves. This is necessary because the values of
the PSD function can extend over several orders of
magnitude and because a direct comparison would
give more weight to the spatial frequencies where the
PSD value is higher. This form of merit function has
been successfully applied to the fitting of angle-
resolved scattering measurements.27

A downhill simplex algorithm26,28 was applied to
accomplish the merit function minimization. The
result of this minimization is a parameter set P pro-
viding the best fit of the model to the experimental
data. The values of these parameters are then
taken as the surface characteristic values.

The main advantage of this method is that it can be
adapted easily to any kind of surface, regardless of its
particular characteristics, by means of choosing the
combination of PSD models that matches the exper-

Fig. 2. Example of fitting of a measured PSD to a theoretical
model. See text for the details.
1 May 2001 y Vol. 40, No. 13 y APPLIED OPTICS 2193
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Table 1. Result of the Roughness Modeling of Sample SyLyHyL on CaF

amp

2

imental PSD behavior without making any a priori
ssumption.
As an example of this analysis method we present

n Fig. 2 the roughness characterization of the sample
orresponding to the PSD presented in Fig. 1. The
luses represent the PSD function resulting from the
ombination of the different measurements. The
odel components are represented separately as dis-

ontinuous lines. The straight dashed line corre-
ponds to the fractal PSD modeling the substrate.
he dotted curve is the ABC PSD used to represent

he intrinsic film roughness. Finally, the dashed–
otted curve is a shifted Gaussian taking into account
he influence of the superstructures. The thick con-
inuous curve is the sum of the three functions: the
est fit obtained for these specific measured data.
he corresponding parameters characterizing the
urface roughness are presented in Table 1.
In summary, the method consists of the following

teps:

~i! Calculate the PSD from each measurement and
ombine all the PSD functions into a single one, with
he combination procedure.

~ii! Choose the appropriate combination of theoret-
cal PSD functions that is likely to best match the
SD behavior.
~iii! Fit this combination to the experimental PSD

o obtain the values that characterize the sample.

3. Experimental Results

A. Atomic Force Microscope Measurements and
Calculation of Experimental Power Spectral Densities

The method described in Subsection 2.B was applied
to a set of samples consisting of single-layer and mul-

Component Substrate

Model Fractal

Characteristic parameters K 5 1150.00 nm32

n 5 1.00

Table 2. Designs of the S

Optical Thickness
~QWOT!a

FS Substrate

QWb Designs H

1 SyL
2 SyLyH
3 SyLyHyL
4
6 Sy~LyH!3 S
7 Sy~LyH!3yL

10 Sy~LyH!5 Sy2L
20 Sy~LyH!10

aQuarter-wave optical thickness layer.
bQuarter-wave.
cHalf-wave.
194 APPLIED OPTICS y Vol. 40, No. 13 y 1 May 2001
tilayer fluoride coatings deposited by IBS. The ex-
periment was intended to study the elastic light-
scattering properties in the VUV spectral region and
the relation of these properties to the film microstruc-
ture. The results of this study have been published
elsewhere.23,24 Table 2 summarizes the produced
designs, where the thickness units are optical
quarter-waves and the design wavelength is 193 nm.
MgF2 and LaF3 were used as the low- and high-index
materials, respectively. In the table, L ~H! stands
for a quarter-wave optical thickness layer of low-
index ~high-index! material. The substrates used
were superpolished UV-grade fused silica ~FS! and
CaF2. The designs were chosen to include the coat-
ing thickness ~or equivalently, the number of layers!
as variables in the study.

The microroughness was measured with an AFM
~Digital Instruments, Model dimension 3000! oper-
ted in the proprietary Tapping Mode. Silicon tips
ith 10-nm radius were employed. The measure-
ents consisted of matrices of 512 3 512 points with

can sizes of 0.2 mm 3 0.2 mm ~on some selected
amples!, 1 mm 3 1 mm, and 10 mm 3 10 mm. Fig-
res 3 and 4 are examples of two of these measure-
ents. Figure 3 corresponds to the SyL design onto
aF2. A granular structure related to the tops of the

columnar structures, which are typical for fluoride
coatings, can be observed in the left-hand image ~L 5
1 mm!. Figure 4 corresponds to the SyLyHyL design
nto CaF2 and shows a particular phenomenon of IBS

fluoride coatings that was observed on some samples:
The columnar structures revealed a tendency to ag-
gregate and form superstructures uniformly distrib-
uted, resulting in an increase in rms roughness.
This tendency to aggregate is a particular character-

2

Layers Aggregates

ABC Shifted Gaussian

sABC 5 0.73 nm ss 5 0.19 nm
tABC 5 3.68 nm ts 5 173.10 nm

C 5 5.43 fs 5 2.86 mm21

les Studied in This Paper

CaF2 Substrate

esigns QW Designs HW Designs

SyL, SyH
2L SyLyH Sy2H

SyLyHyL
Sy2Ly2H

2Hy2L Sy2Ly2Hy2L

2Ly2Hy2L
Sy~LyH!10 Sy~2Ly2H!5
n

Wc D

Sy

y2Ly

y2Hy
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istic of the fluoride coatings studied in this paper and
is not commonly observed in other types of coating.
For this reason we will distinguish throughout this
paper between the roughness induced by these ag-
gregates and the roughness induced by the granular
structure of the coating ~which will be called the in-
trinsic roughness of the coating!. Figure 5 displays
a selection of the PSD functions for the designs with
quarter-wave layers. Graph ~a! represents the data
for the samples deposited on FS, and graph ~b! cor-
responds to the CaF2 substrate. The PSD’s of the
are substrates have been included as a reference.
First we observe that the PSD’s of both substrates

ollow the expected inverse power law of the fractal
odel with the exception of the lower frequencies
here the scanner bow effect13 can give rise to an

upward deviation. The PSD functions of quarter-
wave single-layer designs reveal a roughness compo-
nent related to the fluoride columnar structure
observed at high spatial frequencies. In the low-
spatial-frequency range the roughness statistics of
the substrate is reproduced by the films.

The PSD of the SyLyH coating is similar to that of
the SyL sample for both substrates. This indicates
that the high-index quarter-wave layer adds a small
roughness component. The addition of a second low-
index quarter-wave layer induces the formation of
aggregates as seen in Fig. 4. These aggregates
lead to the appearance of a local maximum in the
PSD near 3 mm21. By observing the PSD of the
Sy~LyH!10 samples, where the local maximum is over-
ridden by the intrinsic roughness component of the
coating, it can be concluded that the aggregates’
height does not vary when new layers are added. To
illustrate this fact, Fig. 6 presents the measurement
of sample Sy~LyH!10 onto CaF2: the aggregates are
still present but with a much lower contrast as com-
pared with Fig. 4, a fact that makes it difficult to
distinguish them from the coating roughness.

To complete this presentation of experimental
results, a selection of the PSD functions for the half-
wave designs is presented in Fig. 7. As in the pre-
vious case, the PSD of the substrate has been
included for reference. The presence of aggre-
gates can be observed in samples Sy2Ly2Hy2L and
Sy2Ly2Hy2Ly2Hy2L on FS and Sy2Ly2H on CaF2.
Fig. 3. Top view AFM image of sample SyL on CaF2.
Fig. 4. Top view AFM image of sample SyLyHyL on CaF2.
1 May 2001 y Vol. 40, No. 13 y APPLIED OPTICS 2195
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B. Microroughness Analysis of Ultraviolet Coatings

The analysis method presented above has been used
for a complete roughness characterization of the sam-
ples described in Subsection 3.A. Each PSD has
been fitted to the suitable model; this includes a frac-
tal for the substrates, a fractal and an ABC-PSD for

Fig. 5. Selected PSD functions of the samples with quarter-wave
stacks. ~a! FS substrate. ~b! CaF2 substrate.

Fig. 6. Top view AFM image meas
196 APPLIED OPTICS y Vol. 40, No. 13 y 1 May 2001
the samples without aggregates, and finally a fractal
plus an ABC plus a shifted Gaussian for the rest of
samples.

The results are summarized in Tables 3 and 4.
The tables contain the resulting rms roughnesses and

ent of sample Sy~LyH!10 on CaF2.

Fig. 7. Selected PSD functions of the samples with coatings con-
sisting of half-wave layer stacks. ~a! FS substrate. ~b! CaF2 sub-
trate.
urem
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Table 3. Roughness Characterization of the Coatings Deposited on FS
correlation lengths corresponding to the ABC model
as well as the value of the exponent C. For the
samples with aggregates the shifted-Gaussian char-
acteristic parameters are included as well. The K
and the n values obtained from the characterization
of the samples were similar to those obtained for the
bare substrates. This is a proof of the consistence of
the analysis method, since it is able to separate cor-
rectly the substrate roughness component from the
total roughness of a coated sample. Consequently,
only the K and the n values for the substrates are
presented in Table 5.

The results of the method allow for access to obser-
vations that would not be possible from simple PSD
examination. First, a comparison of the growth of
film roughness with thickness depending on the sub-
strate type can be performed. This comparison is
presented in Figs. 8 and 9. In Fig. 8 the intrinsic
rms roughness of the coating ~resulting from the ABC
component! is represented for the quarter-wave sam-
ples. It can be seen that the roughness grows with
coating thickness and that this growth is not influ-
enced by the substrate, since the values are similar
for both substrates. It is important to note that the
high-index quarter-wave layer adds a smaller com-
Table 4. Roughness Characterization o
ponent of roughness than the low-index one. This
can be seen when we compare the values for the
samples SyL and SyLyH. This small increase is re-
lated to the combination of two effects: On one side,
the physical thickness of a high-index layer is
smaller. On the other side, the LaF3 films show a
globular structure in opposition to the columnar
structure of the MgF2 films. This globular structure
seems to promote a lower roughness.

From Fig. 8 it can also be observed that the rms
roughness increases with physical thickness follow-
ing a power law. More precisely, if T is the physical
thickness of the coating, the intrinsic rms roughness
~s! follows s~T! } Tb, with b 5 0.52 for the samples

ith FS substrates and b 5 0.51 for those with CaF2
substrates. This result has to be taken as an aver-
age for both MgF2 and LaF3 materials. Further-
more, these values are in good agreement with the
results obtained from total scattering measurements
for PbF2 coatings deposited by plasma chemical vapor
deposition.29

The correlation length of the quarter-wave samples
is presented in Fig. 9. Again, the behavior of this
parameter is similar for the samples on FS and for
the CaF2 substrates: a gradual increase with total
Design

Model

ABC Shifted Gaussian

sABC ~nm! tABC ~nm! C ss ~nm! ts ~nm! fs ~mm21!

SyL 0.45 9.35 6.41
SyLyH 0.47 8.37 7.20
SyLyHyL 0.72 11.66 9.10 0.19 173.10 3.45
Sy~LyH!3 1.05 11.66 6.43 0.20 260.60 1.93
Sy~LyH!3L 1.13 13.14 6.87 0.23 186.68 2.32
Sy~LyH!5 1.34 13.42 6.13 0.19 226.06 1.70
Sy~LyH!10 1.81 18.60 4.81 0.22 237.14 1.53
Sy2L 0.66 10.98 8.06
Sy2Ly2H 1.12 14.96 4.14 0.53 270.09 1.64
Sy2Ly2Hy2Ly2Hy2L 1.52 14.84 4.12 0.42 331.29 1.07
f the Coatings Deposited on CaF
2

Design

Model

ABC Shifted Gaussian

sABC ~nm! tABC ~nm! C ss ~nm! ts ~nm! fs ~mm21!

SyL 0.42 7.58 7.25
SyLyH 0.43 9.10 5.77
SyLyHyL 0.73 9.88 5.43 0.25 160.22 2.86
Sy~LyH!10 1.71 21.18 5.27 0.21 170.96 0.60

Sy2Ly2H 0.75 13.11 9.16 0.14 152.17 3.97
Sy2Ly2Hy2L 1.05 12.40 7.66 0.06 253.30 2.23
Sy~2Ly2H!5 1.96 17.92 5.19 0.02 1126.04 0.94

SyH 0.45 22.54 3.32
Sy2H 0.24 39.89 7.06 0.24 169.95 2.11
1 May 2001 y Vol. 40, No. 13 y APPLIED OPTICS 2197
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Table 5. Roughness Characterization of the Substrates
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coating thickness. However, the establishment of a
model for this behavior is not as clear as in the case
of the rms roughness.

The analysis procedure presented here enables us
to extract information about the aggregates as well:
In the shifted-Gaussian model the aggregate size is
characterized by the parameter tsh; their periodicity
is related to the central frequency fsh; and, finally,
their height is given by ssh. As stated above in the
ualitative description of the experimental results of
ection 3, the height of the aggregates remains at the
ame level when the coating thickness increases.
his qualitative information can now be quantita-

ively confirmed: The values of ssh for the quarter-
wave samples are all in the range of 0.19–0.25 nm
and do not show any clear tendency of increase with
thickness. Two further conclusions can be extracted
from the characteristic parameters of the aggregates:
First, their size tends to increase slowly with the
coating thickness; and second, the center frequency
decreases slowly with thickness, indicating that pe-
riodicity of the aggregates on the surface increases.

Fig. 8. Intrinsic rms roughness of the coatings with quarter-wave
designs.

Fig. 9. Intrinsic correlation length of the coatings with quarter-
wave designs.

Substrate K ~nm32n! n

FS 337.30 1.05
CaF2 980.31 1.24
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4. Conclusions

In this study a method for comprehensive analysis of
the microroughness of optical surfaces and coatings
has been presented. The method is capable of ex-
tracting a reduced set of parameters that character-
ize a surface on a microscopic scale. The
characterization procedure is based on power spec-
tral densities ~PSD’s! determined from microtopogra-
phy measurements and subsequent combination of
all PSD functions obtained into a single PSD. This
provides a surface description over a large bandwidth
in the spatial-frequency space, since it allows for the
combination of measurements performed at different
scales or even with different experimental systems.
The surface analysis is accomplished by means of
fitting the combined PSD into a model dependent on
a reduced set of physically meaningful parameters
that quantitatively describe the surface roughness.
This enables modeling of PSD’s with an arbitrary
combination of theoretical models, which can be cho-
sen to match the different roughness contributions
that measured PSD’s usually contain.

With the results of this analysis procedure it is
possible to raise conclusions that would not be avail-
able from the plain qualitative observation of the
PSD. To illustrate this, the method was applied to
coatings with successive layers of MgF2 and LaF3
deposited by ion beam sputtering ~IBS! onto fused-
ilica ~FS! and CaF2 substrates. Employing the pro-

posed analysis procedure provided information on the
development of the intrinsic film roughness indepen-
dently of the substrate characteristics or other rough-
ness contributions such as aggregate formation.

It was also shown that an ABC model is a good
approximation for describing the intrinsic roughness
of a coating. Also, the aggregates can be adequately
modeled with a shifted-Gaussian PSD. The results
reveal that the rms roughness and correlation length
of the coating increase with increasing number of
layers and that the substrate type does not influence
this behavior. More specifically, the intrinsic rms
roughness increases with the square root of the phys-
ical thickness, which is in agreement with other ex-
perimental results obtained for fluoride coatings.
Concerning the aggregates, the use of the procedure
has confirmed that their heights remain approxi-
mately constant with increasing number of layers,
whereas their sizes increase and their periods in-
crease slightly.

The authors thank Jörg Steinert for his support of
the measurements and for fruitful discussions and
Aurélien Petit dit Dariel for his contribution to the
deposition of fluoride coatings. The authors also
gratefully acknowledge the support of the European
Commission ~TMR network “High-quality UV-
coatings,” contract ERBFMRX-CT97-0101!.
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13. S. Jakobs, A. Duparré, and H. Truckenbrodt, “Interfacial
roughness and related scatter in ultraviolet optical coatings:
a systematic experimental approach,” Appl. Opt. 37, 1180–
1193 ~1998!.

14. E. Quesnel, M. Berger, J. Cigna, D. Duca, C. Pellé, and F.
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