Angle-resolved scattering: an effective method for
characterizing thin-film coatings
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Light scattered from interface imperfections carries valuable information about its origins. For single
surfaces, light-scattering techniques have become a powerful tool for the characterization of surface
roughness. For thin-film coatings, however, solving the inverse scattering problem seemed to be impos-
sible because of the large number of parameters involved. A simplified model is presented that introduces
two parameters: Parameter § describes optical thickness deviations from the perfect design, and param-
eter f describes the roughness evolution inside the coating according to a power law. The new method is
used to investigate structural and alteration effects of HR coatings for 193 nm, as well as laser-induced
degradation effects in Rugate filters for 355 nm. © 2010 Optical Society of America

OCIS codes:

1. Introduction

For optical surfaces and coatings, light scattering
from interface imperfections is typically seen as an
unwanted effect. On the one hand, light scattering
corresponds to a reduction of usable specular power
and thus limits the throughput of an optical system.
On the other hand, light scattered close to the spec-
ular direction reduces the image quality of optical
components. However, despite these negative proper-
ties, scattered light also carries valuable information
about its origins. This can be exploited to measure
interface roughness or to detect surface and sub-
surface defects as well as bulk inhomogeneities.
Compared to other characterization techniques,
light-scattering measurements have some exclusive
advantages: They are noncontact, nondestructive,
fast, robust, and even large sample areas can be
investigated [1]. Light-scattering techniques can
even be integrated into fabrication processes or test
environments.
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310.0310, 290.0290, 240.5770, 140.3330, 120.6660.

At the Fraunhofer IOF, instruments for light-
scattering measurements at various wavelengths
have been developed, together with analysis tech-
niques to link the scattering with the structural
properties of surfaces, thin-film coatings, and bulk
materials [1-3].

For optically smooth single surfaces, the theoreti-
cal models are rather simple and provide direct rela-
tionships between light scattering and roughness.
For example, angle-resolved scattering is directly
proportional to the surface power spectral density
[4]. This is the basis for the measurement of surface
roughness using light-scattering measurement and
analysis. The method has recently become a stan-
dard procedure at IOF for inspecting large EUV
mirror substrates before coating, with superior char-
acteristics in terms of sensitivity, robustness, flexibil-
ity, and speed, as well as a direct link to the optical
performance at the wavelength of application,
13.5 nm [5].

Unfortunately, the analysis of thin-film coatings
is much more complicated because of the large num-
ber of parameters involved. Although tools for the
prediction of multilayer scattering have been devel-
oped at Fraunhofer IOF, and successfully used for the



qualitative interpretation of measurement data, it
was not possible to solve the inverse scattering pro-
blem. A first general strategy for modeling multi-
layer scattering was discussed in [6] to describe the
roughness evolution models and coating parameters
used to interpret measured data. In this paper, we
present a new simplified approach modeling the scat-
tering from multilayer coatings that enables infor-
mation about structural and optical properties of
thin-film coatings to be obtained using two simple
and illustrative parameters.

2. Theoretical Background

A. Scattering from Multilayer Coatings

A number of scattering theories for multilayer coat-
ings have been developed by Elson et al. [7], Bous-
quet et al. [8], Amra et al. [9], and others. All these
theories are based on a vector perturbation approach
by assuming the interface roughness to be small com-
pared to the wavelength of light. Even though the
derivations are quite different, they essentially lead
to the same results. We follow the derivation of Bous-
quet et al. [8], and the corresponding treatment has
been implemented into a software code at Fraunho-
fer IOF.

For a coating consisting of M layers and isotropic
roughness (for the sake of simplicity), the angle-
resolved scattering (ARS), defined as the power AP,
scattered into a small solid angle AQ, normalized to
that solid angle and the incident power P;, can be cal-
culated as [2,8]:

AP,(0,) X

ARS(9,) = 0P & ;;FiFjPSDij(f). (1)
0, is the polar scattering angle with respect to the
sample normal. The F; are optical factors containing
information about the optical properties of the per-
fectly smooth multilayer (design, layer thickness,
dielectric functions, etc.) and the conditions of illumi-
nation as well as detection (illumination and detec-
tion angles, polarization, etc.). The roughness factors
PSD;; comprise the power spectral density functions
(PSD) of all interfaces (for i = j) as well as their cross-
correlation properties (for i #j). The relationship be-
tween scattering angles and spatial frequencies [ is
given by the grating equation. For normal incidence,
f = sin 6, /. The scattering geometry and the nomen-
clature used are shown in Fig. 1.

Equation (1) is the most general result for optical
interference coatings, and can be seen as an exact for-
ward solution to first order of the scattering problem
if the interface roughness is sufficiently small com-
pared to the wavelength of light (6/4 < 1). The num-
ber of parameters required to model the ARS,
however, is proportional to M?2. This makes it impos-
sible to solve the inverse scattering problem and
hence, to obtain information about the coating from
scattering measurements. Therefore, we propose a
simplified model.

OT’=(1+8)0T

Fig. 1. Scattering geometry and nomenclature.

B. Simplified Modeling Procedure

The basic approach to reducing the number of pa-
rameters is to use physically meaningful models that
describe the natural coupling of several parameters
in real-world coatings. In the following, two such sim-
plifications are presented in detail.

The first consideration is to assume that the multi-
layer might have an average deviation of the optical
thickness from the perfect design, caused by an
optical density or physical thickness other than ex-
pected. We therefore introduce the optical parameter
8 that describes the average deviation of the optical
layer thickness (OT) from the perfect design. For
each layer, OT' = (1+6§)OT. This approximation,
which assumes the thickness deviation to be con-
stant throughout the multilayer, could be exten-
ded to include gradually increasing deviations, if
necessary.

Another simplification is based on the observation
that the evolution of the rms roughness of a single
thin film with increasing thickness d can be de-
scribed using a power law of the form ¢ ~ d” [10,11],
where f is called the dynamic scaling exponent and is
related to the fundamental growth process (f = 0.5:
stochastic roughening; 4 > 0.5: rapid roughening;
B = 0: saturated roughness, epitaxial growth, or per-
fect replication). Investigations of multilayers with
increasing number of periods suggested that power
laws also hold for thin-film stacks, hence, with i being
the index of the interface, 6(i) o i#. For thermal boat
evaporated metal fluoride multilayers, f between
0.15 and 1.0 were observed [12]. For coatings fabri-
cated using high-energy deposition processes such
as magnetron sputtering, the linear growth theory
[13] suggests p to be equal to 0.5. In the following,
we simply refer to the generalized scaling exponent
p as the roughness parameter.

However, PSDs of all interfaces, rather than just
the corresponding rms roughness values, are re-
quired to model the angle-resolved scattering of a
multilayer coating. Since the rms roughness is the
square root of the integral of the PSD,  can be used
to generate a set of PSDs based on one initial PSD by
simply scaling the height of the PSD. The PSD of a
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film usually can be decomposed into a substrate com-
ponent and an intrinsic thin-film component [14].
Using an ABC-PSD model for the thin-film com-
ponent with PSD;(f) = A;/(1 + B%f%)(¢*1/2  and
assuming parameters B and C to be constant
throughout the stack it is straightforward to show
that parameter A;() =aB?(C-1)i%/2z. The as-
sumptions are justified as long as B and C only influ-
ence very high spatial frequency components that
are not relevant for the scattering properties. The
constant a can be determined by fitting the model
PSD to a measured PSD of one arbitrary interface,
which is the procedure used in this paper, or by
using additional scatter data at other wavelengths
or angles of incidence.

Following the considerations outlined above, the
full set of M? parameters can be drastically reduced
to only two parameters that are based on reasonable
concepts and physically meaningful parameters.
With the simplified model, the measured ARS of a
given coating can be analyzed using the following
procedure:

1. ARS measurement, at certain conditions
(wavelength, angle of incidence) that do not have
to be identical with, but should be close to, the con-
ditions of application.

2. Determination of top-surface (or, alternatively,
substrate) PSD. This can be done using atomic force
microscopy (AFM), white light interferometry (WLI),
angle-resolved light-scattering measurements at
different wavelengths, angle of incidence, or other
appropriate methods and combinations of different
methods.

3. Definition of modeling start parameters: 5 = 0
(perfect design) and f = 0 (identical interfaces). Any
a priori knowledge can be put into the model at
this point.

4. ARS modeling using Eq. (1) with parameters §
and f.

5. Comparison of measured and modeled ARS,
refinement of parameters § and 4, and remodeling
(back to step 4).

The final result is a comprehensive model of the coat-
ing properties comprising (i) the top-surface (or sub-
strate) roughness, (ii) the roughness evolution inside
the coating (p), (iii) the theoretical design, and (iv)

the average deviation from the theoretical design
(6). Hence, all relevant information about the optical
and structural properties of the real multilayer is ob-
tained. As will be demonstrated in Section 4, varia-
tions of the two parameters have significantly
different impacts on the modeling results. While var-
iation of # primarily influences the resonant scatter-
ing close to the specular directions, variation of &
influences the thin-film interference properties. This
naturally occurring decoupling is a fundamental
basis for the robustness of the modeling procedure
and the uniqueness of the results.

3. Experimental Setups

Several instruments for light-scattering measure-
ments that have been developed at the Fraunhofer
IOF that cover a wide range of wavelengths, from
the visible extending up to the IR [15], and down
to the deep UV (DUV) [16] and extreme UV spectral
regions [17]. In the design of our instruments, special
care has been taken to achieve high dynamic ranges
and low noise equivalent scattering levels, which are
limited in most cases only by unavoidable Rayleigh
scattering in the laboratory atmosphere. This pre-
caution is essential in order to also investigate
high-quality, low-scattering samples such as su-
perpolished substrates. Table 1 gives an overview
of the wavelengths available for angle-resolved scat-
tering measurements and the performance achieved
at IOF. In addition, several instruments that are con-
sistent with the international standard ISO 13696
[15,18], a table-top system for light scattering and
roughness characterization close to manufacturing
processes [19], and a light-scattering based rough-
ness sensor [20] have been developed.

For the scattering measurements at 193 nm, the
DUOSTAR instrument (Deep UV Scattering, Trans-
mittance, and Reflectance) was used in ARS mode.
This instrument, which is based on an ArF* excimer
laser as light source and a precision double-
goniometer for ARS measurements, is described in
detail in [6,16].

For ARS measurements at 325 nm, the ALBA-
TROSS instrument (3D) Arrangement for Laser-
Based Transmittance, Reflectance, and Optical
Scatter Measurement) for light-scattering measure-
ments in the UV-VIS-IR spectral ranges was used.
The instrument is located in a class 10000 clean room

Table 1. Wavelengths, Associated Dynamic Ranges, and Noise-Equivalent ARS Levels of Instruments
for Angle-Resolved Scattering Measurements at Fraunhofer IOF

Dynamic Range Noise-Equivalent

Spectral Range Wavelength (orders of magnitude) ARS (Sr1)
EUV 13.5 nm 7 10~* (vacuum)
DUV, VUV 193 nm, 157 nm 12 107 (vacuum) 107

(nitrogen purge)
UV-VIS 325 nm, 442 nm, 532 nm, 633 nm up to 15 down to 1078
NIR-IR 1064 nm, 4.5 ym, 10.6 ym up to 10 down to 10-®
Currently being 650 nm, 690 nm, 780 nm, 808 nm, 850 nm target: >11 target: 10-6

implemented: VIS-NIR
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Fig.2. (Color online) ALBATROSS instrument for ARS measure-
ment in UV-VIS-IR spectral range. (a) Schematic. (b) Photograph
showing a sample (center) mounted onto the sample positioning
system, as well as the detector and 3D goniometer.

under laminar flow boxes (effective clean room <100).
The setup is shown schematically in Fig. 2(a): (1) Sev-
eral lasers are currently implemented as light
sources, including a HeCd laser for 325 nm or
442 nm, a 20-Nd:YAG laser for 532 nm, a HeNe laser
for 633 nm, and a Nd:YAG laser for 1064 nm. (2) A
chopper is used to allow for lock-in amplification.
(3) Neutral density filters are used to adjust the inci-
dent power according to the current scattering signal.
Switching between different attenuators is essential
to achieve the required dynamic range between the
power of the incident beam and the low-level light
scattering. (4) A spherical mirror coated with pro-
tected aluminum is used to focus the beam onto (5)
a pinhole (diameter ~100 ym) that acts as spatial fil-
ter. The pinhole is then imaged by (6) a spherical mir-
ror over (7) the sample onto (8) the detector aperture.
Baffles at certain positions are introduced in order to
block stray light from the beam preparation system.
Since the spatial filter is based on metal mirrors, ad-
ditional wavelengths in the UV-VIS-IR spectral
range can easily be implemented without changing
optical components.

The sample (7) is located on a positioning system
that can be moved and rotated to adjust the irra-
diated position on the sample, as well as the angle
of incidence. Plane or curved samples with diameters
ranging from a few millimeters up to 670 mm can be
mounted. Typical illumination spot diameters at
the sample position are between 1 mm and 5 mm
although focusing to about 50 ym is also possible
depending on the application. Typical irradiances
in the sample are on the order of 500 mW /cm?.

The detector (8), which is based on a side-on photo-
multiplier tube (PMT), can be scanned within the en-
tire sphere around the sample. This enables the 3D
light-scattering distribution to be measured in order
to investigate out-of-plane scattering or anisotropic
samples. The diameter of the aperture in front of
the PMT defines the detector solid angle AQ,. Aper-
ture diameters between 0.5 and 5 mm are used de-
pending on the specific requirements regarding
sensitivity, speckle reduction, and near-angle limit.

Calibration of ARS measurements is performed
either by measuring the incident power and the de-
tector solid angle directly, or by measuring the scat-
tering of a Spectralon diffuse reflectance standard.
Usually, both methods usually are applied to cross-

check calibrations at different intensity levels or
linearity.

Up to 15 orders of magnitude dynamic range are
achieved for light-scattering measurements in the
UV-VIS spectral range, depending on the wave-
length. The performance of the instrument thus
allows a wide range of samples to be investigated, ex-
tending from superpolished substrates, thin-film
coatings, and optical materials to nanostructured
and technically rough surfaces. Figure 2(b) is a
photograph of the instrument showing the sample
positioning and detector systems.

The dominant sources of uncertainty in light-
scattering measurements using goniometric instru-
ments are the effective size of the detector solid
angle, fluctuations in the output power of the laser,
the transmittances of the attenuation filters as well
as shot noise and excess noise of the photomultiplier
tube. Because of the large dynamic range required,
linearity is of crucial importance, and it is, therefore,
checked regularly by measuring overlapping ARS
curves with different filter positions. The final rela-
tive uncertainty of ARS measurements following
from error propagation is about 10%. For low-scatter-
ing samples with total scattering levels on the order
of 1075, this means an absolute uncertainty of as low
as 1 ppm.

4. Application to Thin-Film Coatings

A. Highly Reflective Coating for 193 nm

Thin-film coatings for 193 nm in the DUV spectral
range are of crucial importance for applications in op-
tical microlithography and material processing. Me-
tal fluorides are used as coating materials because of
their low DUV absorption, and thermal boat evapora-
tion is still the principal deposition method used in
order to maintain sufficient stochiometric properties.

Unfortunately, in contrast to other deposition
processes, unassisted thermal evaporation leads
to columnar growth. This results in considerable
amounts of interface roughness and scattering losses
as well as adsorption of water in the porous film struc-
ture. Questions regarding the influence of substrate
or thin-film roughness or optical thickness errors of-
ten arise. Angle-resolved scattering measurements
and application of the modeling procedure described
in Subsection 2.B provide simple answers to these
questions.

A highly reflective quarter-wave stack for 193 nm
with 20 periods of AlF3/LaF; pairs was deposited by
thermal boat evaporation onto superpolished fused
silica substrates (¢ = 0.34 nm, AFM 10 x 10 ym?).

As discussed in Section 2, an initial PSD of the
coating is required to determine the constant a of
the scaling approach that is used to determine the
absolute PSDs of all interfaces. For this purpose,
AFMin1x 1 ym?,10 x 10 gm?, and 50 x 50 ym? scan
areas was performed to measure the top-surface
roughness. An AFM Veeco D3100 was used with sin-
gle crystalline silicon tips in the Tapping Mode™.
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Fig. 3. Atomic force microscopy top-surface images of HR coating
for 193 nm in 1 x 1 ym? and 10 x 10 ym? scan areas together with
the corresponding bandwidth-limited rms roughness values.

Two typical top-surface AFM images are shown in
Fig. 3. Single PSDs calculated for each scan were
combined to a master PSD by weighted averaging
as described in Ref. [21]. It should be noted that
the procedure could also be applied based on sub-
strate roughness data before coating.

ARS measurements were performed at 193 nm at
near-normal incidence using the instrumentation de-
veloped at Fraunhofer IOF and described in [6,16].
Measurement and modeling results are shown in
Fig. 4.

The measured curves exhibit a distinct peak at 0°,
corresponding to the direction of specular reflection,
as well as typical shoulders and ripples that can be
explained by interference effects of waves scattered
at different interfaces within the coating. The total
backscattering calculated by numerical integration
of the ARS according to ISO 13696 [18] is 2.8%.

The modeling results shown in Fig. 4(a) reveal that
varying f but leaving § constant (5§ = 0, perfect de-
sign) only influences the heights of the shoulders
of the modeled curves. Based on the uncertainty in
the ARS measurements (16%) and of the initial
PSD (approximately 20%), the uncertainty for the de-
termination of # is 0.3. This level is sufficient to iden-
tify the fundamental roughening regimes. The best
fit for # =1 indicates that the inner interfaces are
much smoother than expected from the top-surface
AFM data, or equivalently, that the coating exhibits
a rapid roughening from interface to interface.
Therefore, the parameter § provides a simple mea-
sure of the impact of substrate roughness and intrin-
sic thin-film roughness on the structural properties
of the coating. It should be emphasized that only
light-scattering measurements can provide such in-
formation about buried interfaces on a nondestruc-
tive basis.

In the next step, the modeling procedure is per-
formed by varying § but now leaving = 1 constant.
The results shown in Fig. 4(b) illustrate that this
merely shifts the angular position of the wings. A
more detailed analysis reveals that the wings are
caused by resonant scattering, the constructive inter-
ference of light scattered from different interfaces
within the coating. The angular position of the wings
is thus associated with the center wavelength and
the bandwidth of the coating. The best fit achieved
for 6 = 0.030 £ 0.005 indicates a deviation of 3% of
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Fig. 4. Angle-resolved scattering of HR coating for 193 nm. Mea-
surement (meas.) results obtained at 193 nm and modeling (mod.)
results by varying (a) the roughness parameter and (b) the optical
parameter.

the average optical thickness of each layer from
the perfect quarter-wave design. This result is di-
rectly correlated to a spectral shift in the peak reflec-
tance of the mirror, which is a well-known effect for
porous coatings. A shift of Al, = 1,6 ~ 6 nm toward
longer wavelengths could be predicted, which was
found to be in good agreement with spectral reflec-
tance measurements (Lambda 900, PerkinElmer).

The final modeling curve for f =1, § = 0.03 is in
almost perfect agreement with the measurement
result obtained at 193 nm. This demonstrates the ac-
curacy of both the measurements and the modeling
procedures. When a model has been established and
proven to be valid by comparison with experimental
results, the scattering properties also can be pre-
dicted for other conditions of application,
as discussed in [6]. For the present coating, we can
predict a total backscattering of as low as 1.4% if
we assume the same roughness properties but accu-
rate film thickness.

It is important to note that there is no coupling be-
tween the two parameters of the simplified model.
This property, provided by the nature of multilayer



scattering and optical interference, is essential for
the uniqueness of the solution of the reverse engi-
neering procedure. It is expected to be valid in gen-
eral for high-quality optical standard coatings such
as quarter-wave stacks. It was not clear so far, how-
ever, whether the method can be applied to other
types of thin-film coatings. In Section 4.B, we at-
tempt to apply the modeling technique to Rugate
notch filters.

B. Rugate Film after Laser-Damage Test

Rugate films have been demonstrated by the Laser
Zentrum Hannover (LZH) to be a top candidate for
optical coatings with substantially enhanced laser
stability compared to standard stacks [22]. Instead
of stacks of different material layers with finite thick-
ness leading to a binary steplike variation of the
dielectric function inside the coating, Rugate filters
consist of material mixtures to achieve gradually
changing (sinusoidal) dielectric property profiles
inside the coatings.

For highly reflective mirrors, it has been demon-
strated that the damage threshold of Rugate filters
can exceed that of a standard multilayer coating
by a factor of 10. Investigations at 1064 nm revealed
that laser-induced damage in Rugate films induced
by high-power irradiation often occurs in the form
of alterations of the optical properties inside the
films, compared to the well-known ablation effects
of standard stacks.

The ARS analysis procedure presented in Section 2
has been demonstrated to be sensitive to both inter-
face roughness and to alterations of optical thickness
properties. Although the scattering model was devel-
oped for conventional multilayer stacks, the physical
origins of scattering, fluctuations of optical and struc-
tural properties, should be similar for Rugate films.

A Rugate notch filter for 355 nm was fabricated at
LZH using ion-beam sputtering (IBS). Laser-induced
damage threshold S-on-1 tests were then performed
at LZH at 355 nm by irradiating different sample
positions on a regular matrix (effective beam diam-
eter 250 ym, repetition rate 10 Hz, effective pulse
duration 11 ns). Following the laser-damage tests,
light-scattering measurements were performed at
325 nm at Fraunhofer IOF, using the instrumenta-
tion described in Section 3.

First, a scatter mapping was performed by scan-
ning the entire sample surface and measuring the
scattering into a fixed scatter angle of 45°. The illumi-
nation spot diameter was adjusted to 0.15 mm. The
scatter map shown in Fig. 5 clearly reveals damaged
and undamaged irradiation sites on the rather homo-
geneous intrinsic scatter of the nonirradiated areas.
Therefore, this simple but sensitive technique seems
to be very powerful for the automatic post evaluation
of laser-damage tests, or even for correlating sample
properties before and after irradiation in order to
check for possible damage precursors.

In addition, different types of defects can be iden-
tified: (1) sharp defects (small dots in scatter map)

ARS (sr7)
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Fig. 5. (Color online) Scatter map at 325 nm revealing different
types of defects and DIC images (field of view 0.85 x 0.85 mm?2) of
two different defects indicating surface and bulk effects.

corresponding to pure surface defects, and (ii) defects
surrounded by halos. The differential inter-
ference contrast (DIC) images (field of view 0.85x
0.85 mm?) in Fig. 5 indicate that the halos corre-
spond to altered optical properties in the bulk of the
film caused by intense laser irradiation.

In order to investigate these alteration effects in
more detail, angle-resolved scattering measurements
were performed at 325 nm at several positions near a
damaged site. The measurement positions and the
corresponding ARS curves are shown in Fig. 6(a).

The ARS curves clearly reveal a substantially
higher scattering at the center of the defect as com-
pared to the intrinsic scattering of the film; the cor-
responding total backscattering increases from only
0.4% in the undamaged region to as much as 25% on
the defect site. In particular, the enhanced near-
angle scattering indicates a surface-dominated ef-
fect. The fluctuations of the ARS curves can be ex-
plained by statistical effects caused by the focused
illumination [23,24].

More surprisingly, it can be clearly observed in
Fig. 6(a) that the intrinsic scattering of the Rugate
film at an outer, nonirradiated position (lowest
curve) exhibits peaks near 15° from the specular di-
rection. This indicates similar physical origins of
scattering of the Rugate films as for standard multi-
layer coatings. Furthermore, the angular positions of
the peaks shift from 15° to 20° as the position of in-
vestigation approaches the defect site. This shift of
the resonant scattering peak indicates that the halo,
in fact, originates from the bulk of the film and the
optical thickness of the coating increases towards the
defect site. A possible explanation for the alteration
of the optical thickness is the high thermal load dur-
ing irradiation.

Until now, only qualitative interpretations of the
observations for the Rugate film could be given based
on the results of Subsection 4.A. It previously was not
possible to apply the modeling procedure to gradient
index films, because the scattering calculation still
has been based on Eq. (1), which requires parameters
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Fig. 6. (Color online) Angle-resolved scattering of a Rugate film.

(a) Measured at 325 nm at several positions near a defect site
caused by laser-induced damage. (b) Results of ARS modeling com-
pared to measured curve.

like film thickness and interface roughness as input
parameters. We solved this issue by discretization of
the continuous index profile into 700 single layers
with about 200 different dielectric functions. This
challenging task requires further optimization of the
calculation routine. However, we were able to model
an ARS curve for the Rugate film in an undamaged
region.

The results shown in Fig. 6(b) demonstrate that
the modeling exactly predicts the presence as well
as the position of the resonant peaks near 15°. This
indicates that the scattering of Rugate films is
caused by similar mechanisms as are in effect for
standard stacks. The strong oscillations in the mod-
eled curve can be explained by interference effects as
a result of the artificial discretization. The natural
deviations of the periodicity of the real coating lead
to a suppression of these effects.

To the best of our knowledge, the result presented
in this section is the first demonstration of modeling
the angle-resolved scattering of a gradient index
coating. In order to achieve adequate agreement,
particularly regarding the absolute heights of the
curves, however, a substrate roughness higher than

C170 APPLIED OPTICS / Vol. 50, No. 9 / 20 March 2011

the top-surface roughness of the coating had to be
assumed, corresponding to f < 0, which indicates a
smoothing effect. Although this seems to be a reason-
able assumption, considering the smoothing proper-
ties of high energetic deposition techniques like IBS,
more detailed investigations of the scattering in
Rugate films is required.

Nevertheless, it is already possible to analyze the
shift of the resonant peak quantitatively. It has been
found that even small optical thickness errors of as
low as 0.3% result in significant changes of the angu-
lar position of the resonant peak of 1.5°, which can be
explained by the small bandwidth of the filter. There-
fore, the measured curves indicate small alterations
in the optical thickness in the vicinity of the laser-
induced defect, most likely caused by the thermal
load during irradiation and defect formation. It could
be very interesting to implement the scattering
measurement and analysis procedure within a laser-
damage test setup in order to investigate laser-
induced degradation, even during irradiation.

5. Summary and Conclusion

Light-scattering measurement and analysis consti-
tute a powerful approach to the characterization of
surfaces and thin-film coatings. A number of tools
for the measurement of the total and angle-resolved
scattering at various wavelengths have been devel-
oped at Fraunhofer IOF. However, so far, the quanti-
tative analysis of measurement results had been
confined to single surfaces for which light scattering
enables the surface roughness to be measured di-
rectly. For multilayer coatings, the large number of
parameters involved prohibited obtaining quantita-
tive information about the coating from scattering
measurements.

A new simplified modeling procedure has been pre-
sented in this paper. The method is based on two sim-
ple parameters to describe the roughness evolution
from interface to interface inside the coating as well
as the deviations of the optical thickness from the
perfect design. Illustrative information are obtained
about the structural and optical properties of thin-
film coatings using a reverse engineering procedure.
Depending on the a priori knowledge available, the
method could be adapted to detect other relevant
parameters as well.

The method was applied to analyze highly reflec-
tive mirrors at 193 nm, as well as after a Rugate filter
at 355 nm laser-damage tests. For the DUV coating,
rapid roughening of the multilayer as a result of co-
lumnar growth and an optical thickness deviation
of 3% caused by water adsorption were detected.
For the Rugate filter, the simulation approach had
to be modified substantially in order to model gradi-
ent index films. The first results clearly indicate that
the scattering of Rugate films is induced by mech-
anisms similar to those in standard stacks. The inves-
tigation of film areas close to damage sites revealed
increases of as low as 0.3% of the optical thick-
ness compared to undamaged regions as a result of



thermal load during damage formation. The method
could, therefore, be very useful for the sensitive
characterization of laser-induced degradation, even
during irradiation.
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