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surface auto covariance function
atomic force microscope / microscopy
angle resolved scattering
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bidirectional reflectance distribution function. Generalized versions are the BTDF
or the BSDF with T for transmittance and S for scattering, respectively.

abbreviations for the first or the second illumination channel of the light scattering
sensor (Cl: 6;=18°, A=660nm; C2: 6;=50°, A=405 nm)

complementary metal-oxide-semiconductor

gray value (0...255) determined with the CMOS sensor; “HG” stands for the dark
signal; “cor” for normalization by dark signal, exposure time, and GV non-linearity

“highly” angle resolved scattering obtained with the light scattering sensor
magnetorheological finishing

near angular limit

azimuthally averaged PSD function as a function of the radial spatial frequency f

power spectral density function of a surface topography as a function of the spatial
frequencies f, and f,

single-point diamond turning
total (integrated) scattering (scattering loss)
first order Rayleigh-Rice vector perturbation theory

white-light interferometer / interferometry

roughness evolution exponent in roughness and PSD evolution models
parameter for the deviation of the optical thin film thickness
solid angle in a light scattering measurement

angular distance between the specular reflex and the first minimum in an ARS
distribution of a surface defect

polar scattering angle
wavelength of light
surface root-means-square (rms) roughness, also named S,

anisotropy parameter, which is defined as the standard deviation of the normalized
directional rms roughness values ;

correlation length of a surface structure at which the corresponding azimuthally
averaged ACF drops to 1/e?

lag or displacement vector in the calculation of the ACF

azimuthal scattering angle
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spherical plane wave, applied in the Beckmann-Kirchhoff theory

parameters applied in kinetic continuum (“Qur”) and combined PSD models
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PSD replication factor in kinetic continuum and empircal roughness evolution models
parameters applied in the ABC PSD model

optical factor that describes the field scattered in an observation direction at an
interface ¢ in a multilayer system including the transition from the incident field to
the scattered field

feed period in single-point diamond turning
thin film thickness

anisotropy parameter, which is defined as the difference of the mean and the median
of the normalized, directional rms roughness values ;

diameter of a surface defect

incident scalar (plane) wave, applied in the Beckmann-Kirchhoff theory
focal length

Fresnel amplitude, applied in the Beckmann-Kirchhoff theory

surface spatial frequencies in cartesian (fz, f,) or polar coordinates (f, f,)

Fourier transform of a surface profile z (x,y)

wavevector

parameters applied in fractal PSD model functions. K corresponds to the level and
ng to the slope of the PSD curve in a log-log scaled diagram

local surface normal in the Beckmann-Kirchhoff theory
power of light (incident or scattered)

anisotropy parameter, which is defined as the autocorrelation of the normalized,
directional rms roughness values &; as a function of a displacement in azimuthal
spatial frequencies ¢y

optical factor determined by scattering geometry, refreactive index, and polarization,
which relates the ARS and PSD

position vector, applied in the Beckmann-Kirchhoff theory

ratio of integrated scattering values S of surface positions with and without defects
reflectivity

(partially) integrated scattering in the scattering angles of the scattering sensor
exposure time of the CMOS sensor

optical thin film thickness

scattered scalar field in the Beckmann-Kirchhoff theory

U: combined measurement uncertainty; u: standard deviation (uncertainty) of input
quantities for ARS determination

signal from the CMOS sensor normalized for(global) non-linearity, background sig-
nal, and exposure time

Cartesian coordinates



1. Introduction

Technological developments push the challenges for the quality assessment in optical fabri-
cation into two directions. On the one hand, the demands on accuracy and sensitivity are
increased; on the other hand, in-line or at least on-line capabilities are required for an ef-
ficient inspection of high volume components. Nevertheless, a number of characterization
tasks are still restricted to an ex-situ evaluation of few, randomly chosen samples in labo-
ratory environments. This holds in particular for the assessment of surface related quality
features such as interface and thin film roughness or surface defects. These imperfections
are typically the most critical origins of light scattering [1,2], which can result in contrast
degradation, resolution limitation, or optical throughput reduction [3-5]. Therefore, this
thesis is focused on the surface quality assessment regarding roughness and defects.
Conventionally, nanostructures of optical surfaces are evaluated by employing direct to-
pography measurement techniques such as stylus profilometry, white light interferometry,
or atomic force microscopy. These techniques are, however, restricted to small sections
on cooperative samples and require considerable measurement times. Moreover, the ba-
sic measurement principles are extremely sensitive towards vibrations or environmental
influences and are, hence, not well suited for an application in production environments.
Surface defects can be analyzed using topographic techniques as well. However, since
defects constitute singular localized surface features, full surface defect evaluation with
these techniques is impractical. Consequently, surface defects are to a large extent visually
assessed by trained persons [6-8] or by applying industrial vision techniques in special
dark field arrangements [9,10]. Unfortunately, direct, quantitative descriptions of the
light scattering impact from imperfections are not available through such approaches.
Light scattering techniques provide the potential to meet the demands of high volume
fabrication of optical components and can be a method of choice to overcome the lim-
itations of the assessment procedures mentioned. They are sensitive for extremely low
levels of surface imperfections, fast, insensitive to vibrations, and non-contact. Besides
the quantification of the negative scattering impact, the results of advanced light scat-
tering techniques provide information about the imperfections from which the scattering
originates. This is, in particular, enabled by the high information level obtained from
angle resolved light scattering measurements and by corresponding scattering models.
Typical approaches for the angle resolved characterization of scattering are goniometer
based laboratory systems, which provide highest sensitivity and highest flexibility [5,11-
16]. On the other hand, this flexibility is accompanied by a high complexity and requires

time consuming scanning measurement approaches. In particular the latter prevented the
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application of elaborated goniometer based light scattering techniques even for the close
to fabrication assessment so far.

To overcome these limitations, approaches such as multidetector arrangements [17—
19] or set-ups for fast integrating scattering measurements [20] were developed, which,
however, are connected to a loss of the 3D angularly resolved information. The most
promising approach, the application of semiconductor matrix devices, can be assumed as
a continuation of first approaches to analyze the angle resolved scattering from photo-
graphic images [21-23]. A large diversity of instruments that exploit this approach exist
for several applications such as scattering measurements of suspensions [24] or airborne
particles [25,26], for computational vision related tasks [27], or already for scattering based
roughness analyses [28,29]. Nonetheless, developing sensor devices for the assessment of
optical surfaces still constitutes a challenging task, although a simple sensor head for light
scattering based roughness analysis of rough engineering surfaces was introduced as early
as in 1985 [30], and even a hand held sensor head with three detector elements to monitor
the degradation of airplane sensor windows was developed in the early 90s [31,32].

Even typical state-of-the-art matrix based scatterometers [27-29,33-38] are either semi-
complex laboratory systems, or limited in measurement speed, or lack of the sensitivity
required for the characterization of standard and high quality optical components. The
third point is the main reason which has impeded the application of sensor type systems
in the fabrication of optical surfaces so far. Only multidetector devices for particle and
killer defect evaluation in semiconductor industry have been established [39,40], which,
however, are seldom compact sensor-like devices and lack of angular resolution.

Besides the technical aspects, elaborated sensor systems would be of reduced value with-
out an appropriate understanding of the structure-scattering-relationships which enable
the investigation of quality properties from scattering measurements. Since the advent of
the fundamental physical relations, which link surface imperfections and light scattering,
at the beginning second half of the last century [41-45], light scattering techniques have
been widely applied for surface imperfections analyses, in particular for surface roughness
measurement [21,46-52]. However, the lack of practicable frameworks consisting of elab-
orated, highly sensitive sensor systems and comprehensive analysis methods has been an
additional obstacle for the application of light scattering techniques for the close-to or
in-process surface characterization in optical fabrication.

Therefore, both aspects will be addressed in this thesis: the development of a compact
semiconductor matrix based light scattering sensor concept, which is sensitive enough for
the characterization of high quality optical components, as well as the development of cor-
responding practicable post-measurement analysis approaches by exploiting fundamental
structure-scattering-relationships.

The implementation of the sensor concept requires the development of a compact, but
elaborated beam preparation system and aims on the application of a commercial CMOS

matrix detector for fast and sensitive 3D angle resolved scattering measurements. Besides



the technical aspects, measurement routines to achieve reliable, calibrated measurements
have to be developed and evaluated. Once this measurement framework is established,
different aspects of surface quality can be analyzed with tailored analysis methods. This
task includes the study of the physical relations, which link surface imperfections and
scattering, as well as the development of novel analysis methodologies, which only be-
come practicable with the development of a fast sensor concept with 3D measurement
capability. On the other hand, the influences of the specific challenges induced by the
sensor concept on the application of the structure-scattering-relationships have to be in-
vestigated. These are for example the limited angular range or the limited measurement

parameters available.

This thesis is organized as follows.

In Sec.2, the basic definitions required to quantify light scattering and to describe
surface structures by stochastic quantities are introduced. Thereafter, in Sec. 3, theoretical
approaches to link surface imperfections and light scattering properties are reviewed,
summarized, and expanded. In this context different models for the description of random
rough single surfaces and rough interfaces in multilayer systems are additionally discussed,
which are the key for the practical application of light scattering models.

The semiconductor matrix based light scattering sensor, developed in the course of this
thesis, is presented in Sec. 4. Besides the technical details, a review of other state-of-the-
art matrix based and conventional light scattering measurement approaches is presented.
A primary topic in this section is the reliability of the measurement results obtained with
the sensor. This includes the evaluation of the measurement and calibration procedure,
the uncertainty budget analysis, as well as the discussion of the applicability for roughness
measurements in the context of the sensor specifications.

Section 5 provides a brief overview of direct surface topography measurement approaches
which are widely applied to derive stochastic surface properties and of techniques which
are typically employed for the assessment of surface defects. These techniques provide
light scattering independent nanostructure properties to verify, extend, and refine the
modeling and evaluation procedures developed.

In Sec. 6, the light scattering sensor and the introduced structure-scattering-relations
are utilized for the characterization of optical surfaces and multilayer systems, for which
novel, sensor specific measurement and analysis approaches are derived. These are, in
particular, methodologies for the nanostructure investigation of anisotropic surfaces and
thin film titanium coatings, approaches to monitor properties of a complex notch-filter
multilayer system, and a technique for the reliable assessment and classification of surface
defects.



2. Definitions

In the following sections, definitions and abbreviations which are employed to describe

light scattering phenomena and the stochastic properties of surfaces are introduced.

2.1. Angle Resolved and Total Scattering (ARS, TS)

The Angle Resolved Scattering (ARS) represents the power AP; scattered into a solid
angle A) as a function of the scattering angles (65, ¢s). ARS is normalized to the solid
angle and to the incident power P [53,54]:

ARS (6, ¢5) = Aig(fs};ﬁs) ~ SZI cos O = BRDF (6, ) cosfs . (2.1)

ARS is also named cosine corrected BRDF! [55] or more generally, if not restricted to the
backward hemisphere, cosine corrected BTDF/BSDF!.

BRDF, which is approximately ARS divided by cosf, is defined and standardized in
[56-58] as the ratio of the surface-related quantities reflected radiance L, and incident
irradiance F;. Nevertheless, ARS is used in this work, since it is defined in directly

measurable quantities, which are not restricted to surface related scattering.

Fig. 2.1.: Light scattering geometry and nomenclature [57,59]. (s, ps) - polar and azimuthal scatter-
ing angles, 6; - incidence angle, A€ - solid angle, P, - incident power, (z,y,z) - Cartesian
coordinates, z-axis corresponds to macroscopic sample normal.

The corresponding definitions of the polar and the azimuthal scattering angles with
respect to the sample surface and the coordinate system are given in Fig.2.1. In the
following, the angle of incidence 6; is within the ¢,=0° plane, but is counted in the opposite
direction than the polar scattering angle 65. ARS distributions determined using the newly
developed light scattering sensor are abbreviated as hARS in order to distinguish them
from those obtained with goniometer systems. The "h” can be interpreted as "highly” or

the first letter of the sensor acronym horos.

!Biderectional Reflectance/Transmittance/Scattering Distribution Function



2.2. Surface Power Spectral Density (PSD) function

To quantify scattering losses, ARS can be integrated to the Total Scattering (TS) or to

partially integrated scattering values (S):

S = ];S = // ARS (s, ¢s) sin0;dfdps . (2.2)

(0s,405)

With respect to ISO-13696 [60], scattering angles of 6;<2° and 65;>85° have to be included
to obtain the Total Scattering of a sample in the backward or forward hemisphere TSy, ¢
at normal incidence. For oblique incidence this definition can be adapted by defining the

minimal acceptance angle with respect to the specularly reflected (transmitted) beam.

2.2. Surface Power Spectral Density (PSD) function

Single surfaces are described in 3D Cartesian coordinates as a function z(z,y) with a
mean of Z=0. In this concept, z is assumed as a single-valued function of (z,y) so that
the surfaces exhibit neither overhangs nor shadowing. In addition, the surfaces have no
tilts or macroscopic curvatures.

Several quantities and functions for a statistical description of a rough surface exist. In
this section, the Power Spectral Density (PSD) function and the Auto Covariance Function
(ACF) are introduced which include the essential aspects of surface roughness: "roughness
heights and lateral dimensions” [61]. In particular the PSD is the most important input
for the angle resolved modeling of surface scattering in perturbation theories (Sec. 3.1).

PSD functions describe the power of the individual roughness components of a surface
as a function of the spatial frequencies (f,, f,) and are defined as the squared modulus of
the Fourier transform of a surface profile within the area L? [62-64]:

2

: 1 mi(x
PSD (f, fy) = Jim |75 // 2 (,y) 7 qfdf, (2.3)
L2

For the discussion of isotropy properties as well as for an easier visualization and compar-
ison of PSD functions, the spatial frequencies can be transformed into polar coordinates
(f, ). This additionally enables to average over the polar frequencies ¢ which yields
the 2D isotropic PSD (PSDap i), a 2D representation in radial spatial frequencies f:

1 27
PSDQD,iso - % / PSD (fv SDf) dgpf . (24)
0

For an isotropic surface and in an ensemble average sense (or L—0c0), there is no loss of
information in this procedure, since the (3D-)PSD is rotationally symmetric [63,65].
The PSDsp ;s facilitates single PSD functions, measured at different surface positions or

in different spatial frequency ranges?, to be combined to Master-PSD functions [63] that

2 Different measurement techniques or operation parameters (measurement area, lateral resolution, ...)
result in varying spatial frequency ranges (Sec.5.1).
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cover an extended spatial frequency range and provide averaged information of different
positions on the surface. By the application of PSDap js, functions, complex 3D-stitching
procedures in the frequency space are avoided in the combination procedure.

Only Master-PSD functions determined from different measurement ares and with dif-
ferent techniques provide a compact representation of surface roughness properties over
a spatial frequency range of more than 6 decades. If this would be aspired in a single
measurement, the measurement area has to be as big as the inverse of the lowest spatial
frequency and requires a resolution as low as the inverse of the highest spatial frequency.
Acquiring this measurement data without changing the operational parameters or the
resolution requires the acquisition of at least (106)2 data points.

The Auto Covariance Function (ACF) is the Fourier transform of the PSD and de-
scribes the self-similarity of the surface as a function of the displacement or lag vector
(72, Ty) [62,66,67]. From a rotationally averaged ACFsp the surface correlation length 7,
a characteristic length of the self-similarity, can be determined [62], which is defined as
ACF9p iso (Te) =1/e2ACFop i (0).

2.3. Roughness parameters

A variety of statistical parameters are standardized [64,67] to describe and quantify surface
roughnesses (e.g. the arithmetic mean deviation S, or the ten-point height S,). In this
work the surface root-mean-square (rms) roughness o is applied, since it is proportional
to the square root of the total scattering (Sec.3.1.1).

o is defined as the mean deviation of a surface profile z(z, y) which has to be corrected
for at least tilts and, if relevant, for macroscopic curvatures. Otherwise, these deviations
would contribute to o. Besides the basic definition, the rms roughness can be calculated
by integrating the PSD [63,68]:

o’ = // PSDdf,df, = 27T/PSD2D fdf . (2.5)
(fa, fy) f

A primary aspect, relevant for the comparison of roughness values determined using
different measurement techniques, systems, or parameters is the bandwidth limitation of
any roughness value. In this context, PSD functions provide one way to calculate rms
roughness values with tailored bandwidth limits.

A pure rms roughness value without a frequency range specified omits any information
on bandwidths and, moreover, provides no information on anisotropy properties. Con-
cerning anisotropy even the very detailed surface texture parameter standard ISO 25178-2
[67] defines only the direction of the primary roughness component. Therefore, directional
roughness values as well as anisotropy parameters will be introduced in Sec. 6.1.1, in which

their application to highly anisotropic surfaces will be discussed as well.



3. Light scattering and surface roughness models

Scattered light is the elementary carrier of information for the visual perception of the
environment. It contains for instance information about materials, colors, or surface tex-
tures. In this context, the majority of surfaces of optical components should be "invisible”,
since light scattering is an unwanted effect. However, even the lowest levels of surface
imperfections act as random phase gratings and produce scattered light, which can be
exploited to obtain valuable information.

In this section, relations between the light scattering and imperfections of single surfaces
and multilayer systems that will be applied in the experimental part of this thesis are
reviewed and summarized. In addition, models to describe the stochastic properties of
the surface roughness and the roughness evolution in multilayer systems are presented
which are required for a systematic investigation of light scattering mechanisms. Besides
the review, approaches developed in the context of this thesis for the expansion, practical

application, or software implementation of the theories and models are briefly introduced.

3.1. Light scattering models for interfaces and defects

3.1.1. Single surface scattering theories

Early approaches for the modeling of light scattering at rough optical surfaces with a first
order vector perturbation theory are presented by Church and Zavada in [44], [69]. The
theory originated from previous work by Rice [41], developed for radar wave scattering, in
which the transition conditions of the Maxwell equations at a rough boundary are solved
to the second order!. The work of Rice, on the other hand, is based on publications
by Lord Rayleigh [62, Ch.1] on the light scattering at (smooth) gratings [70] or on the
scattering of sound and electromagnetic waves at rough surfaces [71, pp.89-96]. Therefore,
the theory is also known as first order Rayleigh-Rice vector perturbation theory (VPT).

Different approaches for optically smooth surfaces reveal comparable results and can
be found in [45,66,72,73]. The most common representation of the ARS in the far-field of
a single metallic or dielectric surface with o<\ is the following [55,74,75]:

1672

)\4

A is the illumination wavelength and @) is an optical factor that is determined by the

ARS (bs, ¢s) = cos? Os cos 0; Q PSD (f,, fy) - (3.1)

refractive index, the scattering angles, the angle of incidence, as well as the polarization

! First PERTURBATION order. The zero and first order of the BOUNDARY CONDITIONS correspond to the
absence of a surface and an ideally smooth, respectively.
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states of illumination and detection?. Some more details on the optical factor @) for non-
magnetic materials are described in [62]. In addition, a reasonable approximation of ) for
metallic surfaces by the surface reflectivity is also discussed [62], which holds in particular
for scattering close to the specular reflex.

In several publications, the validity of the VPT is referred to (470 cos 91)2 <2 [62,76,
77]. However, this restriction is further discussed regarding the light scattering sensor in
the second part of Sec.4.3.4.

Equation 3.1, which is sometimes called the "golden rule” [78], is applied to model
the scattering in a wide wavelength range from radar [41] over infrared and visible light
[15,21,62,63,79-81] to x-ray scattering [72,82,83]. This is to a high level attributed to
the linear relation of PSD and ARS, which can be exploited to determine roughness
properties by light scattering measurements and vice versa. The corresponding translation
of scattering angles and spatial frequencies is given by the grating equation (first order):

fo= i\ (sin O cos ¢ — sin 6;) fy = :)l\ (sin s sin ) (3.2)

which yields a relevant range of f~0.01 pm™...2.6 pm™ for the scattering of visible light.

Integration of Eq.3.1, assuming Q~R and dominant scattering close to the specular
reflex, reveals a proportionality of TS to the rms roughness squared [62]. This relation is
identical to that derived in [42] for smooth surfaces with Gaussian height distributions;
furthermore, it is an approximation of a more general exponential relation for arbitrary

rough surfaces with Gaussian high distributions and Gaussian ACFs derived in [84, Ch.5]:

2
4m cos 03 2 i
TS = R <1 _ (500 ) ~ R (WU) . (3.3)

However, for smooth surfaces the Gaussian requirements are not necessary, since the
approximation can be obtained from Eq. 3.1 for arbitrary PSD functions [62].

Some publications [85,86] describe a different version of the approximated part of
Eq. 3.3, which is proportional to A*. This is, however, only an analytical expression
for surfaces with specific PSD shapes which are almost horizontal in the scattering rele-
vant frequency range (7.<\; e.g. ABC-model, Sec.3.2.1). The scaling is a result of the
changing relevant roughness for varying PSD integration limits f=(0,27/5] as a function
of A\. However, as pointed out in [87] and already indicated in [74], this different scaling
does not contradict the validity of the approximation of Eq. 3.3 if it is applied for the
relevant roughness?.

For oblique incidence [85] and sections of the scattering hemisphere (symmetrical to the
specular reflex) the approximated version of Eq. 3.3 also holds for the partially integrated

scattering values S if the correct relevant roughness is applied. Therefore, this equation

2 Q is often replaced by Qj; that can be linearly combined to describe arbitrary polarization [62]. &
and [ represent the polarization states (s-pol, p-pol) of illumination and detection, respectively.
3 Integration over f= [sin6""/x, 27/x], with 62 the lowest accessible scattering angle.



3.1. Light scattering models for interfaces and defects

can also be exploited for roughness measurements in the limited angular range of the light

scattering sensor.

The second theory applied to model the ARS of single surfaces in this thesis is the
scalar Beckmann-Kirchhoff Theory (BKT). The theory is based on the Kirchhoff integral
theorem, from which the well known (Fresnel-)Kirchhoff diffraction integral is derived [88,
Ch.10.4]. In contrast to diffraction from planar screens with apertures, the varying local
normal of a rough surface complicates the evaluation of the original integral [89]. Conse-
quently, Beckmann applied the Kirchoff theorem with stochastic assumptions about the
distribution of the surface normal and derived closed solutions for single (opaque/metallic)
surface scattering. The basic equations include a tangent plane approximation [84,89]

which is applied to the fields in the Kirchhoff integral formula:

//Ea‘l’ ~Pwan

with E o eilfami—wt) (&), ~1-PE , ¥= Sulit

(3.4)

on

Moreover, a limitation to smooth surface curvatures with radii r. larger than the wave-

length [84,90,91] is inherent to the tangent plane approximation [84]:

drrecostpy > A (3.5)

k?’Ll

Additional information on the geometry and nomenclature of the BKT is illustrated in
Fig.3.1 on p.10. A is the evaluated surface area; E the incident plane wave; F' the Fresnel
reflection amplitude of the ideal surface at the local incidence angle; and W a scattered
spherical wave. | and 75 are vectors on the surface and from a positon on the surface to
the observation point, respectively. For an ideal metallic surface, F' is 1 for a p-polarized
incident wave and -1 for an s-polarized incident wave, respectively.

The BK-theory is based on scalar diffraction; hence polarization as well as multiple
scattering or shadowing effects are not included. Therefore, problems concerning the
energy balance are mentioned in [92] and an additional paraxial limitation is inherent.
For moderately rough surfaces, for which shadowing as well as multiple scattering are of
reduced concern, these limitation are not critical. This should hold in particular for the
scattering at moderate angles of incidence and close to the specularly reflected beam -
the geometrical conditions present for the light scattering sensor. At least the limitations
of the smooth surface approximation should be extended to moderately rough (metallic)
surfaces if the BKT is applied.

Closed mathematical (invertible) solutions of the BKT exist only for o<\ and o>\ for
surfaces which exhibit specific stochastic properties such as a Gaussian height distribution
and a Gaussian ACF [84,93,94] or an exponential ACF [95]. For a Gaussian surface with

o\ the solution is an infinite series. However, these stochastic properties are only
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reflected incident

o .
e z beam. ARS(6.¢.) beam™~| |

beam

e

1

6.9,

substrate

Fig. 3.1.: Geometry and variables used in Beckmann-Kirchhoff theory (left) and in multilayer scattering
theory (right).

valid for a limited number of surfaces [96]. Moreover, forward scattering calculations
would require knowledge of the correlation length 7. and of the entire ACF including the
“complete” range of spatial frequencies.

To avoid these limitations in this thesis, Eq. 3.4 is evaluated numerically for surface
profiles which are measured or generated numerically from PSD models (Sec. 3.2.1). Fol-
lowing the math in [97], the ARS is calculated from the scalar field U to compare the

results to that of the VPT and to measurements:

cos 0

—_— 2 e
ARS (057 st) = |[U (057 @8)' T?letfng dA
A

(3.6)

Ey is the field intensity distribution of the illuminating beam and rq.; the distance of the
relevant detector element.
Similar numerical BKT based modeling results of 2D-surface scattering are presented

in [17] derived with a Fraunhofer far-field approximated version of Eq. 3.4.

3.1.2. Multilayer systems

Besides a few scalar modeling approaches [98,99], most models for interface roughness
scattering in multilayer systems [100-106] can be assumed as further developments of the
VPT. In these terms the scattering of a multilayer system is represented by the superpo-
sition of the fields scattered at the single interfaces considering the relevant interference
effects of incident and scattered light fields as well as the interface roughness correlation
properties [54,103]:
47T2 p p
ARS (05, ps) = VICZ.ZQQ;PSD” . (3.7)
i=0j=0

This relation is implemented in a corresponding software developed at the Fraunhofer IOF
[107]. The factors €, which are calculated by the admittance formalism [108], describe the
propagation and transition of incident and scattered fields within the multilayer system
[103]. The cross-correlation Power Spectral Density functions PSD;; are the products
of the Fourier transforms of the i-th and the complex conjugated pendents of the j-th
interface, which is identical to the PSD of the i-th interface for i=j.

10



3.1. Light scattering models for interfaces and defects

The cross-correlation properties of the interfaces (in ergodic sense) can significantly
influence the light scattering distributions by additional constructive or destructive in-
terference effects. Therefore, specific simplified models to describe PSD;; functions are
presented in Sec. 3.2.2 in the context of roughness evolution in multilayer systems.

To enable extended analyses of the field distributions within multilayer systems and
to handle complex systems with an increased number of interfaces, another theory [104]
was implemented in Matlab in the context of this thesis. This theory applies the matrix
formalism [109, Ch.1.6] to calculate the field distributions within the multilayer. Although
the basic approaches are different, the ARS results are identical to those of Eq.3.7 4 and
some rearrangements of the equations in [104] result in a similar double sum.

The main advantage of this theory is its ability to include the thin film bulk as source
of light scattering as for example demonstrated by the author of this thesis in [110] for
graded index thin film systems. In addition, the accessibility of the entire code facilitates
additional analyses of the light scattering properties within the multilayer system. In
particular the complete distributions of the incident and scattered wave fields can be
analyzed; even the field within a single layer is accessible by inducing virtual interfaces

without refractive index contrast.

3.1.3. Surface defects

Compared to the measurement of surface roughness by light scattering techniques, there
has been considerably less theoretical and experimental work to assess typical defects in
optical surfaces from their scattering distributions [2,18,52,74,111]. This may has been
attributed to the fact that typical pits, digs, or scratches do not fulfill the restrictions of
the VPT. Consequently, in [2] and in [18], the Kirchoff diffraction integral was applied
to model the scattering of scratches with rectangular shape or of defects with arbitrary
surface profiles, respectively. However, the modeling was limited to 2D surface profiles.
Within the limitations discussed in Sec.3.1.1, there is no general restriction for the
application of the VPT to predict the scattering of elementary single surface defects. If the
VPT is applied for this purpose, it is also referred to as ”"shot model” with PSD functions
describing single (nano-)defects or distributions thereof [74]. A similar application of the
VPT is presented in [52] to model scattering distributions of single or homogeneously
distributed cylindrical pits or refractive index inhomogeneities. An elementary result of
this approach is the prediction of characteristic oscillations in the ARS of defects with
diameters D those minima correspond to zeros of the Bessel function of first kind and
first order [52]. Hence, the angles of the minima, in particular of the first minimum, can

be calculated [52]:
1.22 )

= (3.8)

i min __
sin 67" =

4 Deviations of ARS results were observed for ”"pp-polarized” scattering. These could be corrected by a
modification to the permittivity in the corresponding transition matrix (Eq. (35d) in [104]).
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3. Light scattering and surface roughness models

This result for normal incidence is identical to the Rayleigh criterion for the angular
resolution.

For oblique incidence, it is possible to exploit the similarity of Eq.3.8 to the grating
equation. As will be demonstrated in Sec. 6.4, f,/, and sin 07" can be replaced by 12%/p, ,
and by the corresponding scattering geometry terms of Eq. 3.8, respectively. Nonetheless,
00 will be applied as abbreviation for the angular distance of the first minimum to the
specular reflex in the following.

The most critical defects, in particular those specified in the corresponding quality
assessment standards [8,112-114], and the defects presented in Sec.6.4.2 are beyond the
smooth surface criterion; hence, the VPT is not applicable. On the other hand, the
application of the BKT is less restrictive, since there is no general limitation concerning the
roughness amplitudes or the vertical defect dimensions. However, secondary limitations
as the local surface curvatures, in particular close to steep edges, or the validity of the
Fresnel factor F' in the defect may be violated.

Thus, the numerical evaluation of scattering modeling results of elementary pits or
humps that are not within the validity range of the shot model should be possible, but
needs to be verified. This is done in Sec.6.4.3 by comparison of modeled and measured
hARS distributions. The BKT modeling of defects, which is applied in the context of this
thesis for the first time, can be assumed as a continuing step following the work of [2] and
(18] which was restricted to 2D defect profiles.

For singular surface flaws, the modeling of ARS distributions that are comparable
to other modeling results or to measurements constitutes a complex issue, whichever
model is applied. This is not a restriction of the models themselves. It is attributed to
normalization issues induced by the non-ergodic, singular nature of defects in comparison
to random rough surfaces. The differential scattering cross section DSC, which includes
an additional normalization of the ARS to the illuminated surface area, is applied in some
publications to overcome these problems [62,115]. However, it is not applied in this thesis

for reasons that are discussed in Sec.6.4.1.

3.2. Interface roughness models

PSD models that describe the stochastic properties of surface structures which are typi-
cal for optical components are required for comprehensive analyses of surface roughness
and for the modeling of light scattering. The models presented in this section enable
random rough surfaces as well as roughness evolution and roughness correlation proper-
ties in multilayer systems to be described with reduced parameter sets. With these sets,
physical relations and properties can be identified and compared. In addition, the models
can provide access to the roughness of buried interfaces and facilitate the extension of
the accessible frequency ranges in measurements, as will be demonstrated for the light

scattering sensor.
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3.2. Interface roughness models

3.2.1. Single surface PSD-models

ABC and K-correlation model: The development of simplified model representations
of random rough surfaces, in particular for PSD and ACF, was driven in parallel to the
development of scattering models. For instance, the BK'T requires special ACFs to derive
analytical solutions. These were first of all Gaussian ACFs [84] followed by exponential
ACFs [43] that should be applicable to a wider range of polished optical surfaces [93].
Exponential surface ACFs can also be derived from stochastic processes, such as the
Poisson distribution of zero crossings or the normal Markov process [66,116-118].

These proven ACFs were transferred into PSD functions with the upcoming of the
VPT. The Lorentzian PSD (%#‘%) is the corresponding result for the exponential ACF
[62], which is applied to model roughness induced light scattering in [21,66,74,119-121].
However, maybe driven by the need to describe a broader variety of surfaces with more
flexible PSD models [62,122], the step from the Lorentzian PSD to the K-correlation or
ABC model was done in Church et al. [123] by adding a flexible power to the denomina-

tor®6:

A
(14 (BF?)
In a log-log scale diagram (Fig.3.2, p.14) the ABC-PSD is similar to a knee with A

determining the PSD level. C' and B are responsible for the slope and the transition to

PSD =

(3.9)

(C+1)/2

the cut-off at high spatial frequencies (Fig. 3.2), respectively. In the spatial domain, this
transition determines the typical lateral dimensions of the surface structures; therefore,
the parameters B and C' correspond to the correlation length 7. [62, Ch.4].

ABC-PSD functions were first applied to model the roughness of polished substrate
structures which show the beginning cut-off at low spatial frequencies [21,93]. If the cut-off
transition is located at frequencies below the light scattering relevant range (f<0.01 pm™1,
visible light), the ABC-model can be approximated by its limit for large B - the fractal

PSD [62,76]°:
K

PSD =

(3.10)

Later it was recognized that the ABC-Model fits the intrinsic roughness of thin film
coatings as well [5,124,127,128]. In this case, the characteristic cut-off is typically at
higher spatial frequencies.

Intrinsic roughness values and correlation lengths of the roughness structures can be
determined for the ABC model [125,128]:

) 21 A , (C—-1)B?

= oD T R e (3.11)

g 2m2C

% In [124] a more formalized derivation of the ABC model is provided, which is based on stationary
stochastic processes. Moreover, the ”fractal dimensions” of the model are discussed.

6 Eqgs. 3.9and 3.10 exist in different notations or versions for 2D or 3D surfaces [62,96,124-126]. Hence,
comparison of parameters from different publications might require further mathematical effort.
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3. Light scattering and surface roughness models

whereas the diverging integrals prevent this for the fractal approximation [76]. Hence, it

is only possible to determine bandwidth limited values.

Kinetic continuum (Qrn) model: In contrast to the more or less empirically deter-
mined K-correlation model, the following model is the result of a discussion of thin film
growth as kinetic continuum process by evaluation of the Langevin equation [129,130] or
the KPZ equation [131]. In the case of a linear evolution model, the differential equations
give the following PSD for a thin film of thickness d [102]:
1 —exp[—2v|2nf]"d]

PSD = Q o] :

(3.12)

with parameters representing relevant physical quantities: 2 stands for the average size of
the thin film constituting particles (clusters, molecules, atoms); v for occurring relaxations
processes [102]. The positive integer 7 can be associated with the kinetic mechanisms
that dominate the high spatial frequency smoothing process such as evaporation and
condensation (n=2), bulk diffusion (n=3), or surface diffusion (n=4) [102].

The progress of the resulting PSD curve is rather similar to that of the ABC model,

besides a stronger curvature in the transition region (Fig. 3.2, left).
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Fig. 3.2.: Examples of PSD-model curves (left) and generated surface topographies (right, 512x512 pm?).
Arrows indicate the influences of the model parameters. The generated surfaces correspond to
the ABC model (red curve) and to an anisotropic fractal model (PSDgp is0: blue curve; 3D-PSD:
inset).

Generation of model surfaces: The models presented can be (additively) combined
[127-129,132-135] to approximate the often more complex progress of measured PSD
functions. In particular the sum of a fractal and an ABC or an Qvn model is well suited
to describe the scattering relevant spatial frequency range of coated substrates.

For the numerical analyses of the BKT in the sections4.3.4 and 6.4, it was necessary
to generate 3D surface profiles that correspond to specific PSD models. Therefore, PSD

models were evaluated on a rectangular grid and transferred into a surface Fourier trans-
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3.2. Interface roughness models

form h by applying a random uniformly distributed [116] phase :

h(f) = /PsD(f)e) with v(f)=-v(-f) . (3.13)

The surface profile z(z,y) is generated by the inverse Fourier transform of h (?), the
correct symmetry properties ensure non-complex surface coordinates. Even surfaces with
anisotropic surface properties as those in Sec.6.1.1 or as the example in Fig. 3.2 can be

generated by this approach.

3.2.2. Roughness evolution and roughness correlation in thin film coatings

Beyond single surfaces, PSD based roughness evolution models provide valuable infor-
mation on the roughness development of growing single thin films or on the evolution of
the interface roughness and its correlation properties in multilayer coatings. The mod-
els introduced here are based on the assumption that the PSD of a thin film surface
represents an additive superposition of the substrate PSD and an intrinsic thin film PSD
[127,129,132-135]. This implies the evolution mechanisms of the thin films or the intrinsic
thin film PSD functions to be independent from the underlying roughness structure.
The main reason for introducing PSD evolution and cross-correlation models in this
thesis is the assignment of the PSD,; functions in multilayer scattering models (Eq. 3.7)
with realistic quantitative values and to exploit the corresponding relations in roughness
measurements. This is in particular necessary, since the interfaces within multilayer stacks

are, if at all, only accessible by extremely high experimental efforts [136,137].

Empirical model: Different publications report that the evolution of the intrinsic thin
film rms roughness as a function of the film thickness d follows power laws [131,138]:
oocd’. In particular 8=1/2 is referred to as the random deposition limit [139)].
An empirical model that utilizes an ABC model for the intrinsic thin film roughness
was introduced in [5] by replacing A in Eq. 3.9 with Ad?’:
Ad®®

PSD (f,d) = PSDyu, + T B

(3.14)

Consequently, the proportionality of the intrinsic rms roughness yields oo \/Zdﬁ . The po-
sition of the cut-off in the PSD (Fig. 3.3, left), and, hence, the correlation length (Eq.3.11),
is unaffected by the film thickness in this modification, although the lateral dimensions
are related to power laws as well [138]. However, this is not necessary as long as the
cut-off is not within the light scattering relevant spatial frequency range (Eq. 3.2).
Within this simple model, the roughness contributions of the substrate are perfectly

replicated through the entire multilayer stack. Therefore, the combined roughness can be

calculated as o = \/o2, + 0F,, [132].
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3. Light scattering and surface roughness models
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Fig. 3.3.: Example of PSD functions for the roughness evolution models. Empirical model (left); Kinetic
continuum / combined model (right); dotted curves indicate the intrinsic thin film PSD functions

Kinetic continuum model: The PSD evolution (Fig. 3.3, right) that is inherent to the
results of the kinetic continuum model (p. 14) [102,129] includes an evolution of the rough-
ness with a fixed power of f=1/2 . In addition, this evolution model comprises smoothing
effects for the underlying roughness structures, which corresponds to a low pass filter
included as the replication factor a. Hence, the PSD of a thin film of thickness d on a
substrate is given as:

1 —exp[—2v |27 f]"d]

2w 2 [ with a = e™/121"d  (3.15)
V|2

PSD (f,d) = a>PSDyyp, + |©

Within this thesis the evolution parameters of thin films of different materials are not
distinguished; therefore, the complexity of Eq.3.15 is considerably reduced compared to
[102]. In particular, there are no smoothing effects between the different materials so
that the replication factors of the intrinsic thin film PSD functions have vanished. These
assumptions are reasonable for thin film roughness components as long as the thin film

structure of the materials is similar.

Combined model: The kinetic continuum model can be modified for different roughness

evolution exponents simply by replacing d with d?%:

1 — exp [—QV 127 f|" dzﬁ}
v |2m f|"

PSD (f,d) = a*PSDyy, + | with a = e "2/ (3.16)
For this model, the bandwidth limited roughness for spatial frequencies lower than the
inverse of the correlation length is proportional to oo/ Qd?. In addition, the correlation
length is (asymptotically) proportional to d”’ as well (derivation in App. A.2).

This novel, empirically modified evolution model is applied in this thesis to analyze
rather rough titanium coatings (Sec.6.2) and the complex interference coating discussed

in Sec. 6.3. Moreover, it was used previously by the author of this thesis in [110].
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3.2. Interface roughness models

Roughness correlation: The cross-correlation functions PSD;;= <hih;f> (Eq.3.7), with
h; the Fourier transform of the i-th interface, have to be assigned with quantitative values
under consideration of basic thin film evolution principles. For i=j, the PSD models of
the previous paragraphs can be applied because they correspond to physically existing
interfaces in the multilayer stack. In case of i#j, the assignment of the PSD;; has to be
discussed in more detail, since the cross-correlation can have tremendous influence on the
light scattering properties [54,132,140]. The basic correlation models [132]: uncorrelated,
fully correlated, and partially correlated roughness - a mixture of the uncorrelated and
fully correlated models - were introduced in the late 1970s and are briefly summarized in
the following. The kinetic continuum model and the combined model additionally exhibit

specific correlation properties that are summarized as well:

« Uncorrelated: PSD,;=0 for i#j [132,141] so that both interfaces are stochastically
independent. This relation exists only in the sense of an ergodic ensemble average,
which is induced by large illumination spots in ARS measurements. h;h; would only

be zero for all frequencies if one of the surfaces exhibits no roughness.

o Partially correlated: The underlying roughness is perfectly replicated and stochas-
tically independent roughness components are added by the intrinsic thin film rough-
ness for each interface. Therefore PSD;;=min (PSD;;, PSD;;) [132,142].

o Fully correlated: No roughening is present within the multilayer stack and the PSD
functions for all 7 and j are identical to that of the substrate: PSD;;=PSD [132,141].

« Continuum partially correlated: Within the kinetic continuum model [102] (and
the combined model) the partially cross-correlation PSD functions are given as:

v 2
PSD,; = a?PSD;; = (e—wzm <dj—di>25) PSD; with i<j , (3.17)

including the replication factors and potential smoothing effects. This model shows
a transition from partially to uncorrelated roughness components with increasing f,
since a?—1 and a?—0 for low and high spatial frequencies, respectively. The transition

corresponds to the beginning cut-off region if the PSD functions.
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4. Experimental set-ups for angle resolved scattering

measurements

Different approaches for light scattering measurements, focusing on angular resolving
measurement systems, are summarized in this chapter. In the first subsection, goniome-
ter based measurement systems - the conventional approach for ARS measurements - are
briefly discussed to reveal advantages, but also disadvantages that led to the develop-
ment of the scattering sensor. To complete the summary of conventional light scattering
measurement approaches, the second subsection presents set-ups which comprise multi-
detector arrangements as well as set-ups for integrated scattering measurements.

In Sec. 4.3, the light scattering sensor developed in the course of this work is presented
in detail including the analyses of system components, system parameters, set-up, and
comparable state-of-the-art developments. In addition, physical relations of the general
applicability to light scattering and roughness measurements are critically analyzed and

the uncertainty budged is discussed.

4.1. Goniometer based set-ups

Goniometer based measurement systems are the most common approaches for angle re-
solved scattering measurements on optical surfaces [5,11,12,16,143-145], which are utilized
since the first half of the last century [146-149]. These systems can provide highest flexi-
bility and sensitivity, which are necessary for the characterization of scattering phenomena
from a variety of sources such as interface nanostructures, bulk imperfections, particles,
or even liquids and suspensions. Because of this plurality of applications, the system ele-
ments (e.g. detector, light source, beam preparation) and the degrees of freedom provide
a wide spectrum of implementations and performance levels. However, goniometer type
scatterometers usually consist of three main parts: the beam preparation system with
the light source; the sample and its adjustment or positioning stages; as well as the de-
tection unit with detector positioners, light analyzing components, and signal processing
components.

To obtain the angle resolved scattering, the detector is moved by one of the goniometer
arms in a constant radius around the sample. This time-consuming scanning detection
is an essential disadvantage of goniometer systems which has prevented the extensive
application of light scattering techniques outside the laboratory. For instance a single
in-plane scan (¢s=0°, 0;=—90°...90°,A6,=0.5° Fig.4.1, definitions: Sec.2.1) can take up

to 10 minutes; the scan of a complete hemisphere requires between 4 hours and 48 hours,
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4.1. Goniometer based set-ups

depending on the angular resolution.

Moreover, the adjustment of goniometer based systems is challenging due to the number
of degrees of freedom for sample adjustment and positioning, incidence angle, scattering
angles, as well as polarization. Nevertheless, highest sensitivities down to ARS levels
below 107% have been reported [5,11]: Tt is possible to measure the complete scattering
distributions of super-polished surfaces (¢<0.1nm) [150] or of optical components with
sub-ppm scattering losses (TS<107%) [110].

A state-of-the-art goniometer for 3D-ARS measurements [5], which was developed at
the Fraunhofer IOF, is presented in more detail (Fig.4.1). This system and a recently
developed table-top version [11,149,151] were applied in this thesis for cross check mea-

surements and for more extended analyses of scattering models.
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Fig. 4.1.: Left: Scheme of the scatterometer developed at the Fraunhofer IOF - a typical goniometer
based instrument for 3D-ARS measurements. Right: Corresponding instrument signatures for
532nm and 633 nm. Inset to demonstrate the near angular limit.

The scatterometer (Fig.4.1) is equipped with several laser light sources ranging from
the UV over the VIS to the IR spectral regions. Within the beam preparation system,
the laser light passes an attenuator stage, necessary to achieve the dynamic range; an iris
aperture, to adjust the illumination spot size on the sample; and a mirror based spatial
frequency filter; to block system internal stray light and to provide a clean illumination
beam profile. In addition, the beam preparation system provides options to include po-
larizing components or to focus the illuminating beam on the sample surface, if a high
local resolution is required.

The diagram in Fig. 4.1 shows instrument signatures or 633 nm and 532nm that serve
to quantify the scatterometer performance. The curves reveal a dynamic range of up
to 14 orders of magnitude between the specular power and lowest detectable ARS levels,
which is achieved by the attenuators. Moreover, ARS signals as low as 1078 sr~! are acces-
sible by means of lock-in amplification and a photo-multiplier tube, the typical detector
for visible wavelengths. The lowest ARS level at 532nm is determined by the Rayleigh
scattering of air molecules [143,144], whereas the lower laser power at 633 nm limits the

sensitivity to the electronic noise floor of the detector.
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4. Experimental set-ups for angle resolved scattering measurements

Spatial frequency filtering is, in particular, crucial to improve the near angular limit
(NAL). The NAL is defined by the scattering angles at which the ARS of a sample in
directions close to specular beams and the instrument signature are overlapping. This
fact is illustrated by the signature measurement close to the beam (log-log inset, Fig. 4.1):
The scattering of samples with ARS levels of 10~2sr~! can be measured up to an angular
distance of about 0.5° from the specular beam®.

The time consuming measurements and the complexity refuse the application of go-
niometer systems for a high volume of samples in on-line or in-line quality assessment.
Even in laboratory applications 3D-ARS measurements are often omitted, while single
in-plane ARS scans are preferred. The light scattering sensor developed in the scope of

this work is one approach to overcome these limitations.

4.2. Multi-detector and integrating systems

Integrating [20,85,154-160] or multi-detector [17-19,31,161,162] arrangements are two ap-
proaches to reduce the time for light scattering measurements. These systems are men-
tioned to complete the overview about non semi-conductor matrix based scatterometers.

Typical set-ups for integrating T'S measurements apply Ulbricht/integrating spheres or
Coblentz/imaging spheres to collect the light scattered into a hemisphere onto a single
detector. For low scattering samples imaging spheres are preferred, since they provide a
higher sensitivity [157,158] as well as noise levels which are less influenced by Rayleigh
scattering from air molecules in the specular beam paths [149]. The reduced effort for
the data acquisition with integrating set-ups can extremely speed up the measurement
rate. For example the system for TS measurements described in [20] is capable to scan
a complete 22 mm diameter surface with a high resolution in less than 400s. However,
any isotropy or angularly resolved information is lost and in scattering based roughness
measurements only the rms roughness is available.

Intermediate systems between integrating and angle resolving goniometer set-ups are
multi-detector arrangements [19,31,162], in which single detectors are positioned at scat-
tering angles that are significant for the measurement task. This concept is for instance
widely applied in particle scanner systems [39,40,163] and was, for example, implemented
as compact sensor head to monitor the degradation of airplane sensor windows [31].

Other arrangements combine advantages of multi-detector and goniometer set-ups [17,
18,161]: To obtain in-plane ARS distributions in a single shot, detector elements are reg-
ularly distributed on a yoke. By moving this yoke, the scattering in the entire hemisphere

is accessible in a moderate measurement time.

! In a measurement the scaling of the signature by the reflectance or transmittance of the sample will
change this level. Moreover, a convolution of the detector field of view with the incident, transmitted,
and reflected beams has to be taken into account if the signature floor is determined by Rayleigh
scattering from air [152,153].
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4.3. Detector matrix based light scattering sensor

4.3. Detector matrix based light scattering sensor

4.3.1. Sensor concept and comparison to the state-of-the-art

The basic concept of the light scattering sensor [164,165] that was developed in the course
of this thesis consists of two modules: the illumination module to provide a clean beam
and the detection module to record a section of the ARS distribution in a single shot
measurement. In contrast to conventional goniometer-based set-ups, no moving parts or
actuator components are implemented in the modules.

Within the illumination module, the light emitted by a laser diode module passes a
compact beam preparation system to reduce system internal stray light and to optimize
the instrument signature. The detection module consists of a CMOS detector matrix
and an arrangement of beam dumps, which absorb and redirect re-reflexes of the spec-
ular beam from the detector matrix. In general, the arrangement of the two modules is
flexible regarding incidence angle, covered scattering angles, or illumination wavelength.
Nevertheless, fixed arrangements that can be implemented in compact housings (Fig. 4.2)
are required for the final applications as easy to handle light scattering sensor for in-line

quality assessment.

detection module
with CMOS matrix

Fig. 4.2.: Left: Scheme of the modular sensor concept. Right: Two implementations of the concept in
form of compact scattering sensor heads.

Through the application of a CMOS detector matrix, the sensor concept provides the
capability to measure a section of the 3D-ARS distribution - the hARS - within a single
shot measurement. However, the scattering angles covered by the detector module are
limited, since commercial planar CMOS camera chips provide only few square centimeters
of sensitive area. Nevertheless, it will be demonstrated that this limited part of the
ARS is sufficient for elaborated roughness, anisotropy, and defect analyses, since essential

information is located in the scattering close to the specularly reflected beam.

The application of semiconductor matrices for light scattering measurements has been
reported in a number of publications. In the following paragraphs, different approaches
and systems are reviewed, for which the best reported operation parameters are sum-
marized in Tab.4.1. In particular two measurement systems those basic approaches are
similar to the sensor system presented here are presented and analyzed in detail.

In 1985 [30,166] one of the first applications of a photo-diode line to assess nanostructure
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4. Experimental set-ups for angle resolved scattering measurements

properties of rough surfaces (minimal R,~10nm,? [166]) from scattering distributions is
reported. Almost identical applications of diode or CCD lines are presented in [90,167—
171] and were implement as commercial sensor devices [172-174] for fast in-line scattering
based measurements of technically rough surfaces.

So far, only uncalibrated scattering distributions were reported for these system; there-
fore, their sensitivity in terms of ARS or BRDF is not accessible. However, since the
measurable roughness, which is determined using the semi empirical facet model [166],
seems to be limited to values of about R,210nm, the application for optically smooth
surfaces (0<1nm) is not possible. In addition, the scattering data is limited to the in-
plane ARS with angular resolutions of only 1°. Consequently, the evaluation of naturally
three dimensional ARS distributions [175] with a fine structure, in particular those of
anisotropic surfaces or defects, is not practicable.

For the systems described in [30,166,168,169] an additional sensitivity limiting factor is
the application of optical elements to image the scattering distribution on the detector.
The negative impact, which is in particular relevant for the instrument signature and the
NAL, is caused by the scattering from the imaging elements and by internal reflections
[167]. Moreover, pattern distortions [167] as well as radiometric and angular distortions
[57] can be induced.

Imaging elements are also limiting factors for the multiplicity of measurement systems
that use a combination of imaging spheres, non-spherical mirrors, lenses, or objectives
with 2D semiconductor matrices to record the scattering of the complete hemisphere
124,29,37,38,176-178] or of sections of the hemisphere [33,115,179-182]. This limitation is
either caused by obscuration [24,29,37,177] or by scattering and multiple reflections from
the imaging elements [183)].

Systems utilizing a combination of an imaging sphere and a semiconductor matrix for
ARS measurements, first reported in [176], can be rather similar to imaging sphere based
TS measurement set-ups; only the integrating detector has to be replaced by a spatially
resolving detector module close to the conjugated focal point [176,178].

These systems can be quite sensitive (Tab.4.1, [29]) and are applied to characterize
various scattering phenomena: for instance the scattering from particle chains in magne-
torheological suspensions [24] or from airborne particles [25,179]. The application to the
3D analysis of surface roughness induced scattering was reported in [29,37,38,180] with
achieved sensitivities down to roughness levels in the nanometer regime [29]. However, the
systems are often non-compact laboratory systems [24,37,38] and, therefore, not suited
for in-line applications.

For systems that employ optical clements, an additional sub-class exists with at least
four instruments described in [34,36,184-188]. By these systems the scattered light dis-

tributions are recorded from diffusing screens or hemispheres. Hence, blurring effects of

2 R, is the 2D version of S, (arithmetic mean deviation of a 3D surface profile). For surfaces with a
Gaussian height distribution: oa/7/25, [62].
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4.3. Detector matrix based light scattering sensor

the specular beam within the imaging screens constitute additional sources of interfering
light that limits the capabilities to evaluate the scattering close to the specular direction.

Besides for the systems in [29,34,37,177], neither calibrated ARS nor BRDF mea-
surements were presented in the reviewed publications and only in [29] the rms rough-
ness was determined from the measured TS values. Therefore, the structure-scattering-
relationships presented in Sec. 3.1, which require calibrated scattering data, have not been

applicable so far for the other systems.

Tab. 4.1.: The upper part of the table compares semiconductor matrix based concepts for light scattering
measurement and lists their best reported performance parameters. The lower part compares
performance parameters of sensors whose basic concepts are similar to the sensor in this work.
"DR in OoM?” - dynamic range in orders of magnitude; ”Sens in sr~!” - sensitivity down to
ARS levels in sr~!; * no calibrated ARS/BRDF data available; ! determined from the bit depth

of the semiconductor sensor device.

Lowest
Sensor ] . ) 0s range / Sens DR in
concept Advantages Disadvantages Ad, in ° insr-1 OoM ori 1?1;1 ﬁa
2D-ARS R o
(detector line) + compact :éesolutpn i1A<59. .._:Ii%O . 4.6" R.=5
[30,167— + very fast A s < (30] [168]
169,172,189] T peTianee 30,172
3D-ARS + L 0.—6°...90°
imaging element I?géltsmwty - NAL SAT? _0 40 <107° 7t o=2
[25,29,37,38,115, || . (65, ps-range)  ~ (size) TQ_Q] . [29] [182] 29]
176,179-183,190]
3D-ARS + , _NAL §,=0°..85° 1073 B
image screen + fast _ (dynamic) Af.—0.35° (34 6 R,=12
[34,36,184,185, || + (0s, ps-range) ) e ’ [184] [185]
187,188,191] — (size) [191] 184]
+ dynamic 9° around
- i + sensitivit,
3D-ARS, direct TNAL Y -0, p-range reflex 5x107° 7.6 0<0.5
measurement g 8
+ compact Af;<0.01°
+ fast
Set-ups for . Lowest
direct 3D-ARS Detector S(?urce, b ran'geo/ . Senﬁl DR in oor R,
Ain nm Afs in in sr OoM .
measurements n nm
retina shaped laser 8° around reflex
PSS [28,192] CMOS matrix, diodes,  Af#s=0.03°...0.38° 4x1073 7 o=5
8013 elements 686, 820 Apg=2°
by Lu, Tian rectangular CCD ‘ ‘ % i _
[193.194] matrix n.a. n.a. n.a 2.4 R,=50
scatterin rectangular laser 9° around reflex
sensor g commercial CMOS  diodes, Afs<0.01° 5x107° 7.6 0<0.5
matrix 660, 405 Aps<0.03°

So far not mentioned, since to less data on the working approaches are available, were
the commercial systems "MiniDift” [35] and "OMS2” [27]. With both systems, calibrated
BRDF distributions can be determined. However, from the applications presented, it

seems that both systems are intended for the photometric rendering related evaluation

23



4. Experimental set-ups for angle resolved scattering measurements

of surfaces and, therefore, do not provide the sensitivity and illumination beam quality
required for the characterization of optically smooth surfaces.

There are only two light scattering measurement systems known to the author, pre-
sented in [28,192] and [193,194], which apply (2D-)semiconductor matrix detectors in a
similar configuration as the scattering sensor in this thesis (directly, without any imaging
elements). In the lower part of Tab.4.1 (p.23) the reported performance parameters of
these systems are compared to the novel sensor developed in the course of this thesis.

For the set-up described by Lu and Tian in [193,194], the characterization of surfaces
with rather high roughness values not below 0=50nm was demonstrated. For this pur-
pose, the uncalibrated scattering distributions were evaluated with a model [195] that is
comparable to the facet model [166].

Calibrated BRDF measurements down to levels of BRDF~4x1073sr~! and obtained
3D-PSD functions of medium rough surfaces (0~5 nm) were reported for the system "PSS”
described in [28,192]. In this sensor a specially developed retina shaped CMOS sensor
(28] with a radial arrangement of the single CMOS elements and logarithmic response
is implemented. However, no scattering measurements were reported for samples with
roughness values lower than o~5nm and the measurements presented indicate a NAL
not better than ARS~1sr~! at ,=0.5°.

In order to characterize the scattering of typical optical surfaces a sensitivity of at least
ARS<107*sr™! is necessary. An estimation based on Eq.7 for pure roughness induced
scattering from surfaces with a fractal PSD and a scattering relevant roughness® 0=0.4 nm
reveals a required sensitivity down to ARS~10"%sr~! for an ideally reflecting surface and
even ARS<107°sr~! for an identically rough glass substrate with a reflectivity of 4 %.
Therefore, a sensitivity of ARS<10™%sr™ is sufficient for commercial mirrors and even
partially for super-polished RG1000 substrates or silicon wafers, as will be demonstrated.

On the other hand, a NAL of 2x1072sr™! and a dynamic range of at least 3orders
of magnitude are required to cover the scattering of this model surface up to 0.5° close
to the specular direction. An even higher dynamic range would be necessary for the
characterization of smooth and moderately rough surfaces with the same instrument.
These requirements are fulfilled by the scattering sensor presented in this thesis, which is
the most sensitive sensor known to the author with 3D capability and without interfering

imaging elements in front of the detector.
4.3.2. Discussion of technical details

General set-up

In the basic set-up (Fig.4.3) an angle of incidence of #;=18° was chosen and the spec-
ular reflected beam is focused on the center of detector matrix in a distance of 52 mm

from the sample. This arrangement results from a tradeoff concerning coverage of an

3The PSD parameters were: K=5000 and nx=1; A=660 nm
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Fig. 4.3.: Scheme of the basic set-up (left) and photography of the corresponding sensor head (right).

extended section of the scattering hemisphere, collection of significant information, and
implementation of a compact sensor head.

PSD functions are typically plotted in double logarithmic diagrams and, therefore,
bandwidth limits of the related roughness values are given in decades. This fact is pre-
sumably a result of the fractal nature of many (polished) surfaces. In consequence, light
scattering measurements should span a wide range in logarithmic spatial frequencies, too.

The grating equation (3.2) reveals that within a fixed, limited angular range the highest
spatial frequency range (log scale) is achieved close to the specularly reflected beam. In
addition, it is advantageous to cover a solid angle symmetrically centered on the reflex
for the anisotropy analyses and for the defect assessment presented later. Consequently,
the specularly reflected beam is positioned in the center of the CMOS matrix.

A short distance between the sample and the detector matrix increases the covered
section of the scattering sphere and increases the solid angle per pixel. The latter is
advantageous for the sensitivity, since the power of scattered light per pixel is increased.
However, at least several centimeters of working distance are required to handle parasitic
reflections from the detector matrix and to implement a compact sensor head with a
moderate angle of incidence. With a distance of 52mm and 6#;>18° the illumination
beam can pass the rather large solid angle covered by the electronics (AQ~0.9 sr) which
surround the active CMOS area (AQ~0.1sr).

In contrast to goniometer systems, the sensor concepts omits any moving system com-
ponents. The solely mandatory requirement is the correct positioning of the sample in

front of the sensor on a (adjustable) sample stage.

lllumination module

The illumination module is designed to provide a clean beam that is focused on the
detector, has a defined divergence, and provides a defined spot diameter on the sample
surface. The focus on the detector is necessary to detect the scattering close to the specular
direction and to ensure the far-field regime inherent to Egs. 3.1 and 3.7 (see p.39). The

quality of the focus as well as the level of system internal stray light determine the near
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4. Experimental set-ups for angle resolved scattering measurements

angular limit (NAL) and the other parts of the instrument signature; hence, they define
the angular range in which the sensitivity of the system is not limited by signature effects.
The specific requirements to the beam preparations system in the compact sensor design
are discussed in the following paragraphs.

Laser diode modules, emitting at A=405 nm or 660 nm, with powers of 75 mW or 40 mW,
respectively, were applied as light sources. For both wavelengths, compact modules with
sufficient powers are available, since their development presumably profited from the
application of these wavelengths in DVD or BluRay players. In addition, the detector
matrix has its quantum efficiency maximum (50%) at about 670nm and provides an
acceptable quantum efficiency of 25% at its lower band edge at 405 nm [196].

The following paragraphs deal with the optimization of the instrument signature for
the 660 nm module in the primary illumination channel. Information on the application
of the 405 nm module, in a secondary illumination channel, can be found in Sec.6.2.1, in
which its application for the characterization of titanium films is discussed.

In Fig. 4.4 measured instrument signatures for beam preparations modules with a lens
or a mirror as final element of the spatial frequency filter are anticipated. These elements
image the intermediate focus in the pinhole over the (reflecting) sample on the detector
matrix. In addition, modeling results which combine VPT and Zemax ray-tracing results
are depicted to identify the contributions of different set-up elements to the signature.

In a first set-up (Fig.4.4,left), whose signature was dominated by a disk like ghost
image with an RARS of about 5x1072sr™!, the last imaging clement was a super-polished
fused silica plano-convex lens (¢<0.3nm,* =39 mm). The different contributions to this
signature were identified from the modeling as lens-internal reflexes, re-reflexes from both
lens surfaces over the pinhole, as well as roughness induced scattering from the lens. In
particular the re-reflections emerging from the plane lens side provide the dominating
contributions to the more than 4° wide disk in the signature. Even if a blackened pinhole
was applied, the scattering level of the disk only drops less than two orders of magnitude
to hARS<10 3 st

For a tilt of the lens of 10°, the re-reflex contributions could be considerably reduced;
only a decentered but with hARS~1073sr~! lower disk is still formed by the re-reflexes
from the convex lens side®. However, additional effects not revealed in the modeling
and aberrations still limit the NAL to a cone of up to more than 1° with hARS>1sr~!.
In particular the extended tail in the near angular profile, possibly caused by multiple
reflections of the element scattering, was only indicated by the aberrations in the modeling.

Further deviations of measurement and modeling are attributed to sources not included
in the modeling such as lens bulk scattering or re-reflections from other mounting elements.

Thus, in the context of scattering measurement systems, ray tracing simulations can only

4 relevant roughness at A=660 nm

5 Lenses with anti-reflective coatings also caused re-reflexes, showed increased sensitivity to contamina-
tion, and were less resistant to cleaning. The latter facts are mentioned, since it was recognized that
even small particles or slight contamination significantly increase the instrument signature.
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4.3. Detector matrix based light scattering sensor

reveal an incomplete prediction of possible instrument signatures, which is only as good
as the number of contributions included. Nevertheless, ARS based PSD determination

had been already possible with the lens based set-ups for medium rough surfaces.
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Fig. 4.4.: Chain of beam preparation and signature optimization; from left to right: plano-convex lens and
tilted plano-convex lens based systems, both with pinhole diameters of 150 pm; mirror based
system with a fiber coupled laser diode module and 70 pm pinhole diameter.

A mirror based beam preparation system, as typical for highly sensitive goniometer
systems [5,13,62], with a concave mirror (f=62.5mm) as imaging clement was analyzed
and implemented in the final sensor. Ray-tracing revealed that at an angle of incidence
of 3° the corresponding aberrations are within the limit of the Airy disk; hence, the spot
on the CMOS matrix is diffraction limited and the NAL is not influenced by aberrations.
However, an off-axis pinhole adjustment stage had to be developed to fold the beam path
and to achieve a module size as compact as the lens based illumination module.

The increased distance between the final imaging element and the detector has two
effects on the instrument signature: On the one hand, the influence of the element scat-
tering is decreased, since its signature relevant ARS has to be down-scaled by the ratio of
the squared distances of sample-detector and element-detector. On the other hand, the
scattering angles are spread by the increased distance; an effect that can counteract the

down-scaling if the slope of the imaging element PSD exceeds nx>1 [149]. Since the ng
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4. Experimental set-ups for angle resolved scattering measurements

of the mirror is 0.9, increasing the distance should improve the signature.

VPT modeling with identical PSD functions for all surfaces revealed that the scattering
of a mirror is about ten times higher than that of a lens in the transmission hemisphere.
However, the surface PSD of the mirror is about ten times lower than that of the lens
surfaceSso that the modeling revealed a signature relevant scattering that is slightly below
that of the lens (Fig.4.4).

Additional advantages of the mirror based beam preparation are the reduced aber-
rations, the single scattering surface, the absence of bulk scattering, and the reduced
sensitivity towards contamination and particles, recognized in the application tests. Dis-
advantages, however, are the higher magnification of the pinhole image on the detector
and the increased Airy disk, which both slightly reduce the near angular limit.

Differences of measurement and model in the near angular scattering for the mirror
based system are caused by roughness of the silicon wafer, which was applied as "ideally
smooth” sample for the signature tests. Hence, close to specular reflex it is even possible
to measure the scattering of superpolished silicon wafers (see Fig. 4.8, on p. 32).

In the lens set-ups and the first mirror set-up, a very compact but simple laser-diode
module with a focusing lens and an elliptical beam profile [197] was implemented. In
the final illumination module it was replaced by a slightly bigger, fiber-coupled laser-
diode module [198]". The polarization maintaining single mode fiber acts as an additional
beam shaping element that provides an almost Gaussian beam profile. In combination
with a micro-focus module, the diameter of the pinhole could be reduced from 150 pm to
70 pm. This results in an additional reduction of the focus diameter on the detector by a
factor of 2 from 420 pm to 210 pm; hence, the theoretical near angle limit (in absence of
element scattering) is improved to about 0.12°. The illumination spot on the sample is
only reduced by 20 % from 1.9 mm to 1.5 mm.

At the aperture of the micro-focus module, an iris and a polarizer are located to adjust

the spot diameter on the sample and to increase the polarization contrast, respectively.

Detection module

To maintain the simplicity of the sensor concept, a commercial CMOS detector matrix
(Photon Focus MV1-D2080-160G2-12 [196]) was implemented into the set-up. Key pa-
rameters of this module are: an active area of 16.64x16.64 mm?, 2080x2080 detector
elements, and an exposure time range from 10ps to 419ms. The conresponding sensi-
tivity should be below hARS level of about 5x107°sr~!, which corresponds to a gray
value (GV) of 66. In this rough estimation a laser power P=40mW, the maximum ex-
posure time t;,,=0.419s, a solid angle AQ=2.4x10"%sr, and a CMOS pixel responsivity
R=210x103 DN =*/5 [196] were assumed.

6 0.1 nm compared to 0.3 nm relevant roughness at A=660 nm, although mirror and lens were purchased
from the same supplier.
7 The fiber port facilitates the application of wavelengths for which no compact sources are available.
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4.3. Detector matrix based light scattering sensor

Although CCD matrices provide higher sensitivities, higher fill factors, and less noise,
they are prone to blooming or smearing effects if they are illuminated by high intensities
[199-202]. In combination with the high integrations times, which are required to record
low level scattering, extremely high saturated pixels have to be expected in the specular
reflex. Therefore, CMOS matrices whose images are not prone to smearing and much less
prone to blooming are necessary®.

Even 16 bit sensors cannot cover the full dynamic range of the ARS between the specular
power and low scattering levels. Therefore, an image series obtained over the entire range
of exposure times extends the dynamic range of only 8 bit per image® to about 7 decades
(~23bit, Sec.4.3.2). A good linearity of the detector over this entire dynamic range
is mandatory for reliable ARS results. To correct possible non-linearities, the response
characteristics of the CMOS matrix were analyzed by using the set-up sketched in Fig. 4.5

and the procedure described in the following:
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Fig. 4.5.: Results of CMOS matrix linearity analysis: Scheme of the set-up (top left); diagram of the cor-
rection polynomial for the background corrected gray values (applied for all integrations times).
The diagrams in the lower row demonstrate the necessity for the exposure time correction (left)
and summarize the remaining residue (right) after all correction steps.

The CMOS matrix was illuminated by two high power LED sources whose light was
combined by a semitransparent mirror. The light passes a variable attenuator'® in an
intermediate focus to generate different illumination powers, which is followed by a trans-
parent diffuser to homogenize the illumination. According to the superposition method
described in [204-206], the primary aspect in the linearity test is the comparison of the

sensor output obtained with both LEDs switched on to the sum of the gray values ob-

8 Nevertheless, even this matrices are not applicable in general. For example a CMOSIS CMV4000 chip
[203] tested showed the black sun effect if illuminated by the focused laser beam.

9 The 8 bit mode was applied, since the 12 bit mode primarily increases the resolution of noise.

10 The (unknown) attenuation is not required for the procedure. Hence, only the attenuator positions
are given.
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4. Experimental set-ups for angle resolved scattering measurements

tained for either LED 1 or LED 2 switched on. This has to be done for integration times
and attenuation levels that cover the entire dynamic range.

In contrast to photo multiplier tubes and photo diodes, which produce continuous
signals, the CMOS detector elements collect the generated charges over the exposure
time and a digitized gray value (0...255) proportional to ¢, is returned. A further major
difference is the high dark signal which can range from 7% to 35% of maximum gray
value GV=255. Therefore, the linearity of the signal is analyzed as a function of the gray
value and the exposure time, considering a pixel-wise subtractive background correction.
Following the superposition method [204-206], a correction polynomial for the signals
is set up, which is directly applied to the background corrected gray values GV*. The
coefficients b; are determined by minimizing the sum of the resulting residue for different
illumination levels: GVig,,—GVi—GVj + >, b; ((GV’{&Q)i —(GV})' — (GV;)Z) =0 . For
the exposure times tested, the b; revealed only slight deviations; therefore, the identical
second grade polynomial was applied for all exposure times (Fig. 4.5, topright).

The GV, signal, corrected by the polynomial and divided by the integration time,
revealed a remaining non linearity that became evident in the comparison of identical
signals for different exposure times (Fig.4.5, bottomleft) in particular for #;,;<200 ps.
These deviations were corrected by adding a constant t*=20ps to ¢y, which primarily
influences the signals at low exposure times and significantly minimizes the deviations.
The success of this procedure indicates possible deviations in the sensor chip timing.

After both corrections, the remaining residue GVior142—GVeor1—GVeor2, which are
given in Fig. 4.5, are already below 1%. By applying an additional polynomial, the
remaining deviations (right part, Fig. 4.5, bottomleft) drop to an average residue level

below 0.5%. The final corrected signal is determined as:

(4.1)

. GV-GV b, (GV-GVye)'
‘/;:Or = Gvcor + Z Cijior with GvCor = HG _; E-z'_ t*( HG)
; int

Although the CMOS matrix has an anti-reflective coating, a diffraction pattern emerges
from the reflex position on the grating like matrix structure. Without countermeasures,
scattering or retroreflection of these reflexes at the housing or the sample considerably
contribute to the instrument signature. To avoid this, the matrix normal is tilted by 28°
with respect to the specular reflex; then, the most intense orders of the diffraction pattern
are removed from the sensor field of view by an arrangement of opaque, low reflecting
RG1000 glass surfaces (Fig. 4.3, p.25).

Measurement and calibration procedure

For measurements of the (h)ARS, the quantities AP;, A, and P, in Eq. 2.1 have to be
determined. The corresponding procedure with the specifics required for sensor measure-
ments are described in the following and are illustrated in Fig. 4.6.

The scattered power AP is proportional to the corrected signal V., (Eq.4.1). However,
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Fig. 4.6.: Scheme to illustrate the measurement procedure

a series of scattering images with different exposure times has to be recorded and combined

to cover the high dynamic range of ARS distributions:

0 for GV, > 250
Y LiVeore with I, =<1 else . (4.2)
e

0 for GV,<1.3 <GVHG’1€>

1

AP, x
>k Lk

The function [, ensures that only gray values that are neither saturated nor close to the
noise level are included in the determination of the scattering signal. To further extend
the measurement dynamic, it is possible to change the laser power from 1 mW to 40 mW
and to combine the resulting hARS curves as well.

The direct measurement of a signal proportional to the incident power P is impossible,
since the power in the focused specular beam exceeds the saturation level of the CMOS
chip!!. Therefore, as common for ARS measurements, a highly-scattering reference sample
(e.g. spectralon®) with a known scattering distribution ARSg.s is used to determine a
signal proportional to P; via the ARS definition (Eq.2.1):

AP, 1

Pi - VZ}or .
ARSro A, ARSpoALL

(4.3)

I Attenuation of the incidence power would reduce the robustness of the calibration procedure, since
the small number of pixels covered by the focused beam would induce additional uncertainties.
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ARSRges of the spectralon was determined from a BRDF measured at normal incidence
at the Physikalisch Technische Bundesanstalt, Braunschweig!?. The deviation s from an
ideal Lambertian BRDF, which is approximately constant within the angular range of
the scattering sensor, is determined so that ARSger=5 (°s%/x). In addition, a goniometer
system was used to verify the negligibility of differences in the ARSg.¢ for 6;=18° compared
to normal incidence [207]. To reduce the influence of speckles and detector noise, an
averaging over the incident power determined for each detector pixel is performed.

For the determination of the ARS and the evaluation of Eq. 4.3, the solid angle of each
pixel has to be determined. This is done by a geometrical analysis of the tilted CMOS
matrix plane within the scattering geometry and by the transformation of the matrix
coordinates into the spherical scattering coordinates. Spherical geometry [Sec. 3.4 in 208]
enables the determination of the corresponding A€) from the pixel grid.

To correct for slight deviations of the specular reflex position, the coordinate system is
calculated by performing a virtual shift of the CMOS matrix in its plane and by setting
the current reflex position as ideal reflex position. This reflex tracking is further justified
in the context of the uncertainty evaluation (Sec.4.3.3, p. 38).

For an in-line or in-situ application of the sensor, the presented procedure can be simpli-
fied if uncalibrated, relative measurements or reduced dynamic ranges are sufficient. The
reduced computational effort increases the measurement speed so that the measurement
rate can reach the frame rate of the CMOS matrix (25 fps). To further reduce the amount
of data and to speed up post measurement calculations, a combination (binning) of 4x4

pixels is an additional software option.

Measurement results and performance parameters

The hARS measurements of a diamond turned aluminum sample, a superpolished silicon
wafer, and the direct beam profile are illustrated in the Figs. 4.7 and 4.8 to demonstrate the
dynamic range, the instrument signature, and the sensitivity of the sensor. In addition,
a comparable ARS section of the diamond turned sample recorded with a goniometer
system is depicted in Fig.4.7. In order to obtain a similar resolution for the central ARS
part (green frame), the smallest detector aperture (2=0.2mm, AQ=5.9x10""sr!) and
angular steps of Af;=0.025° and Ap;=0.1° were applied. This highly resolved goniometer
scan lasted already 30 hours, whereas the sensor measurement took only 8 seconds.

The PSDap iso functions in Fig. 4.8 are shown to demonstrate the spatial frequency range

covered in sensor measurements and the PSD relevant instrument signature.

o The time for a measurement with the highest resolution, including the exposure time
series and computation time of AARS and PSD, is about 8s. However, this time can
be reduced by more than a factor of 10 through omitting the exposure time series and

calculating the roughness from an integrated S value (Eq.3.3). In this configuration

12 Measurements were performed in the context of the scatterometer development in [149].
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Fig. 4.7.: Scattering distribution of a diamond turned aluminum surface measured with the light scatter-
ing sensor (left) and the table-top goniometer (right). The red frame indicates the section which
is covered by a sensor hARS; the inset the section of the scattering hemisphere covered by the
goniometer measurement. The data in the green frame was obtained in a 30 hours goniometer
measurement (Af;=0.025°, Ap,=0.1°).
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Fig. 4.8.: Instrument signature obtained with the CMOS matrix positioned in the transmission hemi-
sphere (left) and hARS of a silicon wafer (center). PSD functions determined from these
measurements and the diamond turned sample (SPDT sample, right).

more than 6 measurements per second become possible. Morover, the sensor enables

uncalibrated scattering images or S values to be observed in real-time (25 fps).

e Angular resolution: Caused by the projection of the plane CMOS grid into the
light scattering hemisphere, the resolution is changing over the matrix. Nonetheless,
a fine average angular resolution as low as Af;~0.0075° and Ap;~0.025° is achieved.
The corresponding average solid angles are about AQ~2.1x107% sr~! per detector
element. In combination with the fast measurement, these performance parameters

are not achievable with conventional goniometer based systems.

e Angular range: The covered scattering angles are best demonstrated by the mea-
surement results in Fig.4.7 and are about 63~10°...26° and ps~—30°...30°. This

corresponds to about 1.4 % or 0.09 sr of the 27 sr scattering hemisphere.

e Near angular limit (NAL): The visibility of the central plateau in the signature
hARS as well as the first deviations between the PSDyp s from topography and sensor
data reveal a near angular limit of s=0.3°. The hARS level in the signature at this
angle is about 107 tsr=!. At 0,~0.5° an hARS level of only 5x1073sr~! is achieved.
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These values, that define the low spatial frequency limit for roughness measurements,
are even slightly better than that of the goniometer system in Fig. 4.1.

« Spatial frequency range: From the PSDyp s, a spatial frequency range of 1.5 de-
cades from f=0.008 pm ™! to f=0.3 pm™! is readable. This is below the 2 to 2.5 decades
of direct topography measurement approaches, but is also less influenced by artifacts

(p. 68). However, the lower frequency limit may change with the ratio between sample
ARS and NAL.

e Dynamic range: The combined dynamic range covers more than 7.6 decades com-
prising 6 decades from the CMOS matrix (maximal and minimal V) and 1.6 decades
added by the adjustable power of the laser diode module. The hARS distributions of

the silicon surface and the diamond turned sample cover this full dynamic range.

» Noise floor: The right part of the silicon wafer hARS (at 6:222°) reveals the high-
est sensitivity down to hARS of 5x107%sr~!. In this region, the dominating signa-
ture contributions from the final mirror, which cause an hARS level 8x107%sr™!, are
obscured'®. Evaluation of the PSD obtained from the signature hARS revealed a

noise/NAL equivalent roughness of only 0.26 nm for an ideally reflecting sample.

Although the sensitivity and the dynamic range are below those of goniometer systems,
they are sufficient for scattering measurements of a large spectrum of samples. In par-
ticular the limited sensitivity is partially compensated by the generally higher scattering
levels close to the specular direction for which a very high angular resolution is avail-
able. Above all, the fast 3D measurement capabilities facilitate the development of novel

analysis techniques, as will be demonstrated.

4.3.3. Uncertainty budget

The uncertainty budget development follows the "Guide to the expression of uncertainty
in measurements” (GUM) that was introduced as standard to estimate the measurement
uncertainties in 1998 [209,210].

The primary result of a light scattering sensor measurement is the AARS from which the
PSD or the rms roughness are obtained. Following the procedure described in Sec. 4.3.2,
uncertainties of the gray values, integration time, spectralon calibration value, solid an-
gles, and laser power, as well as the sensor non-linearity provide the primary uncertainty
contributions to the hARS.

Moreover, any misalignments of the sample or the sensor cause misassignments of the
scattering angles and change the effective solid angles in the measurement or the calibra-
tion path. These geometrical contributions were so far only investigated for goniometer
based 2D-ARS measurements [13,211-213] including the uncertainty of Af; onto the cal-

culation of the BRDF by conventional error propagation. However, in particular the small

13 This obscuration is not present for scattering that emerges directly from the sample.

34



4.3. Detector matrix based light scattering sensor

working distance and the reduced degrees of freedom for sample alignment!'4

can increase
the misalignment contributions in comparison to goniometer systems. If for example the
sample distance is changed by 1 mm, the solid angle of the laboratory goniometer is altered
by about 0.4%, whereas it is altered by 4% in the sensor set-up.

To handle scattering angle misassignments and the complex angular relations in the
determination of Af€), the entire measurement procedure was implemented as a virtual
measurement process in Matlab. Following the measurement scheme in Fig. 4.6, the model
includes the measurement, the calibration, as well as the system parameter path with the
corresponding misaligned set-up. This virtual measurement scheme is employed for Monte
Carlo simulations, as proposed in [215] for GUM conform uncertainty evaluation, to obtain
the contributions to the combined uncertainties of hARS and o.

In the uncertainty analysis the stochastic distributions of the contributing quantities
have to be assigned, and categorized as type A or B uncertainties depending on whether
the assignment is based on statistical analyses or other methods. The corresponding
experimental results and assumptions are summarized in Tab. 4.2 (p. 37) and are described

in the following.

Laser power: The primary contributions of the laser source are attributed to the drift
and noise of the emitted power between the image acquisitions. These contributions are
enhanced by switching the laser off and on for the background determination. To im-
itate this operation regime, two experiments were performed for different laser powers:
I - recording the laser power as a function of time; II - recording the laser power after
a sequence in which the laser was switched off and on for random times (uniformly dis-
tributed in [0.2s,10s]) until the measurement. Within these experiments, the laser beam
was expanded on the CMOS matrix by a diffuser to record an averaged background cor-
rected gray value with reduced influences from detector noise'® and speckles.

The measurements revealed an acceptable mean deviation of <1.3% for operation re-
gime II, which is however factor four higher than in regimel. The corresponding noise
value provided by the supplier for cw operation was given as <2 % [198]. In addition, a
significantly higher noise level was observed for low laser powers (e.g. 5.3 % modelIl, 1.2%
model, at 2mW). Therefore, laser powers below 5mW should be avoided for measure-
ments. The empirical distribution function obtained from the mode Il experiments was
approximated by a corresponding shifted gamma distribution, which was implemented as

type A uncertainty in the Monte Carlo modeling.
CMOS / detector noise: The noise of the gray values per pixel (AGV, AGVyg) is ob-

14 Typically the goniometer positioners can be employed for this purpose [214]. E.g.: laser based trian-
gulation at different angles of incidence.

15 Integration time errors are included in the determined nonlinearity and in the GV noise. In the model,
speckle are no origin of uncertainty, since they are inherent to the scattering of a rough surface [74]

16 The noise uncertainty is reduced by a factor of 1/y/mumber of pixelsa2l/2080 (central limit theorem).
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tained by repeated measurements with and without illumination'”. Within these exper-
iments slight differences in the absolute gray value noises per pixel as functions of the
incident power and the exposure time were observed. However, the standard deviations
did not exceed AGV=1. The empirical probability distributions could be approximated
by a corresponding discrete binomial distribution, which was applied as uncertainty of
type A in the Monte Carlo modeling.

In addition, the spatial distribution and the mean gray values of the dark signal were
analyzed to include realistic background levels into the modeling. Within these investi-
gations, the pixel-wise correction of the noise was justified. The GV mean deviation for
a single pixel is less than AGV<1 (2.1 % to 0.9%, depending on GV), whereas, driven by
the inhomogencous background, the deviations as a function of the position on the chip
can range from less than AGVa1 to 10 (3% to 15 %, depending on ti,).

CMOS linearity: With the assumption that the remaining residue after the non linearity
correction (Fig. 4.5, p. 29) are a result of the noise of sensor and LED sources, an additional
type B uncertainty contribution with a rectangular distribution and a global uncertainty

per image of 0.5 % is added to V, in the modeling.

ARS reference: The combined uncertainty of the spectralon reference was provided by
the PTB as U=0.005 (k=2) for A=633nm. In addition, a goniometer system was ap-
plied to check the calibration curve for deviations if illuminated at 18° at 648 nm. The
recognized deviations are below the measurement uncertainty of the goniometer sys-
tem and primarily attributed to speckle. Therefore, the PTB calibration uncertainty

of u=U/k=AhARS=0.25% was applied in the modeling as type B contribution.

Sensor sample positioning: Uncertainties in the sample positioning result in different
effects on the measurement results: On the one hand, the solid angles of the detector
elements are changed; on the other hand, misassignments of the scattering angles are
caused. The contributions themselves can be divided into two coupled sub-parts, caused
by angular misalignment and deviations in the working distance!®:

o« Working distance: Without additional means, as for example alignment points,
the fine adjustment of the working distance is possible with the help of a caliper,
avoiding a contact to the optical surface, and by adjusting the reflex diameter on the
CMOS image to its minimum. Tests revealed a typical distance AZ=2mm at which
a misaligned working distance becomes visible. The same uncertainty is assumed for
the spectralon, although no specular reflex is present, since sample and spectralon can
be adjusted to the same distance. Therefore, a corresponding normal distribution for

the working distances was included in the modeling as type B uncertainty.

17 A Schott LLS 3 LED source was applied to reduce the influence of the illumination power noise and
of speckle. The LED noise level was determined to less than 0.1 % for different power levels.

18 Deviations of the mechanical components provide similar contributions. These are neglected, since
they should provide considerably lower uncertainties.
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o Angular alignment: The tilt of the sample is coupled to the misaligned working
distance, since a working distance induced error of the reflex position on the CMOS
matrix can be partially compensated by an additional sample tilt and vice versa.
Therefore, first the sample distance is misaligned in the modeling; then, the changing
reflex position is compensated by an additional sample tilt. Thereafter, an additional
random tilt error (Type B uncertainty) with a normal distributed polar deviation of
the surface normal (mean deviation of 0.5°) and a uniformly distributed azimuthal
deviation is applied. Higher polar deviations would be easily recognized by the oper-
ator, since for 0.5° the specular reflex is decentered on the matrix by about 60 pixels.
For the spectralon, the working distance is not compensated, because a specular reflex

is not present.

The determination of the combined measurement uncertainties for hAARS and o are pre-
sented for the example of a medium rough surface with a fractal PSD (K=5.9x10°,
nkg=0.1) and a relevant roughness of c=1nm. The actual ARS that would be measured
in the misaligned geometry is calculated using the VPT and transferred to noise and
background affected CMOS matrix images. The same procedure is performed for the
calibration path with an incidence angle invariant ARSger. Finally, the resulting gray
values are converted into hARS distributions employing the measurement scheme for the
"undisturbed” sensor.

Tab. 4.2.: Contributions to the measurement uncertainties and corresponding sensitivity coefficients for
hARS and o; " mean deviation that corresponds to a uniform distribution in [0°,180°); * average
of distributions in Fig. 4.9.

Uncertaint Sensitivity Sensitivity
SOUre v Uncertainty u Distribution ~ Type to to
e hARS* o

CMOS (GV B ) ] L,

and GVye) ugy=1 binomial A 3.3% 7.3 x 1074 %

laser up=1.3% shifted A 1.6% 0.8%
gamma
CMOS uniform in
non-linearity Weor =03% 10,995, 1.005) B 0-8% 02%
spectralon UARS o =025 % Gaussian B 0.25% 0.12%
working - )
distance A9 ug=2mm Gaussian B 4.5% 2.2%
polar tilt Gaussian
angular ug,=0.5°
misalignment tilt azimuth uniform in B 1.8% 0.4%
ue,=52° 1 [0°,180°)
u 6.5% 2.4%

Figure 4.9 shows the corresponding spatially resolved mean deviations of the hARS per

pixel for the different contributing parameters. In particular the image for the angular
misalignment without reflex tracking reveals an extraordinary high uncertainty in the

central image region. This is caused by the moving specular reflex on the CMOS matrix.
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Fig. 4.9.: Left: Distributions of the hARS mean deviation on the CMOS matrix for different uncertainty
contributions (contributions of non linearity and spectralon have a spatially constant uncer-
tainty distributions in a single measurement - therefore, no image); Right: Histogram of the
rms roughness results with and without reflex tracking. For both histograms the same area of
saturated pixels around the reflex was excluded in the calculation of o.

To reduce this unacceptable uncertainty level, a tracking of the misaligned reflex position

was implemented; the current reflex position is set to the ideal position (;=18° ¢,=0°)

by a virtual shift of the CMOS matrix in its plane.

Although the angular misassignment is only virtually compensated, a minor systematic
error of o is reduced, as visible in the histograms in Fig.4.9. This improvement can
be attributed to the improved correlation between the "new” scattering angles and the
ideal spatial frequencies, since both are directly associated to the distance to the specular
reflex. In fact, this is a consequence of the shift invariance of the BRDF discussed in
several publications [216,217].

The remaining minor underestimation of the expected value of ¢ in the blue histogram
is less a systematic error; it is caused by the changing spatial frequency range for the
misaligned sensor. Sections of the PSD that leave the angular range of the sensor are
primarily replaced by sections with lower PSD values due to the monotonically decreasing
model PSD'?.

From the results illustrated in Fig.4.9 and in Tab. 4.2, it is obvious that the alignment
uncertainties, in particular those of the sample distance, provide the highest contributions
to the uncertainties of hARS, PSD, and rms roughness. Therefore, in an implementation
of the sensor for in-line measurements the set-up should have means such as limit stops
or distance sensors to reduce these contributions or to include a determined deviation in
the calculation of the hARS, respectively.

The rings which are visible in the mean deviation of the ARS correspond to the overlap-

ping regions of images with different exposure times in the HDR image series. They are

9 If the determined o is compared to the o that corresponds to the spatial frequencies of the misaligned
system this minor deviation vanishes.
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primarily influenced by the sensor noise, but also by fluctuations of the laser power. The
latter contributions to measurement and calibration would be reducible with a mechanical
shutter, which is however a moving component.

Kolmogorov-Smirnov tests for normal distribution with a significance level of 0.95 were
positive for the histograms of the roughness, whereas they were only just rejected for
single hARS values?’. Therefore, the coverage factor for the 0.95 significance level of the
roughness can be set to k=2, and the combined measurement uncertainty is calculated to
only U,=2u,=0.048 nm (4.8 %). Assuming k=2 also for the hARS, the average combined
uncertainty would be about 13% per hARS pixel, which is comparable to goniometer
systems [5,11,149,212].

4.3.4. Reliability of roughness measurement results

The characterization of surface-related scattering phenomena, such as scattering from
interface roughness and surface defects, will be the primary application area of the scat-
tering sensor. Therefore, a revision of the validity of basic structure-scattering-relations
in the context of the specific sensor configuration is presented to improve the understand-
ing for the sensor application. This includes the determination of the upper roughness
limit that is measurable with the VPT and the discussion of the VPT inherent far-field
properties. The latter is often taken for granted in conventional light scattering experi-
ments. However, results of virtual experiments with the BKT shall demonstrate the risk

of potential errors which are in particular relevant for compact sensor systems.

Far-field properties

The application of the VPT requires the scattered power to be recorded in the far-field
of the sample surface [83,103,132,218,219]. For example in [103], the scattered (far-)field,
that emerges from a virtual roughness induced interface current density, is calculated by
a Fourier transform of the current density. On the other hand, the detector matrix of the
scattering sensor is located in a distance of only 52 mm, which is rather close to the sample
surface, and violates the conventional Fraunhofer far-field requirements. Nevertheless, the
excellent correlation of the PSD functions obtained from the hARS and topographic PSD
data was already demonstrated in the previous section (Fig.4.8).

The Fraunhofer criteria m/a2=52mm660nm/ my)2=8.6x 10731, with 7 the detector dis-
tance and d the spot diameter, is violated for the scattering sensor. On the other hand,
the scattering problem is not exactly identical to the diffraction from a plane screen; the
relevant phase fluctuations are induced by the vertical roughness components and not by
the lateral dimension of the illuminated spot, in particular if higher spatial frequencies are

considered. Therefore, d should be replaced by the highest expectable vertical dimension

20 This discrepancy illustrates the central limit theorem. The roughness, which was positively tested for
normal distribution, is calculated from the integral (sum) of non-normally distributed hARS values.
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or by the highest spatial wavelength. For both values 10 um is a reasonable suggestions;
hence, the Fraunhofer criteria would be satisfied (343>1).

In [161] the far-field concern was mentioned as well: Although the presented detector
yoke with a sweep radius of 164 mm and a wavelength of 633 nm should operate in the
Fresnel region, the measured scattering patterns were not distinguishable from Fraun-
hofer scattering distributions [161]. However, since the detectors were positioned on the
circumference of a yoke and not on a plane, which would intensify the paraxial limitation
of the Fraunhofer approximation, the disturbing phase variations can be neglected if the
surface is illuminated by a spherical wave [94,216,220].

The scattering sensor, just like most goniometer systems, comprise a lens or a mirror in
the beam preparations system to set the focus of the incident beam on the detector sweep
radius. This optical component ensures the spherical wave illumination and implicates
the far-field properties, since it has a similar function as the lens in a 2f-arrangement that
causes an optical Fourier transform. This optical Fourier transform is also present if the
object is located in between the focusing element and the focal spot [221, pp106].

On the other hand, the detector of the scattering sensor is plane, even closer to the
sample than the yoke in [161], and is, moreover, not tangential to the scattering sphere.
For further studies into the far-field properties, in particular into how the measurement
results are influenced by the specific geometrical properties of the scattering sensor, hARS
distributions that would be obtained with different detector configurations (Fig.4.10c¢)
were modeled employing the BKT. Besides the specifics mentioned, the influence of the
focused illumination beam is additionally investigated.

Corresponding results for a sinusoidal grating with an additional random roughness are
summarized in Fig.4.10 a) and b). To include the focusing element, the incident plane
wave in Eq. 3.4 was replaced by a spherical wave with a curvature 7} in the direction of

the focus:

Bo C <8E)A —(1-F)E (z’k—1> cos 2 (7,7%) . (4.4)

7§ on T§

The diagrams reveal the convolution of the scattering distribution, represented by the
diffraction peaks and the noisy bottom level, with the diffraction pattern of the illumina-
tion spot. This effect becomes in particular disturbing with decreasing detector distance
(rj<1000 mm, a), but is significantly reducible if the illumination beam is focused on the
detector (b). Nonetheless, higher diffraction orders reveal defocusing effects if the detector
distance is reduced (inset, Fig.4.10b). These "aberrations of the diffracted wave field”
[216] are only slightly increased if the detecting elements are distributed over an oblique
plane (scattering sensor) and not on a sphere with a radius of 52 mm.

Although the diffraction of the illumination beam and the aberrations should influence
the scattering from the random roughness as well, these effects are not evident in the

corresponding parts of the ARS. They are obscured by the random phase effects that
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Fig. 4.10.: Far-field properties analyzed for a superposition of a smooth sinusoidal grating
(amplitude=20nm, f=0.09pm ') and a random rough surface (K=5000, nx=1.3). The
spot diameter on the sample is 2.3 mm (2wp). a) ARS as a function of detector radius with-
out focusing element. b) ARS as a function of detector radius with focusing element. In
addition a curve for the oblique, plane (matrix) detector is illustrated. ¢) Scheme to empha-
size the different detector geometries. d) Influence of the focusing element and the detector
form on the measured S values, which are proportional to o2, for a purely random rough
surface (K=5000, nx=1.3). Sy is the value obtained with a spherical detector (sweep radius:
1000 mm) and with a focusing element. ) lower integration limits of #;=1.5° or 3° for filled or
open triangles, respectively.

cause the speckle pattern. This is even better emphasized by diagram a); though no
focusing element is applied, the ARS bottom level for the 100 mm sweep radius is identical
to 1000 mm sweep radius. Only the convolution of the peaks obscures the scattering from
random roughness. Consequently, light scattering based roughness measurements of pure
random rough surfaces, which have no edges in the PSD, are almost unaffected by far-field
concerns, as long as the diffraction pattern of the specularly reflected beam is excluded
from the evaluation or a focusing element is applied.

This also holds for the integrated scattering of a rough surface - pure roughness without
sinusoidal grating - as summarized in diagram d). The determined S values, which rep-
resent the roughness (Eq.3.3), remain constant for the different detector configurations.
The deviations for the set-up without a focusing element are only induced if the increasing
width of the specular peak contributes to the integration of S. This is demonstrated by

a comparison of S for two different low angle integration limits (1.5° and 3°, Fig.4.10d).
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Roughness measurement on smooth (and medium rough) surfaces

There are several statements on the validity of the first order VPT for increasing roughness
levels within the literature. In the following paragraphs, these statements are summa-
rized, reviewed in the context of the scattering sensor, and compared to modeling results
obtained with the BKT. This review is necessary, since it is not always clear whether
bandwidth limited or intrinsic (possible for the ABC-model) roughness values are given.

Furthermore, the modeling enables the application range of the VPT in the context
of the scattering sensor to be quantified with the correct bandwidth. In particular, the
non-approximated exponential version of Eq. 3.3 is not valid if the spatial frequency range
of o does not cover the entire scattering relevant frequency range [222].

The most simple and general statement is the requirement for any single roughness
component within the roughness spectrum to be much smaller than the wavelength of
light [223]. The limit for the term “much smaller” and the question for the relevant spatial
frequency range are left open. Church, Elson, and others state in a number of papers that
0.01= (a27/x)* <1 [44,74,82,85]%!, with a the amplitude of a sinusoidal grating. Thus,
the limiting amplitude would be about 11nm (0=7.8nm [62]) for the scattering sensor
(A=660nm). In [76] a slightly different relation named as Rayleigh-Strehl parameter is
given for the case of a smooth surface version of the BKT: ((47/x) o cos 6;)> <1. With this
relation the detectable roughness would be only 5.5 nm.

Within some Russian light scattering papers, the limits are discussed for the application
of the VPT on X-ray scattering measurements at grazing angles of incidence [72,96]. The
resulting roughness limits as functions of the incidence angle and the polar scattering
angle are ko cos6;<0.3 and ko cos 6;<0.3, respectively. For the scattering sensor, with
6; and 65 close together, this corresponds to approximately ¢<30...36 nm. Independently
from scattering or incidence angles, 0<*20/32.5nm should hold [96]. An interesting
consequence of the previous relations is the possibility to increase the maximal detectable
roughness value to more than 100 nm by increasing the angle of incidence to 6;~80° and
by the evaluation of scattering angles close to the specular reflex??.

In [224] two different relations are stated: o <*/20~30nm for angle resolved scattering
analysis; 0.50.3A~200 nm for T'S-based roughness determination [224]. The latter is, how-
ever, an result of the increased validity range of the exponential part of Eq. 3.3 compared
to the VPT. On the other hand, in [28,192] PSDs from topography and scattering data of
a surface with 0=100nm reveal an acceptable correlation, although slight discrepancies
become evident.

For the stated roughness limits, it is not always clear whether the given roughnesses
are bandwidth limited or related to the scattering in the complete hemisphere. Moreover,

the results are not related to other stochastic properties such as the form of the corre-

21 7« is interpreted in the following as 0.01; The sensor wavelength 660 nm is used as A.
22 The required 6; or fs are not accessible with a compact sensor set-up; the typical geometry of com-
mercial CMOS matrices with the sensitive area surrounded by a circuit board prevents it.
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sponding PSD functions. To increase the information on these limitations, in particular,
for the scattering sensor specifics, modeling results of the BKT and the VPT of ideally
reflecting surfaces (F=—1, Q=1) were compared. The required random surfaces with
varying roughnesses and different PSD slopes were generated by utilizing the procedure
introduced in Sec.3.2.1 (p. 14) for fractal PSD model functions (Eq. 3.10 in Sec. 3.2.1).
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Fig. 4.11.: The increasing roughness results in deviations of the VPT and the BKT. Left: ARS curves

illustrate the deviations as a function of scattering angles. Right: Deviations of the integrated

scattering S, as a function of the surface roughness and the PSD slope, demonstrate the limits

of the VPT for roughness measurements with the scattering sensor. Black line: threshold of
Sver/Sprr> 0.8, corresponds to 10% deviation of the rms roughness.

The modeling results, summarized in the left part of Fig. 4.11, reveal a good correlation
between the VPT and the BKT for low roughnesses (blue/green curves). For higher
roughness values, power is redistributed from the close to specular region presumably to
higher diffraction orders, as demonstrated by the red and orange curves. To quantify
these deviations, the right part of the figure illustrates the ratio of partially integrated
scattering determined from the BKT and the VPT modeling results as a function of the
roughness (sensor relevant frequency range) and the PSD slope ng.

The results demonstrate, that the detectable roughness threshold is not determinable
as single number, since it changes considerably with the PSD slope. The capability
to measure high roughness values is increasing with ng up to o~70nm sensor relevant
roughness for nx=2.5, which corresponds to 71 nm relevant roughness at 660 nm. For this
nyg the contributions (or amplitudes) of higher spatial frequencies to the roughness are
almost negligible. However, personal experiences revealed that the highest values for ng
do seldom exceed nx~1.5. Therefore, the highest accessible roughness values are in the
order of 0=30nm (32nm relevant at 660 nm). For low ny values, a dramatic decrease of
the accessible roughness, down to only c=8nm (18 nm relevant at 660 nm) is observed.
This is caused by the increasing amplitude of higher spatial frequency components which

cause scattering into higher diffraction orders, compared to those at lower frequencies.
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4.3.5. Summary

A number of semiconductor matrix detector based light scattering measurement concepts
were developed for several applications to overcome the time-consuming scanning pro-
cedures of goniometer based systems. However, a lack of highly sensitive and compact
sensor systems which are applicable to 3D near angular scattering measurements of opti-
cal components was recognized, that led to the development of the novel light scattering
Sensor.

Although the basic concept of this sensor comprises a commercial CMOS sensor ma-
trix, an elaborated beam preparation system as well as comprehensive measurement and
calibration routines enable the measurement of calibrated 3D-RARS distributions with a
dynamic range of 7.6 decades down to ARS levels below 5x 1072 sr— 1.

The PSD functions obtained from such measurements extend over a spatial frequency
range of one and a half decades and have a signature equivalent roughness level of as
low as 0=0.26 nm. Combined uncertainties (k=2) of only 5% for rms roughness values
and about 13% for hARS values were determined using Monte-Carlo modeling based
uncertainty analysis. This latter uncertainty is in the order of those of conventional
goniometer systems [5,11,149,212].

In addition to the evaluation of the uncertainty budget, the validity conditions of the
VPT and the far-field properties, required for the application of the VPT, were analyzed
for the specific scattering sensor geometry. The corresponding BKT modeling results
revealed an upper roughness limit of about 30nm, which, however, can be influenced
by the PSD slope. On the other hand, the modeling revealed negligible influences of
the compact sensor arrangement on the scattering and roughness measurement results,
since the far field requirements are ensured by the final imaging element in the beam

preparation system.
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5. Techniques applied for direct roughness and defect

assessment

The techniques summarized in this chapter were applied for the verification of the re-
sults obtained with the light scattering sensor by direct, light scattering independent
techniques and for the development of new analysis approaches. Thorough modeling of
light scattering requires topography data obtained with techniques that cover the light
scattering relevant spatial frequency range and are sensitive for roughness levels in the
sub-nanometer regime. In particular, the first requirement is achieved by the combina-
tion of results from white light interferometry and atomic force microscopy. In addition,
typical assessment approaches for surface defects are discussed for which an alternative

application scenario of the scattering sensor is developed in Sec. 6.4.

5.1. Topography measurement techniques

White light interferometry

White light interferometry (WLI), which combines interferometry and optical microscopy,
exploits the short coherence length of broadband (visible) light. The corresponding in-
terference patterns result from the superposition of magnified images of the surface and
a reference plane. Therefore, reference planes as well as beam splitting elements are in-
cluded in the microscope objectives. By scanning along the macroscopic surface normal,
varying interference patterns are obtained, which are analyzed for intensity and phase to
calculate the surface topographies [225].

The WLI measurements in this thesis were performed with a ZYGO New View 7300
WLI applying a 10x Mirau and a 50x Mirau objective. The corresponding measurement
parameters, including the spatial frequency resolution provided by the supplier, are sum-
marized in Tab.5.1. However, the lateral as well as the vertical resolution are influenced
by the profile of the sample as discussed in [226] and by the author of this thesis in [227].
In addition, objectives can exhibit a low pass function which flattens the amplitudes of
high spatial frequency roughness components. The uncertainty of the determined rms

roughness values excluding these effects is in the order of 10 % [228].

Atomic force microscopy

Atomic force microscopy (AFM) exploits the changing forces if a nanometer-sized probe

tip on a cantilever is scanned over a surface. By analyzing the changing oscillation fre-
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5. Techniques applied for direct roughness and defect assessment

quency of the cantilever as a function of the tip position, a surface profile is extracted
229,230].

Tab. 5.1.: Scan areas applied for topography measurements and corresponding nominal resolutions.
T the minimal roughness is limited to 0~0.04 nm by instrument noise.

objective area Az Az 5 spatial frequency fin pmil )
in pm? in nm in pm 1|0 19 19 1|0 1.0
10x 698x523 1.09
WLI <0.1
50x 140x 105 0.22
5050 0.10
AFM <0.02f
10x10 0.02

The measurements presented in this thesis have been obtained using a Dimension 3100

TM) with single crystalline silicon probes

Atomic Force Microscope (Bruker, Tapping Mode
of t=10nm nominal tip radius. From the tip radius the lower lateral resolution limit is
determined by: fiax="!/2rvar [75,135], with a the amplitude of a sinus profile. However,
even with an amplitude of 100 nm, fia.x is in the order 5pm~! and, therefore, beyond the
light scattering relevant frequency range for visible light.

Inaccuracies at low spatial frequencies can be induced by deviations of the piezo system
which moves the probe tip. The resulting effect, known as "scanner bow” [63], is in
particular relevant for large scan areas.

The vertical resolution is limited by instrument noise to rms roughness values as low
as 0~0.04 nm; uncertainties for the corresponding PSD functions are below 15 % [135]. A

detailed uncertainty analysis can be found in [231].

5.2. Surface defect classification

The identification and classification of surface defects such as scratches, digs, pits and
humps is, besides surface roughness, form, and spectral properties, one of the most crit-
ical issues for the quality assessment in the fabrication of optical surfaces. The current
standards for defect assessment are defined in the ANSI/OEOSC OP01.002 [114], which is
based on the scratch/dig specification in the MIL-PRF-13830B [113], or in the ISO 14997
8] with defect classes defined in the ISO 10110-7 [112].

Following the ISO 10110-7, the class of a flaw, regardless whether it is a scratch or
dig, is categorized in classes based on the square root of the defect area in millimeters.
Regarding the OP01.002, the classification of digs is very similar, besides that the defect
class is given by the dig diameter or by the average of the maximal and minor defect
axes in 1/ioomm. On the other hand, scratches are classified by comparing their visual
impressions to the impressions of scratches on reference charts.

This kind of empirical light scattering evaluation is the most common way for a first

defect assessment in the daily routine of optical fabrication [8]. Trained persons compare
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5.2. Surface defect classification

the visual impressions of flaws to artificial flaws of known classes on reference charts
under defined illumination and observation conditions [113]. For scratches this is even
the preferred MIL/OP conform procedure [7], since the scratch standard and its secondary
standards are only determined by the visual appearance of the reference scratches, but
not by geometrical properties [2]. Regarding ISO, the reference chart should consist of
deposited chromium areas on glass substrates, whereas the original MIL standard requires
flaws that reveal the same impressions as the primary reference standard and lock like
etched or ground [Drawing C7641866 in 113].

The subjective portions of the conventional classification procedures were recognized
and criticized years ago [2,6,10]. Consequently, alternative objective characterization
methods were proposed, that were partially included into the current versions of the stan-
dards. For example with the image comparator microscope [10], which is one quantitative
method described in the ISO 14997 [8], the power removed by defect light scattering from
the specular direction is measured to identify the defect classes. By this method, which
should be applied to scratches and digs whose dimensions are below 10 um [8], the defects
are characterized by visibility. With the development of digital cameras and industrial
vision techniques in recent years, several approaches were described that (automatically)
evaluate surface images recorded under dark field conditions [6,9,232-236]. However, these
systems are still not yet common in daily practice.

Most microscope based approaches can be exploited to obtain the defect area as well.
In particular Nomarski and Darkfield microscopy should be mentioned [61,156]. By white
light interferometry, even the entire defect geometry is determinable; therefore, it was
utilized for the basic investigation within this thesis. However, the application of micro-
scopes is described in ISO 14997 as not suitable; due to the small field of view, the system
can only assist the defect classification in quality assessment.

Within the semiconductor industry there is a similar task as the defect assessment; the
detection of nano-flaws, in particular nano-particles and pits in silicon wafer surfaces is
of great interest [237,238]. For this purpose several highly sensitive light scattering based
systems exist that exploit the characteristic scattering distributions of (nano-)particles
on smooth surfaces [19,237-239]. Within a sub class of these non-compact, complex
systems (several) single or integrating detectors record the scattering of the surface that
is scanned by a highly focused (laser) beam [39,40,237]. In particular, these applications

give promising hints for possible application scenarios of the light scattering sensor.
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thin films

The light scattering sensor developed opens up novel analysis scenarios for the quality
assessment of optical surfaces. This chapter demonstrates both: the variety of char-
acterization tasks, whose accomplishment is enabled through the sensor, as well as the
requirement for a comprehensive understanding of the corresponding physical relations
needed to interpret the measurement results and to derive tailored analysis procedures.

Therefore, the investigation of the following properties of optical surfaces will be discussed:

o Nanostructure analysis and modeling of anisotropic surfaces fabricated by single-point

diamond turning and magnetorheological finishing (Sec. 6.1),
« roughness and anisotropy analysis of titanium thin films (Sec. 6.2),

o light scattering and roughness evolution analysis of a notch-filter system (Sec. 6.3), as

well as

« assessment of defects on optical surfaces (Sec. 6.4).

6.1. Anisotropic light scattering distributions and surface structures

A number of optical surfaces exhibit corrugated nano-structures [17,21,34,81,193,240,
241] that imply anisotropic roughness properties. In the spatial frequency domain, this
corresponds to non-rotationally symmetric 3D-PSD functions and, hence, also to non-
rotationally symmetric 3D-ARS distributions. In particular the characterization of aniso-
tropic surfaces demonstrates that measurements along single directions, as in stylus pro-
filometry or in-planc ARS measurements, can cause misleading roughness information [11].

Surface anisotropy is either an intrinsic material property [242], which may be exposed
in the fabrication process, or is a desired but primarily undesired result of the fabrication
process. Therefore, combined roughness and isotropy analyses can provide information
on the fabrication process which can be exploited for the evaluation and improvement
of the process. This will be demonstrated for MagnetoRheological Finishing (MRF) and
Single-Point Diamond Turning (SPDT). Both technologies are common processes in state
of the art optical surface fabrication which induce highly anisotropic surface structures.
On the other hand, even commercially available - presumably conventionally polished -
surfaces are prone to have anisotropic surface structures, as was observed in the context
of the light scattering sensor development for RG1000 and float glass surfaces, cylindrical

lenses, or coated metallic mirrors.
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6.1. Anisotropic light scattering distributions and surface structures

For a comprchensive performance modeling of optical systems, for example of light
scattering sensitive high contrast optics, the complete 3D-light scattering information,
including the anisotropy properties, should be considered [175]. Therefore, quantitative
measurement and analysis techniques are required that are applicable in the quality as-
sessment.

The light scattering and roughness evaluation of SPDT aluminum surfaces is presented
to demonstrate approaches for the characterization and quantification of isotropy prop-
erties. Later on, the procedures derived are applied for the comparison of the diamond
turned surfaces and an anisotropically polished glass surface as well as for the optimization

of MRF processes.

6.1.1. Approaches to measure and quantify structure properties of anisotropic

surfaces

Figure 6.1 (next page) summarizes surface topography images of WLI and AFM measure-
ments, the hARS, as well as the corresponding 3D-PSD functions of an aluminum surface
fabricated by SPDT. Additional sketches in Fig. 6.1 reveal the relations of the respective
measurement areas.

In the turning process, a diamond-tipped tool bit of radius Rt=450 pm was moved in
a spiral with a feed period 9=10 pm over a preshaped surface! and removed material to
achieve the final surface form (and finish). Therefore, the dominating surface structure
corresponds to a smooth, cusp shaped grating of period 0 for which the WLI revealed
peak heights of 5nm to 15nm (Fig.6.1). This amplitude was generated by the shape
and the overlapping of the tool bit from period to period. Within and parallel to the
turning marks, the periodic repetition of edges in the tool footprint caused an additional
corrugated structure, which is in particular visible in the AFM topography data (Fig.6.1).

Further roughness components were induced by vibrations of the tool bit that gener-
ated chatter marks in the grooves and disturbances of the periodic structure [149,243].
Finally, intrinsic material properties such as the grain structure [61,81,244] and corrosion
patches [63], represented by the red spots in the WLI topography data, cause an isotropic
background roughness component.

Advantages of scattering sensor based roughness and isotropy analysis

The hARS as well as the 3D-PSD functions in Fig. 6.1 enable the roughness components
within specific spatial frequency bands to be analyzed in more detail. In particular within
the spatial frequency range covered by the hARS and the corresponding PSD the three

roughness components are very well distinguishable:

o The vertical diffraction structure represents the feed marks, their periodicity, the

structure within the feed marks, as well as deviations of the periodicity and the

! The SPDT samples presented in this section were provided by Ralf Steinkopf, Fraunhofer IOF.
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Fig. 6.1.: Upper row, from left to right: Comparison of roughness information obtained from hARS,
WLI (10x,50x objective), and AFM (50x 50 pm? scan); the measurement areas are additionally
compared in the uppermost row. The lower row illustrates the derived 3D-PSD functions.

amplitude as discussed in detail in [149] and [62, Ch.4.3]. In a distance of about 2°
from the specularly reflected beam, diffraction peaks are visible, which correspond to
the feed mark frequency of f=0.1pm~! (Eq.3.2). It should be mentioned, that the
observable number of diffraction peaks are no higher diffraction orders. The peaks
correspond to higher or additional Fourier orders/components of the non-sinusoidal
grating structure and are, therefore, visible in the PSD functions from topography
data as well (WLI 10xobjective, 3D-PSD and PSDyp in Figs. 6.1 and 6.2 ).

o The increased scattering, almost perpendicular to the direction of the diffraction
peaks, is caused by the corrugated structure of the jitter within the feed marks.
The angle between this distinct direction is about 94° and corresponds to the angle
between the turning edge and the feed direction. This angle is only slightly visible
in the jitter marks within the topography data of the AFM scan. In contrast to the

plane of diffraction, no distinct frequency is visible within the jitter.

o The average roughness and the remaining areas of the 3D-PSD functions are domi-
nated by the isotropic background roughness and the granular structure. Hence, these

roughness component are responsible for the average level and the average shape of
the PSDop js0 functions (Fig6.2).

Within this evaluation, the suitability of light scattering measurements is notable. In-
duced by the averaging over the illumination spot, PSD functions from hARS distribu-
tions are less influenced by local inhomogeneities. For example the grain visible in the

AFM topography data is the reason for the anomalous wobbling like structure in the
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Fig. 6.2.: PSDgp s and directional PSDap functions (left/right) obtained from the PSD data in Fig. 6.1.

corresponding AFM 3D-PSD. Moreover, the resulting PSD functions are not prone to
trending/detrending and edge discontinuity artifacts [245], that are possible sources of
the differently pronounced crosses? within the topography based PSD functions. Further
artifacts of topography based PSD functions are for instance aliasing or the low-pass filter
induced by the transfer function of the WLI objective, for which impressive examples are
given in Sec. 6.2

In Fig.6.1 the determined roughness values are additionally given. Striking are de-
viations of the o values that primarily result from the different spatial frequency ranges
covered. Nevertheless, in the overlapping regions of the corresponding PSDyp js functions
(Fig. 6.2) an excellent correlation is identifiable. Possible reason for remaining deviations
are local stochastic surface deviations, measurement noise, and especially the artifacts
mentioned. It is therefore mandatory to identify these artifacts and to exclude them in
the calculation of Master-PSD functions [63,228].

The PSDop ;50 function obtained from the hARS fits the transition between the different
topographically determined PSDs very well. In addition, the hARS based PSD functions
are less affected by stochastic noise or local stochastic surface deviations and have a higher
data density. This is achieved by dividing the f-range of the sensor into intervals with
bandwidths of Af~6x10"*pm~'. Although these intervals meet the average frequency

interval of adjacent CMOS elements, each class contains about 500 PSD values.

Methodology for directional roughness analysis

The example of the SPDT surface demonstrates that rms roughness values as well as
PSDyp iso functions only provide reduced information, which is insufficient for a compre-
hensive surface characterization of anisotropic surfaces. It is, in particular, not possible
to distinguish the different roughness components relevant for different directions on the
surface. Therefore, the development of a methodology for anisotropy characterization is

described in the following paragraphs.

2 The crosses occur although the topography data was corrected for tilts with the WLI/AFM software.
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6. Light scattering properties of optical surfaces and thin films

Direct, topography based anisotropy analyses would be viable by two approaches: Mca-
surement of 2D surface profiles in specific directions or, more generally, the calculation
of directional roughness values or PSD functions by evaluating cuts or projected averages
of 3D surface profiles. Both methods are not discussed in detail, since recording single
surface profiles is not practicable for a fast assessment and the evaluation of cuts and
projected averages requires special care for numerical artifacts®.

The most natural way to derive easy to handle anisotropy information should be the
direct evaluation of 3D-PSD functions. In the same way as a measured PSDyp j5, function
is bandwidth limited with respect to f, the 3D-PSD in an azimuthal spatial frequency
interval Ay represents the roughness components of a specific direction.

On the other hand, the topographically determined PSD functions exhibit the men-
tioned stochastic noise, artifacts, and have a reduced data density, which in particular
limits the reliability in narrow frequency intervals or at low spatial frequencies?. At this

point the advantages of (h)ARS based roughness measurements become evident:

o The spatial frequency range covered is defined by the grating equations and can be

adjusted through the wavelength and the scattering geometry;

 the spatial frequency resolution is directly given by the discretization of the scattering

angles, which corresponds to the high density of the CMOS matrix elements;

» the sampled surface area, relevant for the scattering inherent averaging, is determined
by the illumination-spot diameter, which exceeds those of WLI or AFM (Fig. 6.2)

Hence, in contrast to topographically determined PSDs, the spatial frequency resolution
is decoupled from the surface area averaging so that the stochastic reliability can be easily
increased.

For example in [247], anisotropy analysis on the base of a direct evaluation of the ARS at
normal incidence was presented. For §,=0 the azimuthal scattering angle g corresponds
directly to the polar spatial frequency ¢y, since the grating equations are no longer coupled
(05> f, ps>py). However, unpolarized illumination [247] and detection is additionally
necessary to avoid an artificial optical anisotropy in the ARS that is induced by the optical
factor Q). The ARS based anisotropy analysis presented in [248] is performed at normal
incidence as well, but the sample was rotated along its normal, whereas the azimuthal
scattering angle was fixed. In this configuration (within the VPT) any influence of the
polarization is avoided. However, both approaches were presented for time consuming
goniometer based ARS measurements.

For measurements with the scattering sensor, the non-polarized detection is fulfilled;

the anti-reflective coating reduces the sensitivity differences for polarization to only about

3 Projected averages of a 3D surface profile (Fourier slice theorem [246]) sampled on a rectangular
grid can result in artificial roughness components at high spatial frequencies. On the other hand, a
numerical Abel transform is required to calculate a PSDsp of a non-averaged cut [62,82,125].

4 Increasing the scanning area could avoid this limitation. However, since the number of data points is
often kept constant, the lateral resolution is reduced and high spatial frequencies are lost.
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6.1. Anisotropic light scattering distributions and surface structures

1%°. Hence, the singularity in the optical factor (Q=0) at specific scattering angles for
polarization sensitive detection vanishes. The PSD functions obtained from the hARS
are corrected for the remaining influences of polarization by applying the correct ) for
s-polarized illumination. Consequently, elaborated anisotropy analyses based on 3D-PSD
functions become possible and directional roughness values o; can be determined employ-

ing the following universal relations of roughness and PSD:

o = |[ [PSDfdfdy;= )Y [ JPSD fdfde; = [> 07 (6.1)
er f v Doy f ¢
These equations lead to conclusions for normalization, which provide a basis to analyze

or compare anisotropic properties and to derive tailored anisotropy parameters:

o 0#>0; - The o; represent the bandwidth limited (A f, Agpy) contributions along spe-

7
cific directions to the isotropic rms roughness o, but do not add up directly to o.

o Gi=1/(9/ag;) 27 - represents a normalized directional roughness value, comparable
to the rms roughness of an isotropic surface with the same 0. These d;, bandwidth
limited in f and ¢y, can be compared independently of the applied azimuthal spatial
frequency bandwidth Ayy.

A%of f A PSD dyy - gives an averaged PSDop that corresponds to the PSDop i, of an
isotropic surface with that PSD. Normalization to 1/2x instead of 1/a¢; would result

in the contributions to the PSDyp ;s in the Ay interval.

The suitability of the light scattering sensor for this evaluation is demonstrated by exem-
plary directional PSDsp functions of the SPDT surface, obtained from topography and
hARS data along the turning and the jitter directions (Fig. 6.2, right). Because of the
higher averaging (about factor 4 more sampling points in A¢y) and the higher resolution,
the resulting PSDyp functions, obtained for identical Af and Ay intervals, reveal less
noise and no missing data points. In addition the mathematical effort is reduced, since
the PSDsp is directly sampled from the RARS and a Fourier transform can be omitted.

Application to single-point diamond turned surfaces

The hARS of three diamond turned aluminum surfaces together with the applied fabri-
cation parameters are illustrated in Fig.6.3 (samplelll is the same as in Fig6.1). The
corresponding directional roughness distributions of ; (Fig.6.4, left) were determined
with a Ay of 4° and a sampling of 0.5° in ¢;. These curves reveal a significant reduction
of the SPDT roughness component with decreasing feed period, but almost identical levels
for the contributions from jitter and other isotropic components.

Following [250] and [62, p.27], the roughness of a 2D profile consisting of grooves,

whose profiles are circle sections, is osppr=0.329, with zy the cusp height of adjacent

® The reflectance spectrum of the AR-coated CMOS matrix, provided by the supplier, was transferred
to the applied incidence angle and analyzed by utilizing the thin film software IMD [249].
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Fig. 6.3.: hARS of three diamond turned surfaces fabricated with different feed periods. The insets show
a mignification of the central hARS parts. beeq: feed velocity; rpm: number of rotation per
minute; 0: feed period. Rr=450 pm for all samples.

circle sections. By calculating 2y as a function of the diamond tool radius Rt and the

feed period 0, the roughness of the SPDT structure component is given as
OSPDT — 0.320 =0.3 (RT — Rgf — (0/2)2> . (62)

In the limit of Rp>>0 this relation corresponds to a quadratic behavior of the intrinsic
roughness as a function of feed period. Numerically identical results were derived for an

elliptical tool or with a different approximation in [251] and [252, p106], respectively.
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Fig. 6.4.: Left: Directional roughness values &; of the three SPDT surfaces. Right: Evolution of the
SPDT roughness component as a function of the feed period.

Comparison of the theoretical curve for R7=450 pnm, represented by the black line in the
right part of Fig. 6.4, with the measured SPDT roughness components shows considerable
deviations in particular for the lowest feed period. However, Eq.6.2 does not include
further roughness components which are also present in the direction of the feed marks.
If the isotropic component is added®, the deviations are reduced, but there is still a
gap remaining. A closer look on the RARS at scattering angles between the diffraction
peaks and the specular reflex (insets, Fig. 6.3) reveals additional roughness components,

which, if integrated excluding the peaks and subtracting the isotropic background, give a

6 Addition of these unidirectional roughness components: 0=1/03ppr+02,, see Eq.6.1 or [62, Ch.4.3].

54



6.1. Anisotropic light scattering distributions and surface structures

roughness contribution of about 10.5nm in the same direction as the turning marks. By
adding these components (excluding the peaks), the theoretical curve fits almost exactly
the measured roughness values. The sources of these components are additional Fourier
orders and the jitter of the height and of the feed of the turning tool from revolution to
revolution, as discussed in [149] and [62, Ch.4.3].

The achievable roughness for the material/tool combination presented is the isotropic
roughness component of about d;=6.5nm. This low roughness is only achievable without
any jitter of the turning tool, if the feed period is below 5pm. However, the absence
of jitter would reduce the roughness components outside the turning direction as well.

Hence, the best possible roughness for a perfect turning process could be even lower.

(An-)lsotropy parameters In the following analysis, the SPDT surfaces and a polished
cylindrical lens” are compared by different anisotropy parameters. The anisotropic lens
structure can be identified in the hARS (Fig. 6.5, left) as three lines of increased scattering,
that cross in the specular reflex. This structure is represented in the topography by three
directed, but in contrast to the SPDT surfaces, non periodical roughness components.

However, in particular the third component is only visible to the trained eye.
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Fig. 6.5.: Left: hARS and WLI topography data (10x objective, 698x523 me) of a polished, cylindrical
fused silica lens (CL). The black lines indicate the directional roughness structures, which cause

the anisotropic scattering. Right: Directional roughness values &; of the lens and the diamond
turned surfaces. From these distributions the isotropy parameters are derived.

Three possible anisotropy parameters based on Eq.6.1 are now defined and discussed.
They enable the quantification and comparison of optically relevant anisotropy properties

and provide an analysis tool to identify the scattering from scratches (see Sec.6.4).

o Ogq is defined as the standard deviation of the directional roughness values &;.

e PVacr,s is inspired by the ARS based procedure presented in [247]: The peak to valley
difference of an autocorrelation function of the ARS at fixed 6, along the azimuthal
scattering angle g is evaluated. This approach was transferred by replacing ARS

with &; and ¢4 with ;. For a perfect isotropic surface PVcrp s is 1.

" The (pre-)polished fused silica lens was provided by Hellma Optics, Jena.
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6. Light scattering properties of optical surfaces and thin films

¢ Djmean-med| is defined as the modulus difference of the arithmetic mean and the median

of the 4;. Therefore, the parameter is especially sensitive if single outliers exist.

To compare the isotropy of differently rough surfaces, the &; values are normalized to the
rms roughness. In addition, the parameters should be determined for the same spatial
frequency ranges, Af and Ay, and with identical discretization in ;. The anisotropy
parameters arc a function of the discretization in ¢y, since a finite Ap; is unavoidable
for 3D-PSD functions with discrete data. Thus, as for the rms roughness, the isotropy
parameters are bandwidth limited. Otherwise, the Ay interval should be high enough to
average out the influences of the speckle pattern. Therefore, the parameters in Tab. 6.1

were determined for Ayp;=4° and with a sampling period of 0.5°.

Tab. 6.1.: Isotropy parameters determined from AARS for the SPDT surfaces and the cylindrical fused
silica lens. Moreover, the corresponding parameters for ideally isotropic surfaces are given.

SPDT cylindrical isotropic

I I I lens surface
Ostd 0.61 0.46 0.28 0.40 0
PVacr,s 0.58 0.75 0.90 0.79 1
Djmeanmed| | 021 0.13 0.08 0.06 0

As expectable from the decreasing SPDT roughness components of the surfacesI to III
the isotropy is improving with reduction of the feed period. Nevertheless, the rating of
the cylindrical lens in the context of the diamond turned surfaces is interesting as it is
classified close to samplell by the parameters 4q and PVacps. Parameter Dyyean-med
in contrast, states an isotropy that is slightly better than that of sampleIIl. This would
also be the intuitive assessment if the corresponding surface profiles are directly compared
and empirically judged (Figs.6.1 and 6.5).

However, the anisotropy rating is somehow subjective and the parameters derived have
to be adapted in the context of the application of the optical surface. For the anisotropy
assessment of optical surfaces, the classification of the third parameter Djyean-med should
be preferable. The scattering of a single exposed directional roughness structure is more
critical than several directions of comparable increased roughness levels with a 3D-ARS
closer to a homogeneous background scattering. The arithmetic mean is sensitive for these
roughness outliers, whereas the median is not. Hence, their difference is well suited as a

corresponding measure.

6.1.2. Anisotropic roughness of magnetorheologically finished surfaces

To obtain the results presented in this section, the scattering sensor and the anisotropy
methodology were employed for a fast, close to process - almost in-situ - evaluation of
surfaces polished with MagnetoRheological Finishing (MRF'). Therefore, the scattering
sensor was mounted within the processing environment beside the MRF machine for

several experiments. In addition, the applicability of both, the MRF process for the
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6.1. Anisotropic light scattering distributions and surface structures

finishing of SPDT eclectroless nickel surfaces and of the sensor for the structure assessment
should be evaluated.

MREF is a sub-aperture polishing process, whose key feature is a fluid ribbon that is
formed on a rotating wheel if a magnetic field is applied (Fig.6.6). The material removal
induced by the ribbon is used to determine the surface figure, to locally correct for figure
errors, and to smooth the surface roughness [242]. In particular the fact that the ribbon
is primarily a fluid suspension of magnetic and abrasive particles in water, whose viscos-
ity is adjustable by the magnetic field, has several advantages. The removal process is
determined by shearing forces so that the normal load on a surface is negligible [253].
Therefore, the removal rate can be very precisely defined by the dwell time, whereas devi-
ations of the penetration depth into the ribbon have negligible influence on the accuracy
of the figure correction [242,254]. In addition, the process is supposed to induce only
very low levels of sub surface damage, since its formation is attributed to normal stress
[241,255,256).

pole shoe,

fixture ®
fluid nozzle y
' y scatterin
\ & ) MRF whee] ———— sensor
\\— “fluid ribbo% ‘
sample .

Fig. 6.6.: Left: Scheme of an MRF machine. Right: Light scattering sensor mounted in the MRF set-up.

At the Fraunhofer IOF the MRF machine® has been applied so far to fused silica for
which roughness values below 0.7 nm have been achieved [257]. However, the same finish-
ing fluid can behave dramatically differently if applied to other materials and can even
result in roughening [242]. In particular for soft or polycrystalline materials, achieving
low roughness levels even below 1.5 nm seems to be challenging [242,254,256,258].

In the experiments? whose results are presented here the MRF process was applied
for the finishing of optical electroless nickel surfaces prepared by diamond turning. One
of the main purposes was the removal of the feed mark roughness, as demonstrated for
silicon or calcium fluoride in [253]. As mentioned above, achieving low roughness levels is
additionally challenging as roughness values of 1.8 nm and 5 nm demonstrate for diamond
turned nickel plated aluminum or diamond turned electroless nickel, respectively [256,258].

By mounting the scattering sensor within the MRF environment (Fig. 6.6, right), it be-
came possible to provide a direct and very fast feedback about the influences of different
process parameters on the surface quality. In particular, a 3D roughness characteriza-

tion was mandatory, since the initial SPDT surfaces were anisotropic and the directional

8 MRF machine: QED Q22-950F polishing center; standard MR fluid with diamond abrasives.
9 Sample preparation by Matthias Beier, Roman Loose, and Marcus Trost (Fraunhofer IOF).
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6. Light scattering properties of optical surfaces and thin films

MRF process induces anisotropic surface features as well. Further preparations for the
experiments were only the determination of the displacement of the finishing and the
measurement area, the wiping of the sample surface to remove residue of the polishing

fluid, as well as the reduction of the ambient light.
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Fig. 6.7.: hARS distributions of MRF processed positions on a diamond turned electroless nickel surface
set up the base to analyze the roughness component evolution. The hARS in the lower left (Init)
is taken from the initial surface, whereas I to IX correspond to different parameter combinations
of the wheel speed and the magnetic field driving current. Col and Coll were obtained after
combined sequences of processing steps with the parameter sets I and IX.

Figure 6.7 presents hARS results obtained from MRF spots on a diamond turned clec-
troless nickel surface which were fabricated with different process parameters. In addition,

the lower row of the figure shows the hARS of the initial surface, which exhibits signifi-
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6.1. Anisotropic light scattering distributions and surface structures

cant diffraction from the turning marks, and of two surface spots that were obtained by a
two-step process after evaluation of the parameter matrix. For the different spots the rev-
olutions per minute of the finishing wheel and the magnetic field generating current were
varied. In a rough interpretation, these parameters correspond to the number of abrasive
events per time and the viscosity or stiffness of the fluid, respectively. Besides the direct
fluid properties, such as the chemical composition or the humidity, these parameters are
varied to determine the removal rate [254] and, thus, should also influence the resulting
roughness properties. The processing time of a single spot was only three seconds; the
penetration depth into the fluid ribbon, which changes its form with the magnetic field,
was kept constant at about 0.33 mm.

The hARS distributions reveal two main roughness components that correspond to
the diffraction at the diamond turning marks and the intrinsic MRF structure. The
latter is represented by the increased scattering which is vertically orientated. Fig.6.8
quantifies the corresponding &; values and illustrates them as functions of the processing
parameters and of the MRF material removal depths obtained from topography data
(WLI, 1x objective).

The diffraction from the SPDT structure in the AARS and, hence, the SPDT roughness
component is reduced in the different steps compared to the initial surface. However, this
effect is primarily influenced by the speed of the MRF wheel, whereas in particular for
the step from 15 A to 20 A the magnetic field has only little effect (Fig. 6.8, left). This
is similar to the behavior reported for experiments with the MRF set-ups in [255] or in
[259] in which the material removal rate remains constant for magnetic fields emerging

from currents higher than 5A or 12.5 A, respectively.
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Fig. 6.8.: Evolution of ; for the MRF and SPDT structure components as functions of the current and
the rotations per minute (left) of of the removal depth (right).

The intrinsic MRF roughness components, represented by the quite diffuse, vertically
orientated hARS structure, increases from the lower left to the upper right parameter set
(Fig.6.8). However, the relations of the MRF components to the process parameters are
similar to that of the SPDT component, but inverted and less pronounced (Fig. 6.8, left).
The properties of the MRF roughness components are slightly different from those of the
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6. Light scattering properties of optical surfaces and thin films

cylindrical lens (Sec.6.1.1, p55), since they do not cause a star-like hRARS pattern with
tapering lines close to the specular reflex. The MRF structure is wider and more diffuse.
In surface topography modelling this corresponds to shorter groove lengths of the MRF
structure compared to that in the lens structure.

Analysis of the topography data of the initial surface revealed cusp heigths of the feed
marks of 60nm. In contrast, the removal depths range from 100nm (setI) up to 325nm
(set IX) per spot. However, even this highest removal (IX) could not flatten the feed
marks completely, for which a remaining amplitude of 15nm was determined. Therefore,
two combined two-step processes were tested to exploit the parameter setsIX and I with
the highest removal of feed marks and the lowest intrinsic MRF roughness, respectively.
Moreover, the dwell times of the combined processes, which were CoI:(2xIX + 2xI) and
Coll:(4xIX + 6xI), were increased by multiple steps to improve the turning mark re-
moval.

As indicated by the hRARS of Col and Coll (Fig. 6.7, lower row), the diffraction from
the feed marks could be dramatically reduced by the increased removal. However, an feed
mark amplitude of about 10nm is still remaining, even for the removal of 1440 nm by
Coll. Although indicated by the ColIl hARS shown, the MRF roughness component was
not significantly reduced either. Three processed spots with identical MRF parameters
revealed a limiting value for the MRF component of about 4.1 nm.

However, the additional processing spots extend the right hand side diagram in Fig. 6.8,
which now reveals an exponential decay of the SPDT roughness component with the re-
moval depth; the isotropic component shows a similar progress; that of the MRF compo-
nent is inverted. These trends can be approximated as a function of the material removal

depth (MRD) with an initial value oy, and a limit roughness o.:

0= (Ot — Ooo) e VMDD L6 (6.3)

Equation 6.3 was originally derived based on wear mechanisms for vibratory finishing
[260], but was also observed for MR finishing of soda lime glass surfaces by analyzing R,,
the 1D arithmetic mean surface roughness, parallel to the finishing direction [261,262].

One mentionable fact is that the parameter W for the fitted curves in Fig. 6.8 is almost
identical for both roughness components as well as the isotropic roughness. Neverthe-
less, the effect of the SPDT removal on the isotropic roughness is much higher than the
roughening; therefore, overall a roughness reduction is achieved. By further increasing
the dwell time, the turning marks should be completely removed; thus, following Eq. 6.3,
an isotropic roughness limit of about 2.3 nm can be achieved. This value is in the order of
the average roughness level of the better polished regions of the sample which is analyzed
in the following (Fig.6.9, p.61).

So far, only the small sections of the MRF processed surfaces were investigated; the
question, if the removal of the diamond turning structure is a function of the orientation

of feed marks and MRF wheel direction, is left open. Using the directional roughness
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6.1. Anisotropic light scattering distributions and surface structures

methodology the answer can be found by analyzing the spatial distributions of isotropy
and roughness. Since the adjustment requirements of the sensor are considerably lower
than for AFM and WLI, it is well suited for the fast, full-surface characterization including
hARS, roughness, and isotropy analyses.

To map the nanostructure properties, the sensor was combined with an automated
z-y-stage and raster scans with 0.5 mm step width were performed. From the hRARS
the directional roughness values, the isotropy parameter Dyean-med|, and the direction of
the highest &;-component were determined. Besides the anisotropy properties, the maps
reveal the homogeneity of the surface and the distribution of defects or contaminations.
The latter are in particular apparent in the upper right part of the sample map.

To reduce the initial SPDT roughness, the feed period of this surface was only 2 pm
which corresponds to a spatial frequency f=0.5pm~!. In addition, the MRF processing
time was even longer than that of the combined processes to achieve an improved reduction
of the feed marks. The average roughness level of the defect-free areas in which the MRF
and the SPDT processing directions were not parallel revealed the limiting roughness level

of about 2.3 nm predicted from Eq. 6.3.
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Fig. 6.9.: Mapping of the roughness (left) and the degree of isotropy (center) of a diamond turned surface
after MR finishing. The small circular inset shows the constant direction of the dominant
roughness component over the surface. Moreover, the hARS distributions of significant positions
are given in the right part of the figure.

Since the initial surface was fabricated in a spiral pattern and the direction of the
dominating MRF component is constant over the surface (small map inset in Fig.6.9),
the MR finished surface comprises all combinations of MRF and turning mark directions.

The map of the anisotropy parameter (Fig. 6.9, center) reveals suspicious areas in which
the isotropy is locally, but symmetrically to the sample center, changed. In addition, the
rms roughness map reveals increased roughness levels at the same surface sections at
which the MRF direction was parallel to the directions of the turning marks.

In the right part of Fig. 6.9, hARS distributions of two representative positions on the
MRF surface are compared. Although the hARS of all positions on the MRF sample re-
veal neither diffraction marks nor a direction of increased scattering, besides the intrinsic

MRF component, the scattering in the MRF' direction is markedly higher at positions at
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which the MRF direction and turning marks were parallel. However, even at the highest
hARS levels the hARS and additional 3D-PSD function from WLI topography data did
not reveal discrete peaks. Hence, the most significant part of the turning marks and in
particular the periodicity was removed. Nonetheless, the influence of the orientation is
demonstrated; the mechanism responsible for the turning mark removal - the shearing
forces - are less effective for a parallel orientation if virtually no surface gradients are seen

by the abrasive particles.

So far, these first tests revealed very promising results for the application of the scatter-
ing sensor in combination with the anisotropy methodology to improve the MRF process.
However, with the standard polishing fluid, MRF is not applicable to the final finish of
metallic optical surfaces for the visible spectral range. The starting point for further im-
provements of the roughness level will be the polishing fluid [242], whose influence was

not investigated in this thesis.

6.1.3. Concluding remarks

The thorough characterization of surfaces fabricated by diamond turning and by different
polishing processes demonstrates the suitability of the light scattering sensor for roughness
measurements and elaborated anisotropy analyses. In this context, a novel methodology
for the evaluation of directional roughness properties and for the derivation of isotropy
parameters was developed and analyzed.

The methodology enabled the analysis and modeling of roughness components of SPDT
surfaces, fabricated with different feed parameters; the comparison of the anisotropy prop-
erties of SPDT surfaces and an anisotropically polished fused silica lens; and the optimiza-
tion of magnetorheological finishing. In particular for the final point, the close-to-process,
almost in-process, measurements provided by the scattering sensor could be exploited to
find optimal MRF operation parameters for the removal of diamond turning marks and
low intrinsic MRF structures. In addition, the sensitivity of the resulting surface struc-
tures to the relative orientation between the MRF processing direction and the turning
mark direction was demonstrated in the full surface roughness and isotropy analysis with

the scattering sensor.
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6.2. Roughness evolution of titanium thin film coatings

Thin metallic films are used in a wide area of applications ranging from optical elements -
broad band mirrors or metallic reflecting attenuators - to other functional surfaces, as in
hard disk drives or for thermal insulating vessels. In optics, in particular roughness growth
as a function of thin film thickness is critical: On the one hand, a minimal thickness is
required for a high reflectance; on the other hand, the roughness, which is increasing with
the thin film thickness, is a source of scattering losses.

In the next section, means to extend the spatial frequency range of the scattering
sensor to cover the thin film roughness relevant spatial frequency range will be presented.
Thereafter, a detailed analysis of the roughness evolution of titanium films on anisotropic
substrates is presented and a corresponding evaluation procedure is developed. It is
demonstrated that the frequency range covered by the sensor includes the transition
between the substrate and the thin film roughness. In combination with the 3D capability
of the sensor, this can be exploited to study the anisotropy evolution.

Titanium was selected as test film material to generate representative surfaces of dif-
ferent roughness levels for the sensor and the analysis technique development. In addi-
tion, the opaque titanium films are supposed to have an extended stability to corrosion
[263,264], compared to aluminum films [265]. Hence, changes in the surface structure

between the different characterization steps should be avoided.

6.2.1. Adaption of the light scattering sensor

First PSD results of a 600 nm titanium film on a glass substrate, obtained from topography
and hARS data, are compared in Fig. 6.10 to motivate the sensor modifications required
for thin film characterization. The PSD functions reveal three (relevant) facts: (I) the
PSD determined from a scattering sensor measurement, fits the Master-PSD very well;
(IT) the higher spatial frequencies, in which intrinsic thin film roughness components
are dominant, are not included in a sensor measurement; (III) the Master-PSD can be
described by the PSD models presented in Sec. 3.2.2.

The second fact is, on the one hand, a consequence of the specific substrate/thin-film
combination; on the other hand, the literature reveals similar relevant spatial frequency
ranges for several optical thin films [5,164,266].

Since the PSD model fits the specific roughness characteristics, it can be exploited
to extrapolate the roughness information beyond the covered spatial frequency range.
However, it would be favorable to extend the frequency range of a measurement to provide
the opportunity for interpolation. Therefore, the implementation of a second illumination
channel is analyzed. This extension aims in particular on the plateau section of the
Master-PSD at f~1pm™!, there the intrinsic thin film roughness is dominating.

With regard to the grating equations (Eq.3.2), there are three quantities that can be

exploited to increase the spatial frequencies: the illumination wavelength, the scattering
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Fig. 6.10.: Left: The comparison of a Master-PSD of a 600 nm titanium film to a PSDsp jso determined
from hARS demonstrates the lack of significant spatial frequencies in a measurement with
the primary illumination channel (A=660nm, C1). In addition, the spatial frequency ranges
of both illumination channels are depicted. Right: Scheme of possible configurations for the
second illumination channel (A=405nm, C2).

angles, and the incidence angle. To use the existing sensor geometry with a single detector
matrix and to perform the measurements without sample or detector movement, which
would contradict the sensor concept, the parameter set is reduced to A\ and 6;. As a
consequence, a second illumination channel with a reduced wavelength of A=405nm and
an increased incidence angle of ;=50° was implemented.

The chosen wavelength, for which compact, cost-effective laser diode modules are avail-
able, is at the lower band edge with significant quantum efficiency of the CMOS matrix.
6;=50° is a compromise of the accessibility of high spatial frequencies and of an implemen-
tation within the sensor housing. In the following, the 660 nm (primary) and the 405 nm
(secondary) illumination channels are referred to as C1 and C2, respectively.

The frequency range opened up by C2 extends from f=0.85pm~!to1.5um~!. Higher
frequencies would be achieved for a highly negative incidence angle (e.g. -50°), for which,
however, the beam would interfere with the beam dumping arrangement. It is interesting
to note that the bandwidth for both channels is about A f=0.6pm ™! (=0.3pm="...0.3pm ™!
for C1). However, in a log-log scale the bandwidth of C1 is more than one and a quarter
decade, whereas for C2 it is only about a quarter decade.

Unfortunately, the specularly reflected beam is not included in the scattering angles
covered by the CMOS matrix if 6;<10° or 6;>25.5 and, hence, the isotropy information
is not included in measurements with C2 as well. Otherwise, it was observed previously
[247] and in the context of this thesis that the intrinsic thin film roughness shows an
isotropic structure. This structure can even obscure anisotropic surface features of the
underlying substrate at the C2 relevant frequencies, as will be shown. Hence, anisotropy

is for measurements of thin film roughness with C2 of reduced interest.
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6.2.2. Roughness and anisotropy evolution of titanium thin films

Titanium thin films with thicknesses d of 200 nm, 600 nm, and 1000 nm were deposited in
a magnetron sputtering process'’ with increased argon pressure on two types of differently
polished glass substrates. The analysis results for a conventionally polished Schott RG1000
glass arc discussed in this section to work out the characteristics of anisotropy and thin

film roughness evolution.

Roughness evolution - measurement and modeling

Figure 6.11 summarizes the hARS distributions obtained with both illumination channels
together with the corresponding partially integrated scattering values S. The data reveals
an increasing scattering with the film thickness for both channels. However, in particular
the scattering levels determined using C2 show considerably higher S-ratios than those
determined using C1. These differences are consequences of the different spatial frequency
ranges in which the roughness properties are dominated either by the influence of the
substrate (C1) or the thin film (C2). An additional observation in the C1-hARS is the
improving isotropy with the increasing film thickness, which indicates the isotropic surface

structure of the growing film in contrast to the anisotropic substrate.
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Fig. 6.11.: hARS distributions of the substrate and the Ti thin films for both illumination channels
(different scale for the substrate). In addition, the integrated scattering values S are given.

The PSD sections determined from the hARS (Fig. 6.12, left) represent the same rough-
ening trend, which is in particular emphasized by the sections obtained from the C2 hARS.
On the other hand, almost identical PSD functions are observed at f<0.03 pm™! for all
samples; in particular, the PSD data of the substrate and the 200 nm film are virtually

111

identical'*. This indicates that the roughness relevant for C1 is primarily determined by

10 Thin film deposition by Thomas Miiller, Fraunhofer IOF.
11 The contradiction between the identical C1 PSD sections and the difference in S (factor 10) for the
substrate and the 200 nm film is attributed to the optical factor, which increases with the reflectivity.
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the replicated substrate roughness. (At higher spatial frequencies, the C1 PSD of the sub-
strate seems to be influenced by instrument noise; the low reflectivity of the pure RG1000

causes an hARS level which is close to the sensitivity limit of the sensor (Sec.4.3.2, p. 32).)
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Fig. 6.12.: Left: Determination of the interpolated PSD model functions from the PSD sections obtained
with C1 and C2. Parameters: 2=0.32nm?, $=1.3, v=0.11nm3, n=4, K;=552, nx 1=2.05,
K5=50000, nx 2=0.35. Right: Comparison of the interpolated PSD functions to Master-PSD
functions determined from the topography data. The dashed curve (right) demonstrates the
deviations of the PSD cut-off if the empirical evolution model would be used.

To bridge the gaps in the PSD sections and to verify the scattering based evolution mod-
eling, combined Master-PSD functions from WLI and AFM topography data (Fig.6.13)
were determined, which are illustrated in the right part of Fig.6.12. In the AFM scan
areas in the lower row of Fig.6.13, the granular structure of increasing size verifies the
isotropic character of the intrinsic thin film roughness at least for f>0.3pm~!. On the
other hand, the red-green contrast in the WLI images shows identical long range struc-

tures, which are superimposed by the granular film structure for increasing film thickness.

d =600 nm d =1000 nm

Fig. 6.13.: Topography images of the Ti thin films on the RG1000 substrates obtained by WLI
(10x objective, 698x523 pm?; top) and AFM (10x10 pm?; bottom) measurements.

The progresses of the Master-PSD functions correspond almost perfectly to those of

the modified roughness evolution model. As a consequence, the PSD sections determined
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from the hARS of both illumination channels are connectable by this PSD model, as
demonstrated in the left hand side diagram of Fig.6.12.

The fitting procedure would start from the PSD sections obtained with C2, since this
part of the PSD can be assumed to be independent from the substrate parameters (K, ng)
and thin film PSD cut-off parameters (v,nq). For the samples presented, the C2 PSD
sections are almost horizontally and, therefore, the cut-off of the thin film PSD is not
included in the C2 measurement. Hence, €2 and, if results for different thicknesses are
available, 5 can be adapted. (v and ng were determined using the topography based PSD
functions to complete the model.)

With € and 8 adjusted, the high spatial frequency sections of the C1 PSDs are partially
determined, too. Subsequently, the parameters K and nx can be determined by fitting
the PSD functions at the substrate dominated low spatial frequencies and the not yet
determined remaining parts of transition between substrate and intrinsic thin film rough-
ness. Figure6.12 shows the good correlation between the interpolated PSD functions and
the topography based Master-PSD functions. In addition, the constituting model PSDs
arc given, which show that for a description of the substrate the sum of two fractal PSD
functions was applied.

Exploiting the modeling procedure and the PSD sections derived from both illumina-
tion channels, it becomes possible to determine interpolated roughness values (Tab.6.2)
that extend over a spatial frequency bandwidth of about two decades (f=0.015pm™! to
1.5pum™!) with scattering sensor measurements. This is almost the same bandwidth (in
log-scale) as that of a single AFM or WLI scan and, moreover, comparable to a PSD
from a goniometer based ARS measurement at a single wavelength. However, to obtain
the same information from topography data, a combination of at least two different scan

areas would be necessary to exclude typical artifacts.

Tab. 6.2.: Comparison of the roughness evolution, the degree of anisotropy, and the transition frequency
of the titanium coatings on the RG1000 substrate. (‘L same bandwidth; &gtq, firans and the
200 nm film on a superpolished substrate (sps) are discussed in the following)

H substrate 200nm 600nm 1000 nm 200nm on sps
o from hARS, interpolated 1.0 1.8 6.3 12.1 1.5
ot from Master-PSD 1.1 1.9 5.8 12.9 14
anisotropy parameter Ggiq 0.20 0.16 0.08 0.02 0.02
Jftrans - 0.89 0.10 0.07 0.08

Figure 6.14 illustrates the advantages of PSD functions obtained with the scattering
sensor compared to PSD functions determined in different topography scan areas. The
latter can show large deviations that are, for example, caused by the low-pass function of
the WLI objective or aliasing effects in the AFM data [231,267]. It is almost impossible to
derive a Master-PSD at f~0.2pm™" for the shown topography PSD sections of a 200 nm
Ti film on a superpolished fused silica substrate. The model PSD functions obtained with

the scattering sensor benefit from the fact that the light scattering measurements are not
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prone to these artifacts.

Aliasing is, in particular, relevant for the thin film roughness components in the hori-
zontal PSD sections, there the PSD functions of the two AFM sampling areas differ by
more than a half decade. An identical behavior is achieved if the PSD is calculated from

a surface scan whose sampling distance was numerically reduced (Fig. 6.14, right).
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Fig. 6.14.: Artifacts caused by aliasing (AFM) or the optical transfer functions of the WLI objective
complicate the determination of Master-PSD functions from topography data and demonstrate
the advantages of the PSD functions obtained from hARS distributions. (200nm Ti film on
superpolished fused silica, owr,/arpm=1.4nm) Right: ) the lateral resolution of the 10x 10 pm?
AFM scans were numerically reduced to that of 50x50 pm? AFM scans to imitate aliasing.

Additional information on the roughness evolution can be obtained from the analysis
of the roughness evolution parameters (Fig.6.12) as well as the analysis of the isotropy
properties (Tab.6.2). For example 2 in the classical model corresponds to the average
size of the thin film constituting elements; 9=0.03nm? or ©=0.02nm? were reported
for amorphous silicon thin films, which is close to the atomic volume of silicon [86,102].
From the modified model, 2=0.32nm? for titanium was determined, which is factor 20
higher than the corresponding atomic volume of 0.018 nm3. This can correspond to the
polycrystalline behavior of metals, such as tungsten or molybdenum, for which increased
Q) were reported as well [86,102,268].

The value of 1.3 for 3 reveals a strong roughening, beyond the stochastic regime (=0.5),
which is for instance an indicator for columnar growth mechanisms [138] comprising a
highly crystalline structure. On the other hand, within the empirically modified model
the correlation of (2 to the thin film element size is maybe lost, since the parameter itself
is indirectly altered by [ or may change with the film thickness for non-linear growth
mechanisms. Whether  can still be a measure for the size of the film constituting

elements, has to be theoretically or experimentally verified in ongoing studies.

Analysis of isotropy evolution

The C1 hARS distributions (Fig.6.11) and the WLI topography data (Fig.6.13) reveal
a significant isotropy evolution with the thin film thickness, which is quantified by the
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directional roughness values and the G4q anisotropy parameters'? in Fig.6.15 (left). The
anisotropy properties of the pure substrate and the 200 nm film are very similar, as for ex-
ample the constriction in the directional roughness at p;~150° or the hARS distributions
demonstrate. This indicates the almost perfect replication of the substrate nanostructure.
In contrast, the RARS and the directional roughnesses of the 1000 nm film are almost per-
fectly isotropic and the 600 nm film shows an anisotropic scattering primarily close to the
specular reflex.

The evolution of the anisotropy parameter as a function of the radial spatial frequency
for small intervals Af=25x10"*pm~! gives an even more thorough analysis. The slopes
and levels of the resulting curves in Fig. 6.15 (right) are virtually identical for the substrate
and the 200 nm film; hence, the anisotropy is not altered by the thin film in this spatial
frequency range.
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Fig. 6.15.: Comparison of the normalized directional roughness values (left) and the spatial frequency re-
solved anisotropy parameter (right) demonstrate the reduction of the anisotropy with increas-
ing thin film thickness. From the right hand side diagram the transition frequencies between
dominating substrate and thin film roughness were determined. The curves are scaled (over-
lapping at f<0.05m ™) to emphasize the anisotropy evolution. *) The stochastic fluctuations
(speckle) in the small frequency intervals prevent a parameter Ggq of 0.

In contrast, the curves of the 600 nm and the 1000 nm films do not only reveal the
reduced level of anisotropy at the entire covered spatial frequency range, but also exhibit
different trends. Whereas the slopes of all (scaled) curves are identical at low frequencies,
the curves for 600 nm and 1000 nm flatten out at transition frequencies f; for which the
anisotropy substrate structure vanishes and the intrinsic thin film roughness is dominant.
At these spatial frequencies, the intrinsic thin film PSD model is about 5 times (1/2 orders
of magnitude) higher than the substrate PSD model.

In the PSD model, the transition frequency is given analytically by the following rela-

tion!3:

oK

Q

ft = "

d=28 oc "KNV/d=28 with 5xPSDgu, (f;) = PSDint (fi) = Qd** . (6.4)

12 For these surfaces 64q was applied, since the anistropic surface features are equivalently distributed
scratch like structures and no dominating directional structures are visible (Fig. 6.13).
13 If PSDgy, is given as the sum of two fractal models, f; can only be derived numerically.
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The corresponding values of f; determined from the roughness evolution parameters are
summarized in Tab. 6.2 on p. 67. It is obvious, that for a better or super-polished substrate
with low K the thin film roughness would become critical at a lower transition frequency
than for the RG1000 substrate. This is induced by the ratio of K and €2 - the parameters
which define the levels of the constituting model PSD functions.

The value of the transition frequency provides a mean to define a critical film thick-
ness (in combination with a deposition parameters) for a specific substrate at which the
intrinsic thin film roughness is negligible. Hence, it becomes possible to state the max-
imal tolerable thin film thickness for a given substrate at which the scattering is purely
dominated by substrate roughness. A high transition frequency, achieved by low thin film
roughness for a (very) thin film, would be preferable. Nevertheless, a specific thickness is
necessary to obtain the functional properties of the surface. Determining the transition
frequency can define the level at which the roughness of a substrate is just good enough

to be below the unavoidable thin film roughness.

6.2.3. Concluding remarks

The roughness and isotropy evolution of titanium coatings on anisotropic RG1000 sub-
strates were analyzed in this section. In this context, the advantages of light scattering
based nanostructure analyses applying the scattering sensor were emphasized, which were
the fast 3D-capability and the reduced susceptibility for artifacts compared to topogra-
phy based techniques. However, the implementation of a second illumination channel
and the application of a combined PSD model, modified for arbitrary roughness evolu-
tion powers, were necessary to extend the spatial frequency range covered in a sensor
measurement. These procedures enabled PSD functions in a spatial frequency range of
2 decades (f=0.015pm~" to 1.5um™!) to be determined. This range is comparable to
those of single AFM, WLI, or ARS-goniometer measurements.

The spatial frequency range covered in a measurement includes the intrinsic thin film
roughness components and the transition from dominating film roughness to dominating
substrate roughness. Therefore, a transition frequency at which the thin film roughness
would become critical for the optical losses could be determined. To identify and derive
this frequency, at which the top PSD of the thin film is no longer influenced by the
substrate structure, the isotropy analysis methodology developed in Sec. 6.1 was applied.

The application of the sensor and the discussed analysis concept are in general not
restricted to ex-situ characterization. Only little technical effort would be required to
toughen the sensor for vacuum conditions, which enables in-situ studies of the roughness
evolution within the deposition process. This effort should be considerably lower than

that for the in-situ studies based on synchrotron x-ray scattering presented in [269].
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6.3. Roughness induced scattering of complex multilayer systems

Multilayer coatings are the method of choice to achieve highly reflective or transmissive
optical elements that provide tailored spectral properties. One of the most challenging
filter types in interference coating fabrication are notch filters [270] which have narrow
reflecting bands with steep edges and wide transmission ranges.

In this section, approaches for the light scattering based characterization of an ex-
emplary notch filter'* that exhibits a high reflectance/blocking capability at a central
wavelength of 642nm and a bandwidth of only 34 nm is presented. In order to achieve
the spectral notch, the filter consists of a quarter wave stack whose design is detuned
following an equivalent layer approach [270,271]. The resulting stack with a thickness of
23 um consists of 178 layers of TayOs and SiOs as high index and low index materials,
respectively, that were deposited in an ion beam assisted evaporation process'®. In par-
ticular the accurate deposition of the single films with a wide range of thicknesses from
400 nm down to only 5nm is challenging.

The notch design aims at the application in laser based fluorescence or in multi-photon
microscopy to isolate the excited light, by reflection of the exciting light. Therefore, low
scattering levels for the excitation wavelength are mandatory, since the power differences
of the stimulating and stimulated light can exceed 10 decades'® [272,273]. High scatter-
ing levels of rerunning excitation light could reduce the blocking capability of the notch
filter so that the light to be measured is outshined and occurring cross-talk effects limit
resolution and sensitivity.

In the following, the development of a corresponding light scattering model is discussed.
It is derived from 2D-ARS measurements recorded at 633nm, a wavelength within the
blocking band; at 532nm, within the transmission band; as well as at 395nm. For il-
lustration purposes, the analysis is restricted to 2D curves, since no anisotropic surface
structures were observed in topography measurements. After the identification of influenc-
ing factors, advantageous measurement conditions are identified, corresponding scattering
sensor application scenarios are proposed, and first test results are discussed.

A detailed light scattering analysis of such a complex multilayer system is presented for
the first time. Only in [274,275] basic measurement results of multi-cavity filters, which

show an inverted spectral behavior than the notch filter, were discussed.

6.3.1. Development of the light scattering and interface correlation model

The left part of Fig.6.16 shows in-plane ARS measurements in the reflection hemisphere
of the notch filter for the wavelengths A=633nm, 532nm, and 395 nm. If compared to

14 The sample was provided by Stefan Jacobs, Optics Balzers Jena GmbH.

15 By now a plasma assisted reactive magnetron sputtering (PARMS) process is utilized to achieve lower
thin film roughnesses and to improve the thin film thickness accuracies.

16 A detailed estimation is presented in App. A.1.
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532nm, in particular the measurements at 395 nm and 633 nm exhibit considerably en-
hanced scattering levels at angles up to #;/30°, which corresponds to increased scattering
losses given (TS in Fig.6.16). The "wings” of enhanced scattering in the ARS are caused
by semi-resonant scattering mechanism as will be pointed out in the following. In addi-
tion, the comparison of a measured and modeled reflectance spectrum (6;,=6°) in Fig. 6.16

reveals a minor shift of the relevant reflectance band to longer wavelengths.
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Fig. 6.16.: Left: Measured in-plane ARS distributions in the backward hemisphere for 6;=0° at different
wavelengths. Right: Reflectance spectra for 6;=6°.

For the later application, the scattering into the transmission hemisphere is of special
interest, since light scattering of the excitation wavelength in the forward direction, which
has to be blocked, would reduce the blocking capabilities of the filter. Therefore, the
scattering at 633nm (the available wavelength closest to 642nm) was recorded in the
transmission hemisphere, too. In addition, ARS results for illumination from the substrate
side as well as from the thin film side together with the corresponding scattering losses
are compared in Fig.6.17.

The data reveal that an illumination from the substrate side is advantageous for the
application, since the scattering loss in both hemispheres and in particular in the trans-
mission hemisphere is more than one order of magnitude lower. On the other hand, the
blocking capability is not altered. It is remarkable that in the transmission hemisphere
the ARS level of the resonant scattering is only 1.5decades below the intensity of the
transmitted beam; hence, the scattered power is very close to the relevant specular power
that defines the blocking capability.

Preliminarily modeling results for the ARS at 633nm in both directions, additionally
given in the figure, reveal a good correlation in general, but also apparent deviations.
The modeling parameters and assumptions applied are linear increasing PSD functions
(6=0.5) with partially correlated roughness and the ideal multilayer design. To improve
the modeling results, physically meaningful parameters such as [ or an average optical
thickness deviation d from the ideal multilayer [5,135] can be employed in the evaluation
of Eq.3.7. The influences of these two parameters, which were tested so far only for

conventional quarter wave designs, on the ARS of the notch filter is summarized in the
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next two subsections. To further improve the scattering model, two additional influencing

mechanisms are discussed in the subsections thereafter.
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Fig. 6.17.: Modeled and measured ARS distributions for the reflection and transmission hemisphere with
illumination from the multilayer or the substrate side (A=633 nm, normal incidence).

Influence of spectral properties

A minor eye-catching deviation between the ARS model and the measurement are the
slightly different positions of the enhanced scattering (Fig. 6.17). Since these "wings” are
directly correlated to the spectral properties of the multilayer, they are sensitive for global
deviations § of the optical film thickness (T oot = (140) T, Opt>. Such global deviations were
discussed in several publications [135,140,141] and were impressively applied in [5,135].
The influences of different values of § on the notch filter ARS as well as on the reflectance
spectrum are summarized in Fig. 6.18. The curves reveal an improved correlation between
measured and modeled data at the angles of resonant scattering for §=0.005. For this
coefficient, the reflectance spectrum shows an improved correlation between the modeled
and measured reflectance band as well. On the other hand, in particular the step from

0=0.005 to 6=0.01 increases the scattering loss TSy, by a factor of 2 from 0.7% to 1.3%
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Fig. 6.18.: Influence of the optical thickness deviation § on the ARS and TSy, (left, A=633 nm, 6;=0°, re-
flection hemisphere) and the reflectance spectrum (right, #;=6°). The best correlation between
measured and modeled curves is achieved for §=0.005.
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and demonstrates the connection between spectral properties and scattering losses.

The parameter ¢ affects in Eq. 3.7 only the optical factors €;, which describe the tran-
sition of the incident field (6;) at the i-th interface to the scattered field (s, ps) emerging
from the i-th interface including interference and propagation conditions for both compo-
nents through the multilayer system. Hence, the €; correspond to merged field distribu-
tions for the angle of incidence as functions of the scattering angles and are closely related

to the reflectance spectrum as a function of the incidence angle.
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Fig. 6.19.: Standing wave field distributions in the multilayer stack as a function of 6; for the incident
(bottom left) and of 64 for the scattered (bottom right) fields (A=633 nm, s-pol). For com-
parison of peculiar angles, a modeled angular reflectance curve (top left) and a modeled ARS
curve (top right) are given as well.

These relations are summarized in the diagrams in Fig. 6.19, that illustrate the standing
wave field distributions within the notch filter for the illumination component (”ingoing
field”) and the scattered component (“outgoing field”, toward the reflectance hemisphere)
as functions of 6; or 6, respectively. In addition, the angular reflectance spectrum as
well as the ARS are depicted to demonstrate the correlation to the field distributions for

selected angles. The figure reveals the following facts:

e The penetration depth into the multilayer at which the incident field for ;=0° drops
to 1/e? is 4.6 um, which corresponds to 20% of the entire multilayer stack. There-

fore, only the uppermost layers provide significant scattering contributions. This is a
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consequence of the high reflectance for this illumination condition.

e Induced by the opposite "direction” of the outgoing scattered field in comparison to
the incident field, the average penetration depths into the multilayer system can be
assumed as inverted. This inverted behavior corresponds to the ability of the scattered
field, generated at a specific interface, to escape from the multilayer system into the

reflection hemisphere for a specific scattering angle.

o At angles that correspond to edges in the angular reflectance spectrum the field distri-
butions of incident and scattered field reveal high penetration depths as well as high

average field intensities.

o The improved abilities of the scattered light to leave the multilayer at these angles
are responsible for the resonant scattering. (These effects can be enhanced or reduced

by interface roughness correlation effects, as discussed in a following section.)

The intensity of the penetrating field at the single interfaces determines the contribu-
tion of an interface to the scattering distribution, whereas the field distribution of the
scattered field determines if the scattered power can escape from the multilayer system.
Consequently, the €; can be assumed as the ability of the scattered light generated at the
i-th interface to leave the multilayer, weighted by the incident field at the ¢-th interface
for the current angle of incidence.

The weighting by the incident field is very impressive for conventional, highly reflective
quarter wave stacks (Fig.6.20) for which primarily the roughness at interfaces from the
high to the low index material (direction from air) contribute to scattering [132]. For
the notch filter, there is no obvious correlation visible. However, for normal incidence at
633 nm, several interfaces correspond to field minima so that reduced scattering contribu-
tions can be expected [11]. Only at some of the uppermost interfaces maxima are located;
therefore, considerable contributions to the scattering can be assumed. On the other
hand, maxima are located in the thin film volumes. This implies that bulk scattering can

be a significant scattering source, which is discussed in one of the following sections.
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Fig. 6.20.: Comparison of the incident standing wave field distributions (6;=0°, A=633 nm, s-pol) and
the index steps for a highly reflective quarter wave system (left) and the notch filter (right).
Abscissa origins correspond to the interfaces to air.

The angular reflectance spectrum is correlated to the spectral reflectance. A simple but
rather coarse relation between pairs of illumination angles and illumination wavelengths

can be derived from the Bragg equation (Eq.6.5, left) or from its generalized form for
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multilayer systems (right part) [276,277] of period A and average refractive index n:

2\ = M N ., A=2Acos Qi/s\l 1- 21— (m) (6.5)
cosbiss1  cosbiso cos? 0; /s

Although the equations give only the condition for constructive high reflectance for con-
ventional periodical multilayer systems, they can be exploited to analyze the general
correlation between pairs of A and 6;5. Both edges in the angular reflectance spectrum
(26° and 74°, 633 nm) correspond for ;=0 to edges in the wavelength spectrum at longer
wavelengths. The resonant scattering as well as the edge in R (6;) at 26° belong to the
edge of the reflectance band at 660 nm; the wing at 74° is related to a spectral section of
high reflectance that starts at about 820nm. With this knowledge, the positions of the
resonant scattering wings can be evaluated to monitor the position of band edges.

For a narrow band notch filter, both band edges can be monitored, if the illumination
wavelength is chosen short enough. For normal incidence at 532nm, Eq. 6.5 predicts the
resonant scattering at 6,~63° and 73°, which correspond to the 623 nm and 660 nm band
edges for normal incidence, respectively. As illustrated in Fig. 6.21 these results are only

coarse estimations, but reveal qualitatively the correct behavior.
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Fig. 6.21.: Standing wave field distributions in the multilayer stack as a function of 6; for the incident
(bottom left) and of 65 for the scattered (bottom right) fields (A=532nm, s-pol). For com-
parison of peculiar angles, a modeled angular reflectance curve (top left) and a modeled ARS
curve (top right) are given as well.
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As a consequence of the transparency of the filter at 532 nm and the field distribution
of the illumination component (Fig.6.21), the penetration into the multilayer system is
much higher than at 633 nm. Hence, the number of interfaces that can contribute to the
scattering is increased. Otherwise, at scattering angles that correspond to the reflecting
part of the spectrum, scattered light that emerges from deeper buried interfaces is not
able to escape the multilayer into the backward hemisphere. Therefore, the light scatter-
ing at these angles for uncorrelated roughness is lower and is furthermore dominated by
the uppermost interfaces. However, as also depicted, interference effects related to inter-
face roughness correlation can dramatically reduce the average scattering level through
destructive interference; hence, the scattering in the edge regions becomes a maximum.

These facts of the field distributions can be exploited for the further improvement of

the roughness evolution and correlation models as will be pointed out.

Influence of roughness evolution

Although the evaluation of the spectral coefficient § could improve the correlation between
model and measurement for the resonant scattering wings, the general correlation, in
particular for the illumination from the multilayer side, is still improvable. Therefore,
the roughness evolution in the multilayer, which enters Eq. 3.7 by the PSD;; (and PSD;;)
functions, is analyzed in the following paragraph.

Combined Master-PSD functions of the top surface and the substrate (rear side) were
determined from WLI and AFM data (Fig.6.22) to obtain an initial point for the rough-
ness evolution modeling. These PSD functions revealed the progress typical for thin films
on substrates (Secs. 3.2.2 and 6.2); hence, the combined evolution model could be applied
to model the PSD functions of intermediate interfaces. The relevant roughness!” of the
top surface and the substrate, determined from the Master-PSD functions, are ¢=2.9 nm
and 0=0.34 nm, respectively'®.

Within the topography evaluation, particles on the substrate rear side were recognized
that complicated the light scattering modeling process. However, the corresponding PSD
functions, including the nano-particles, were also applicable for the scattering modeling
(shot model, Sec.3.1.3). The Master-PSD for the non-coated substrate was determined
at particle free positions (small scan areas) and from PSD sections of the top surface that
are not influenced by the intrinsic thin film roughness.

Roughness and PSD evolution models were successfully applied to describe the interface
evolution of multilayers for light scattering modeling in several publications. For instance
in [48,102,135,278] the kinetic continuum model was applied for highly reflective coatings
for A=13.5nm; in [5,135] and [227] the empirical model was applied for highly reflective

coatings for A=193nm and A=532nm, respectively!®. However, to enable PSD models

7 Normal incidence at A=633nm (f=0.014pm™" ... 1.56 pm ™)
8 To achieve lower roughnesses, plasma assisted reactive magnetron sputtering is utilized by now.
19 15], [48] and [227] are co-authored by the author of this thesis.
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that include a roughness evolution and a cut-off behavior according to arbitrary power

laws, the combined model, introduced by the author in Sec. 3.2.2 and in [110], was applied

for the notch filter. This was necessary, since the top surface PSD has the cut-off at spatial
frequencies of f>1.0pum ™! that are relevant for the ARS at 633nm and 395nm at least at
scattering angles 6;2>40°. Corresponding PSD functions of the 10th interface for f=0.5 and

[=1 obtained with this model are exemplary illustrated in Fig. 6.22. In order to represent

the correct substrate PSD, two fractal models were added: PSDg,, =K1/ K1+ 4Ka/rr o+,

The roughness evolution power g could only be determined directly if surfaces from
interrupted coatings processes would be analyzed or if destructive sample preparation for
cross sectional measurements is applied [278]. To avoid this, 5 was determined indirectly
in a fit procedure of measured and modeled ARS curves with the PSD functions of the top
surface and the substrate as fixed input parameters. Fig.6.23 shows results for different

[ and the corresponding measurement for the notch filter, if illuminated from the thin

film or the substrate side.

10y 11 10°

104 " meas
,3= 05 075 1

©

10
- . - T

E s

9 9

2 2
10"
10° ; . ; ;

-90 -60 -30 0 30 60 90
scattering angle 6 in ° scattering angle 6 in °

Fig. 6.23.: Influence of the roughness evolution parameter S on the ARS (A=633 nm, backward hemi-
sphere) for illumination from the thin film (left) and from the substrate side (right).

The most concise relative alterations of the intrinsic PSD functions have to be expected

78



6.3. Roughness induced scattering of complex multilayer systems

at the lowest interfaces in the stack, since the PSD model is additive. For example
for §=0.75, the ratio of the first and second intrinsic film PSD is about 4.4; whereas
it is only 1.005 for the uppermost interfaces. Consequently, as depicted in Fig.6.23,
the ARS with illumination from the substrate side revels a higher sensitivity on the
parameter 5. This is additionally enhanced by the low penetration depth of the field.
In the right hand side diagram in Fig.6.23, the best correlation was obtained for partial
correlation and for 3=0.75, which corresponds to oocd®™ for intrinsic film roughness
evolution. Therefore, the roughness evolution (at least in the lower interfaces) is beyond
the stochastic roughening regime.

Nonetheless, there was still a lack of correlation for illumination from the thin film side
or for 532 nm, although the correlation of measurement and model for illumination from

the substrate could be improved.

Influence of bulk imperfections

To explain remaining deviations between model and measurement, a model based on bulk
scattering within the thin films [104], which had been applied by the author of this thesis
to model the scattering of rugate coatings [110], was additionally tested. The motivation
for this step were the high field intensities within the rather thick layers (Fig.6.19, p. 74).

So far, the bulk imperfection PSDs are scaled versions of the surface PSD functions.
However, the resulting curves for partially correlated and uncorrelated bulk inhomo-
geneities (Fig.6.24) did neither improve the modeling results for 633 nm nor for 532 nm.
The modeling results reveal considerable differences in the general shape of the ARS.

As described in [104], an intrinsic z-dependence of the bulk imperfections within the
layer was additionally tested; Only with a high decay of the inhomogeneities along the
z-axis, the results revealed a good correlation to the measurement. However, with this
decay, the bulk scattering model reduces to partially or uncorrelated interface scattering.

Hence, it is reasonable to negate significant influences of bulk imperfections on the ARS.
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Fig. 6.24.: Attempts to improve the modeling based on correlated /uncorrelated thin film bulk scattering
for A=633nm (left) and A=532nm (right).
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Influence of interface roughness cross-correlation

By the modeling approaches presented up to now, only the ARS at 633 nm with illumi-
nation from the substrate shows a reasonable agreement; however, the interface cross-
correlation properties were not discussed in detail so far. In the diagram on the left hand
side in Fig.6.23 the measured ARS curves are in between the partially and uncorrelated
models. Therefore, the simplest approach - a weighted averaging - was tested and gives
good results for 633nm, normal incidence, and illumination from the thin film. This
model implies the existence of partially correlated and uncorrelated interfaces within the
illumination spot. In the context of Eq. 3.7, the averaging is the same as a factor 0<x<1
in front of the PSD;;: PSD;;=« min (PSD;, PSD,), i#j.

2 2
10 " measurement 10 measurement
........... p - u — k=0.14 vy sy — k= 0,14
10’ , —top uncorrelated 10° A top uncorrelated
i — A=02, rel=0.001 #— A=0.2, rel =0.001

H.;[E H'?E o
£ g
wn wn
& &
10"
10 +——— T T T T 1 10 < T T T T T 1
-90 -60 -30 0 30 60 90 -90 -60 -30 0 30 60 90
scattering angle 6 in ° scattering angle 6 in °

Fig. 6.25.: Comparison of measured and modeled ARS curves at 633nm (left) and 532nm (right) for
different correlation models.

This proposed correlation model worked for normal incidence at 633 nm and 395 nm (not
shown), but failed if the penetration depth into the multilayer is increasing for 532 nm
or for higher incidence angles at 633 nm. Hence, the model was refuted. Otherwise, the
good results of the partially correlated model for the illumination from the substrate side
at 633 nm implied that the relevant effect were not apparent for deeper burried interfaces,
but primarily in the uppermost interfaces.

If only the uppermost surface was assumed as uncorrelated with respect to the other
partially correlated interfaces, a significant enhancement of the modeling quality for all
wavelengths was achieved (Fig.6.25). At 633 nm, in particular, the correlation close to
the specular reflex is improved with these assumptions. This model can be interpreted as
the influence of an external effect, not depending on the deposition or evolution process,
which resulted in deviating cross-correlation properties of the uppermost interfaces.

To further improve this model an exponential weighting ansatz for the PSD;; functions
with a minimal degree of correlation at the top surface (1—G) and correlation relaxation

Tvert Was investigated:

PSD;; = (—Ge ™' 4+ 1) min (PSD;, PSD;) ; (6.6)
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here,t is the distance of the upper interface (i or j) to the uppermost (air-)interface.
With the parameter set (G=0.02, Tyery=0.001 nm~") the best correlation was achieved
for all investigated illumination conditions (Fig.6.25). This implies a reduction of the
partial correlation to a level of (1—G/e) up to 1000nm (4 %) into the thin film stack.
However, there are still unsolved remaining deviations. As long as the modeling as-
sumptions have not been verified by independent analysis techniques, in particular the
correlation model is only of theoretical nature. Nevertheless, recently presented methods
for experimental cross-correlation measurements [136,137], which are either destructive or
require an experimental effort that is beyond the scope of this work, could be applied to

test the assumptions made.

6.3.2. Application scenarios for the light scattering sensor

The analyses presented and the light scattering model developed demonstrate the com-
plex light scattering mechanisms in notch filter systems. In particular the necessity to
perform several measurements at different illumination conditions to set up the scattering
model seem to contradict the application of non-complex light scattering sensors. Never-
theless, once a comprehensive model is derived, sensor measurements can provide valuable
information for the monitoring of interference filters.

The most relevant information is obtained if the analysis wavelength is close to the ap-
plication wavelength and the sensor configuration emulates the application configuration.
Therefore, a recently developed version of the scattering sensor concept for measurements
in the transmission hemisphere [279] is modified and employed for test measurements. In
addition, the application of the original sensor concept with little adaptions is tested.

The application scenarios, which are exemplarily demonstrated in the following, can

cover different tasks in the notch filter quality assessment:

» monitoring the long wavelength band edge by evaluation of the angular position of

the resonant scattering wing,

« monitoring of defects and contamination,

o assessment of the level of roughness evolution in the thin film stack,

« assessment of the ratio between blocking capability and scattering level, and

o monitoring the homogeneity of the mentioned properties over the entire surface.
Prior to the application tests, the application scenarios and the corresponding sensor
configurations were analyzed employing the scattering model developed. Figure 6.26 shows
modeled 3D-ARS distributions of the reflection hemisphere at A=633nm for 6;=0° and
0;=18°, the illumination angle of the sensor, as well as in-plane ARS curves at #;=18° for
different (available) wavelengths close to 642 nm.

The left part of the figure reveals that the polar scattering angle of the resonant scat-

tering ring is not a function of the incidence angle. This is in correspondence to the field
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Fig. 6.26.: ARS modeling results to choose the illumination wavelength and the configuration of the
light scattering sensor. The 3D-ARS of the reflection hemisphere for §;=0° and 6;=18° (left)
reveal constant angular positions of the ring of resonant scattering. In-plane ARS distributions
demonstrate the optimal illumination wavelength (right).

distributions in Fig.6.19 (p.74), since the resonant scattering is caused by the interfer-

ence effects in the scattered field component; therefore, the rings do not shift with the

incidence angle. However, the corresponding ARS level is slightly changed as a result of
the changing wave field distribution of the illumination field component and the shift of
the scattering relevant spatial frequencies.

The right hand side diagram in Fig.6.26 reveals that the resonant scattering angles
are not within the covered scattering angles of the sensor in its standard configuration
(A=660nm, #;=18°). Moreover, this illumination condition is not within the reflectance
band of the notch filter. For 650 nm the resonant scattering shifts so that the specular
reflex is almost collocated with the resonant scattering, since the illumination condition
corresponds to the long wavelength spectral band edge. To separate the specular reflex
and the resonant scattering within the angular range of the sensor, a laser diode emitting
at 637.5nm was implemented, for which the resonant scattering is located at 6,=23.5°.

A comparison of a measured and a modeled hARS obtained with this sensor configu-
ration is illustrated in the left part of Fig.6.27. Already these measurements enable the
filters long wavelength band edge, its scattering loss in the reflectance hemisphere, for a
configuration similar to the application conditions, as well as the homogeneity of the filter
to be monitored.

For example, the inset on the left hand side of Fig. 6.27, indicates an increased scattering
loss from S=2.6x10"% to §=6.0x10~*, which is caused by a scratch and contamination on
the filter surface. These types of peculiar scattering phenomena can be simply identified in
3D-hARS distributions by anisotropy, fluctuations, or differences in the speckle structure,
whereas it is hardly possible to discover them in in-plane ARS measurements.

The increased scattering is only visible for illumination from the thin-film side; there-
fore, the corresponding scattering sources are located in the uppermost layers. In addition,
such defects are possible explanations for the remaining deviations close to the specular

reflex (Fig6.25, left) between ARS model and measurement and also for the necessity to

82



6.3. Roughness induced scattering of complex multilayer systems

utilize modified roughness correlation model.
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Fig. 6.27.: Left: Comparison of measured and a modeled hARS distributions of the notch filter for the
scattering sensor (A=637.5nm, §;=18°). The inset shows an hARS disturbed by interface
imperfections not typical for roughness. Right: hARS distributions recorded in transmission
with the thin film or the substrate towards the illuminating beam (FtB or StB) illustrate the
advantageously reduced scattering for the StB orientation.

The high angular resolution of the sensor would enable the resonant scattering angle
and, hence, the band edge to be determined with a high accuracy. For an uncertainty
AfO,~0.4° for the angle of resonant scattering, the corresponding A determined from
ARS modeling is 0.001. This results in a sensitivity to shifts of the long wavelength band
edge of as low as AA~0.7nm. This accuracy is only limited by the width of the resonant
“ring” and the speckle structure, as visible in Fig. 6.27.

Another promising application scenario, demonstrated in the right part of Fig. 6.27, is a
sensor which monitors the scattering as well as the blocking capability in the transmission
hemisphere. The wavelength and the incidence angle are chosen to 637.5nm and 10°, re-
spectively, so that the angular distance between transmitted beam and resonant scattering
is about 14°; the sensor detector matrix is located in the transmission direction?.

For this concept, the spectral properties, in particular the low transmittance, of the
notch filter and the configuration in the transmittance direction have two advantageous
effects on the measurement capabilities: on the one hand, integration of the specular part
of the hARS enables the transmitted power T to be measured; on the other hand, the
beam dumping efforts for the sensor are reduced. The latter, in combination with the
position of the CMOS-matrix in the transmittance hemisphere, enables a working distance
of only 30 mm to be achieved. Hence, the solid angle covered by the sensor matrix is
significantly increased to 0.28 sr (factor 3 compared to the standard configuration, p. 33),
which corresponds to 4.4 % of 27 st of the hemisphere.

The evaluation of the scattering distributions obtained (Fig.6.27, right) enables the
analysis of both: the level of roughness evolution in the multilayer and the comparison of
the ratio between the transmitted and the scattered power for illumination from the thin

film or the substrate side. Although in this configuration the transmission is slightly higher

20° A recently developed implementation of the light scattering sensor concept for ARS measurements in
the transmission hemisphere described in [279] was modified for these experiments.
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than for 642nm and normal incidence, the ratios of 5/720.50 or 5/7~/0.07 demonstrate
impressively the reduced scattering loss for illumination from the substrate side, while
the measured transmission levels (Fig. 6.27) remain constant.

From the light scattering model for pure partial correlation, the ratios of .S for the two
illumination conditions can be derived for different 5 (Fig6.23). The results can than be
compared to the measured ratios. High ratios indicate high differences between the rough-
ness of interfaces close to the substrate and the roughness of the uppermost interfaces.
Low differences indicate the absence of roughening, which is either achieved by negligible
intrinsic thin film roughness or by replication of a dominating substrate roughness, for

which the PSD functions in the multilayer stack are almost identical.

The evaluation of properties for arbitrary multilayer systems initially requires knowl-
edge of the scattering model including roughness evolution and spectral properties. There-
after, specific application scenarios can be analyzed. However, universal application sce-
narios of the scattering sensor for multilayer systems comprise at least homogeneity mon-

itoring and defect assessment.

6.3.3. Concluding remarks

A comprehensive scattering model of a complex notch-filter multilayer system was derived
by comparison of modeled ARS distributions to goniometer based ARS measurements at
different illumination conditions. To adapt the light scattering model, a method which
was developed previously [5,135] was taken, analyzed for the notch filter, and expanded.

The analysis of both, the roughness evolution and the field distributions within the
multilayer stack, helped to explain the by more than one order of magnitude reduced
scattering loss if the filter is illuminated from the substrate side. However, to bridge the
remaining gaps between ARS measurement and modeling results, modeling approaches
based on bulk scattering within the multilayer system and novel modified thin-film rough-
ness correlation models were tested. In particular, a modified correlation model that
indicates a loss of roughness correlation in the uppermost interfaces, could improve the
correlation between modeled and measured ARS distributions.

The thorough light scattering model provided the basis for the development of tailored
application scenarios of the light scattering sensor concept for the quality assessment of
notch filters. Following modifications, indicated by the modeling, of illumination wave-
length and incidence angle, the monitoring of the spectral properties in combination with

the attenuation level, roughness evolution, and homogeneity were enabled.
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6.4. Light scattering analysis and classification of surface defects

The conventional defect classification method presented in Sec. 5.2 is a visual "light scat-
tering” inspection by trained persons. This is for commercial (fast, cost-effective clas-
sification) as well as historical reasons. For instance the scratch-dig standard, defined
in the MIL-PRF-13830B [113] and based on a work from 1945 [280], is partially only a
cosmetic standard [2,9] that defines the visibility of a defect. In particular for scratches,
the reference charts aims on the visual impression of the scratches and, hence, the scratch
classes are not necessarily correlated to the width/depth of the scratch [2,111,113,280].

ISO 10110-7 /ISO 14997 [8,112] as well as OP1.002 [114] attempt to avoid this problem
by defining the defect classes through the flaw affected surface area. However, the primary
part of defect assessment is still a "scattering” evaluation in which the visual impressions
of the defects are compared to spots of defined areas on reference charts.

On the other hand, the scattering from defects and not the defect dimensions would
result in performance limitations of optical elements. Hence, measurement and analysis
of the ARS can provide additional quantitative means for defect assessment. This was
already recognized by Young in the 80s [2,47]. He used scattering measurements and
modeling to achieve the correct visual impressions (light scattering) for novel, improved
reference defects that were congruent to the primary standards of the MIL standard.

In the following sections, approaches for an hARS based defect assessment are presented.
Besides the light scattering properties, the extraction of geometrical parameters for a
conventional classification of defects, relevant in optical fabrication, is a main topic. This
measurement task is well suited for the application of the light scattering sensor, since
the scattering of defects reveals complex 3D-ARS distributions. It will be demonstrated
that in particular the scattering close to the specular beam has to be analyzed and highly
resolved measurements are necessary. Finally, a light scattering based approach for the
defect classification according to ISO-10110-7 / OP1.002 is proposed and discussed.

6.4.1. Light scattering sensor qualification and applicability evaluation

The compact size enables the scattering sensor to be installed with other measurement

21 was combined with

systems in combined set-ups. For defect investigations, the sensor
the WLI and a sample positioning stage to measure and compare defect topographies and
hARS distributions of the same surface positions (Fig.6.28). After determination of the
displacement, the real-time scattering or microscope images were observed while moving
the sample to find defect affected surface positions.

In addition, the diameter of the sensor illumination spot was reduced to about 1 mm
to expose the light scattering of single defects from the roughness induced scattering. A

large illumination spot would result in an hARS that is dominated by surface roughness,

21 Some defect results were obtained with a prototype sensor comprising a lens based beam preparation,
A=650nm, #;=20°, and a Photonfocus MV1-D1024 CMOS matrix with 1024x1024 elements.
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Fig. 6.28.: Combined set-up consisting of the scattering sensor (left), a white light interferometer (right),
and an x/y-stage. The displacement was determined to observe the same sample positions.

since the ARS can be regarded as the average of rough surface and defect scattering,
weighted by the corresponding illuminated areas. Thus, the scattering of small defects
could vanish in the ARS distribution if the contributing defect (its scattering) is small
compared to the illuminated surface area with pure roughness.

On the other hand, a rather small spot (<100 um) would increase the characteristic size
of the speckle in the RARS, which can interfere the scattering of the defect and would
complicate the application of the evaluation procedures that will be discussed. Therefore,
the spot size has to be a trade-off of the smallest defect size, that has to be identified,
and the surface roughness. Moreover, the spot size determines the size of sampling steps
and, hence, the measurement time for the mapping of an entire surface for defects.

To further illustrate these effects, the scattering of a small and shallow pit on differently
rough metallic surfaces (fractal PSD, nx=1.3, varying K') was modeled for different waists
of the illumination spot (2wy) with the BKT??. As a measure for the detection capability,
the ratio R of the integrated scattering for the defect on the rough surface and the pure
rough surface was defined R=54t+s/s, and analyzed (Fig. 6.29). This definition is similar

to a "signal-to-noise ratio” for defect detection with the scattering sensor.
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Fig. 6.29.: Sensitivity R to detect a surface defect (D=10pum, t,=0.8 pm, elliptical depth profile) as a
function of the illumination spot waists and the surrounding surface roughness. The black line
(center) indicates the limit of R>2. Left: Exemplary modeled ARS distributions to emphasize
the varying speckle structure and the limit chosen.

In Fig.6.29, the black solid line (R=2) displays the threshold for which the pit is
detectable in a measurement by analyzing S. In addition, exemplary hARS distributions

close to the detection limit are given to illustrate R>2 .

22 Further BKT modeling results and a discussion concerning the applicability are presented in Sec. 6.4.3.
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In the modeled ARS distributions (Fig.6.29, left), the scaling of the defect related
scattering could be observed, whereas the roughness related scattering remained constant.
A more detailed analysis of the modeled curves confirmed the following scaling relation

for the detectability of a defect?® in the sensor geometry:

Adef Aspot _Adef
Saetro  hoSaert =S, D2 / 4w} !
R = Ay Supot A~ ——de DSCAdO+ [ —=2—1|S5,] >2; (6.7

S, S, S, 4? \ Dz, + (67)

A are the respective surface areas; DSC is the differential scattering cross section which is
applied in a few publications to describe and compare the scattering from singular sources
such as defects or particles. DSC and ARS are related by a normalization with the spot
area or better with the illumination beam profile [55,62,115,281]. However, the quantity
is inappropriate for measurement purposes for several reasons: Following the definition in
[55,115] the determination of DSC requires an excellent knowledge about the illumination
spot. Nevertheless, DSC would be still affected by the surrounding roughness?*. Thus,
the DSC is almost not accessible in a light scattering measurement and is, therefore, not
applied in this thesis. Otherwise, the same arguments reveal that in a strict interpretation
"the ARS of a defect” does not exist, since the entire illuminated area, even if it is perfectly
smooth, has to be taken into account.

Modeled and extrapolated curves obtained from Eq.6.7 are additionally given in the
right hand side diagram of Fig.6.29. These curves enable the chance to detect defects
for a given spot diameter to be determined from an estimated DSC and an estimated S, .
Using the equivalent beam energy for a top hat profile with a spot diameter Dgpoq=1mm,
the sensor in the chosen set-up should be applicable to detect defects with the given

dimension up to a relevant roughness levels of about 1 nm.

6.4.2. Angle resolved scattering and topographies of surface defects

With the combined set-up of the WLI and the scattering sensor, the RARS distributions
and topographies of peculiar positions on a titanium thin film, a silicon surface, and
a RG1000 glass substrate were analyzed. Fig.6.30 compares the topographies and the
hARS results of selected defects: a scratch in and a particle on the RG1000 substrate, an
elliptical dig in the silicon surface, as well as a stretched dig in the titanium thin film.
The scratch topography (Fig. 6.30, A), which is a result of a manual sample preparation
with a scratch tool (tip radius: 250 um, force: 0.5 N), revels a depth of only 25nm and a
width of 18.5pm. The corresponding hARS shows an increased scattering (R=5.4) with

a pronounced level perpendicular to the scratch direction caused by diffraction at the

23 The first approximation is not straightforward and only valid in an ergodic sense, since cross-correlation
properties of the defect and the roughness have to be considered. In the context of the VPT, these
cross-correlation properties correspond to mix terms in the PSD calculation of roughness and defect
topography sections. However, the influence of these terms is reduced if Adet/a . < 1.

24 In general the determination of a DSC unaffected by the surrounding surface roughness would require
the illumination spot to be adjusted to the defect size. A reasonable approximation can only be
achieved if the defect scattering is considerably dominating.
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Fig. 6.30.: Comparison of hARS measurements to the corresponding topography data (WLI,
10x objective, 370x370 pm?) and R values. Left to right: scratch in RG1000 surface, particle
on RG1000 surface, pit in silicon surface, and pit in 200 nm thick titanium film. (Orientations
of the hARS and topography data are congruent.)

scratch edges. In addition, there is a second increased scattering level almost parallel to

the scratch, which is caused by a non-periodic corrugated structure within the scratch.

This structure corresponds to chatter marks of the scratch tool, similar to those on the

SPDT surfaces in Sec.6.1.1 and similar to that mentioned for scratches in [237].

The pronounced anisotropic scattering distribution of scratches - for this scratch is
D mean-meaj=0.28 %5 _ can be exploited to distinguish scratches and other defects in an
automated surface mapping, if the anisotropy properties of the scratch are significantly
different from that of the roughness. In addition, the scratch width (Tab.6.3) is deter-
minable with Eq. 3.8 by evaluating "™ of the constrictions in the increased scattering
(label *).

The surface feature in Fig.6.30,B is presumably a particle contamination. Although
the corresponding topography profile exhibits invalid data points, dimension of about
130x 35 pm? are readable for this object, which shows similarity to a textile fiber fragment.
The corresponding hARS reveals a very complex distribution with several minima and
maxima. Nevertheless, the three primarily visible directions of the particle, labeled in
the surface topography, can be identified in the hARS distribution. Moreover, the hARS
reveals an increased scattering of R=>5.3 compared to a defect free position.

The elliptical form of the pit (Fig.6.30,C) with a depth of about 1.6 pm causes an
hARS distribution similar to an Airy pattern. According to Eq.3.8 and congruent to
basic diffraction theory, the dimensions of the ellipse (the first minima in the hARS) are

inverted with respect to the major and minor axes visible in the topography data (I and

25 64,a=0.64, PV acr,s=0.56; anisotropy parameter definitions on page 55.
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II). This inverted behavior is even more impressive for the defect in Fig. 6.30, D.

Besides the increased scattering, the characteristic fine structures of the defect ARS
distributions are impressive. Employing Fq. 3.8, the dimensions of the axes of both pits
and the scratch were estimated from the hARS and compared to those determined at the
defect top and at the defect FWHM (Tab.6.3). In addition, the hARS as well as the
topography (Fig. 6.31) of two artificial chromium humps on a defect reference chart®® are

evaluated to test the evaluation procedure for flaws which are no indentations.
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Fig. 6.31.: Measured hARS distributions (left) and corresponding topography data (right) of two
chromium spots of the ISO 10110-7 defect class 0.016 on a defect reference chart.

Tab. 6.3.: Defect dimensions (major and minor axes) obtained from AARS and from topography data at
the defect base and at the FWHM.

scratch A pitC pitD hump E hump F
majl  minll | majl minll | AT  AIl | majl minll
Oin ip °© 2.75 1.05 2.3 0.4 4.1 23 23 1.5 3.5
Dpars inpm 16.5 43.3 19.8 | 113.6 11.1 | 19.8 198 | 30.3  13.2
Dwr1 , base, inpm 18.5 40.9 20.6 88.4 125 | 20.0 20.0 | 28.6  14.0
Dwr1, FWHM, in pm 12.0 29.6 13.6 79.0 6.0 178 180 | 266 11.9

In Tab. 6.3, the better correlation of the dimensions obtained from the hARS to the
dimensions at the top/base of the flaw compared to those at the FWHM is mentionable.
Hence, in correspondence to the requirements of the defect classification standards, the
results from the hARS distributions represent the affected area. Although there is a good
correlation of the axes dimension determined from AARS, the reliability of this procedure
in the case of general pits and humps has to be cross-checked. Therefore, additional
modeling results and the evaluation of an increased experimental database are presented
in the next section.

By applying Eq. 3.8 it is straightforward to estimate the minimal and maximal analyz-
able defect sizes for the current sensor configuration, which correspond to axes dimensions
from 154m (61""=0.3°) down to less than 5.8 pm (A"=8°).

26 The reference chart was provided by Hellma Optik, Jena.
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6.4.3. Light scattering modeling to classify defects

So far, the exemplary results revealed the potential for a thorough defect assessment
using the light scattering sensor. In this section the general applicability of Eq. 3.8 for the
sensor based classification of pits and scratches of arbitrary forms and depths regarding
ISO 14997 and OP1.002 is further addressed. Therefore, the scattering of different defects
is modeled for the sensor set-up with the BKT (Sec.3.1.1).

First of all the applicability of the BKT for this task has to be tested. For example,
the radii of local surface curvatures, which should be much larger than \ for the validity
of the tangent plane approximation (Eq.3.5), are at least higher than 10 pm 27 for both
pits in Fig.6.30. However, the tangent plane requirement could be fulfilled better, in
particular with regard to the local surface normals at the defect edges (cosine term in

Eq.3.5), and since the analyzed surfaces are not perfectly conducting. Therefore, mea-

sured and modeled RARS distributions are compared to verify the applicability of the
BKT (Fig.6.32). This comparison was enabled by the combined WLI-sensor set-up that
provided the required pairs of hARS and topography data as input for the modeling.
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Fig. 6.32.: Comparison of measured and modeled hARS distributions of the pits C and D (left, center)
from Fig.6.30 and a further scratch in a silicon surface (right). The modeling results were
obtained with the BKT using the corresponding topography data as input.

The modeling results in Fig.6.32 show a very good correlation to the measurements,
although the defects were assumed as ideal reflectors (F'=-1, s-polarized illumination).
Deviations in the global level are attributed to the differences in the spot sizes and beam
profiles between modeling and measurement (see Sec. 6.4.1 and Eq. 6.7): the dimensions of

the complete topography profile were 698 x 523 1m?; therefore, this area was illuminated by

27 The curvature radius 7. was obtained as the reciprocal value of the local mean curvatures.
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a plane wave with a Gaussian amplitude profile with a waist diameter of only 2wy=114 pm
in the modeling. This profile should suppress the diffraction at the edges of the modeling
area.

A comparison of only the beam properties (sensor: 1000 pm diameter, tophat profile;
modeling: 66.6 pm FWHM, Gaussian profile) revealed a scaling factor of about 460 be-
tween measurement and modeling results. This factor would considerably reduce the
deviations in the average hARS level (shift of color scale by log,, 460~2.7).

The spot size in the modeling was limited by two factors: computer memory and
WLI scan area. However, increasing the WLI measurement area by applying a lower
magnification would additionally limit the resolution of the topography data, which is in
particular critical at the pit edges. Nevertheless, the correlation for the three different
defects is remarkable.

In addition, the application of the rigorous Finite Difference Time Domain method
(FDTD?) as well as of the shot model (Sec.3.1.3) were tested (Fig.6.33). The FDTD
modeling result reveals similarities to the measurement or the BKT result only for the
general symmetry of the turning points in the hARS (label *). The deviations are pre-
sumably caused by the reduced simulation volume (64x64x4 pm?), necessary to fit the
limited memory (32 GB) of the desktop computer for the grid discretization applied. As
a consequence, the waist of the Gaussian illumination beam was only 2wy=24 nm, which
was to small for a homogeneous illumination of the defect. Moreover, the diffraction of

the Gaussian beam shadows sections of the defect scattering close to the specular reflex.
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Fig. 6.33.: Modeled hARS distributions of the pit C (Figs. 6.32 and 6.30) obtained with the FDTD, the
BKT, and the VPT method (from left to right). Although the scales are different, the corre-
sponding color scale widths are 5 decades.

The result obtained with the shot model reveals significantly less similarity to the
measured hARS than the FDTD result. In particular, the poor agreement of the symmetry
is evident. At scattering angles beyond the first minimum as well as on the perimeter of
the first maximum from the reflex, the correlation of the BKT result is obviously better.
It should be mentioned, that the VPT would always predict point symmetric scattering
distributions, since, despite minor asymmetries in the optical factor, the PSD function is

per definition symmetric.

28 Software: FDTD Solutions (Lumerical Solutions, Inc.) with grid precision 2.
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With dimensions of 40.9x20.6x1.6 pm? the defect depth is beyond the validity of the
smooth surface approximation. Hence, deviations of the shot model are not surprising.
Despite the detailed discrepancies, the positions of the first minima are similar in both
models, which is an additional hint for the applicability of Eq. 3.8 to arbitrary defects.

Because of the good correlation between RARS model and measurement, the BKT
should be suited to investigate the applicability and the limitations of Eq. 3.8 to pits that
are not within the smooth surface limitations required by the shot model. Figure 6.34
shows exemplary modeled ARS results in the sensor geometry for circular pits (D=20pum)

with varying depths 2, and edge slope powers m whose topographies are defined by:

z(x,y) = —2 (1 — (%/p)? (xg + y2)>

For an easier comparison, only the in-plane ARS curves (p=0°) are plotted to show the
variations of the first minima, §-™"=[1.9°,3.1°]. The diagrams reveal that the ARS is

considerably more altered by the defect depth, whereas the form has less effect. A similar

l/m

(6.8)

result was stated in [19] for the influence of the particle form on the corresponding ARS
distributions.

From the first minima in the modeled ARS, the surface defect diameters were deter-
mined and compared to the diameters at the top as well as the FWHM of the pits. The
results are summarized the tables in Fig. 6.34, that reveal a maximal uncertainty interval
D=[16.21m, 25.2 pm]. Similar to the experimental results in Sec. 6.4.2, the modeling em-
phasizes that the correlation to the upper diameter, in particular for low m, is better than
at the FWHM. This is somehow surprising, since the average (vertical) phase differences
should be close to the FWHM. On the other hand, typical defects are much wider than
deep and, hence, the laterally induced phase deviations should provide the highest effect.
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Fig. 6.34.: Exemplary modeling results for a pit (D=20pm) with different edge profiles (m=2, 4, 8, oo;
zo=11m; left) and different depths (20=0.051m, 0.4 pm, 1 pm, 2 pm; m=2; right).
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In a modeling with finer steps of 2y, the highest deviations for the defect diameter

correspond to depths for which the first minima almost completely vanish. These are

depths close to zy= for the cylindrical pits. For these depths, "global destructive

2 c0€9
interferences” with local minima of S as a function of zy are observed. For ellipsoidal
pits, a shift of these interference conditions to higher depths and a reduction of the
destructive interference effects occur. Hence, vanishing minima are of reduced concern for
non-cylindrical pits.

The statistical evaluation of additional modeling result for (symmetrical) model pits
of varying diameters is summarized in Fig. 6.35 (left) to set up a broader data base for
the deviations that have to be expected in the determination of defect dimensions. For
cach box plot given, 200 pits were modeled with depths ranging from 50 nm to 10 pm and
profile powers of 0.5, 1, 2, 4, and 8. The box plots reveal that for 80 % (whiskers) of the
modeled pits the deviations of the input and the measured diameter do not exceed 22 %.

In addition, the accuracy of the estimation for the base diameter as well as the di-
ameter at the FWHM was analyzed from this database. For 2/3 of the modeled pits,
the correlation is better for the dimensions at the defect base. If only the lower powers
m=0.5, 1,2 - which are assumed to be more reliable representations of real world defects
- are taken into account, this ratio is even improved to 3/6. Consequently, in the following
investigations the pit diameters were determined at the upper edges in the topography
data. Fortunately, these diameters are relevant dimensions for the defect classification

according to ISO 10110-7 or OP1.002.
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Fig. 6.35.: Left: Box plots summarize expectable deviations for the proposed measurement procedure if
applied for pits with the same diameter, but different geometries and depths. Right: Com-
parison of defect classification results based on WLI topography data and hARS evaluation
for 12 defects on RG1000, titanium, and silicon surfaces as well as five chromium spots on the
reference chart. *) compared to WLI data or the nominal defect classes (solid /open triangles).

The modeling results reveal basic impressions of scattering based defect classification.
However, typical defects are neither symmetric, nor do they provide analytical edge pro-
files. Nevertheless, the uncertainties obtained from the modeling are similar to that
of further surface flaws, which were identified and analyzed by means of the combined

WLI/sensor set-up.
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6. Light scattering properties of optical surfaces and thin films

In the right hand side diagram of Fig.6.35, defect arcas determined from WLI and
hARS are compared and categorized according to ISO 10110-7. Therefore, the minor and
major axes were determined at the defect base and the area of a corresponding ellipse was
calculated.

Furthermore, the artificial rectangular defects on the classification chart were analyzed
as well. For the chromium spots, the classes were overestimated by one class. This mis-
assignment is explainable, since the defects on the reference chart represents the upper
bound of the corresponding class. Therefore, small deviations of the axes result in an
overestimation of the corresponding defect. On the other hand, a closer look at the defect
profiles (Fig. 6.31) reveals that the top of the hump edge (even if the round corners of the
defect arca arc included) are closer related to the stated defect class than the base dimen-
sions, which light scattering is sensitive for. Thus, the classification deviations are more
related to deviations of the chromium spots than to uncertainties in the determination of

the axes itself.

6.4.4. Concluding remarks

The light scattering based assessment of defects on optical surfaces was theoretically dis-
cussed and experimentally demonstrated for measurements with the scattering sensor. In
this context, the influences of the substrate roughness and the illumination spot diameter
on the sensitivity of defect detection were analyzed and a procedure to adjust the sensi-
tivity was proposed. In addition, the applicability of the BKT to surface defect modeling
was experimentally verified by comparison of hARS modeling and measurement results.
This was, in particular, enabled by the topography and scattering data obtained with a
combined set-up of the WLI and the scattering sensor.

The basis for the derived defect assessment procedure is the validity of a simple rela-
tion between the defect dimensions and the minima in the light scattering distributions,
which was analyzed and discussed. Experiments and BK'T modeling results revealed an
uncertainty in the order of 22 % for the dimensions obtained from the RARS distributions
for arbitrary formed defects. In addition to the defect dimensions, an impression of the
relevant optical disturbance induced by the flaw is directly and very fast accessible with
the light scattering sensor.

The results presented, set up the base for a thorough defect characterization methodol-
ogy. Therefore, the surface is scanned and the hARS at each surface position is evaluated
for S, R, and anisotropy to identify defects and scratches. Image processing routines
should be applicable to obtain the shape of the first minimum curve in the hARS from
which the covered surface areas according to ISO 10110-7 / OP1.002 can be determined.
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7. Summary

Light scattering based characterization techniques provide advantages which should be
exploited for the characterization of optical components. These benefits are, on the one
hand, technical aspects such as the non-contact measurement approach, the robustness
which is induced by the insensitivity to vibrations, and the potential for fast measure-
ments. On the other hand, scattered light contains valuable information, which is worth to
be exploited by advanced light scattering analysis to gather information about its origins
and, hence, about the imperfections on optical surfaces in general.

However, the application of light scattering techniques for the quality assessment in
optical fabrication processes is still at the beginning, although the techniques provide the
advantages mentioned. Therefore, methodologies for the evaluation of optical surfaces
were developed in this thesis, which combine tailored measurement, analysis, and model-
ing techniques with a compact and flexible scattering sensor, developed in the course of
this thesis as well. This framework provides an extremely high potential for in-line appli-
cations as compared to conventional surface grading techniques or other (semiconductor
matrix based) approaches for angle resolved scattering measurements. Hence, the system
constitutes the first light scattering based sensor device which is sensitive enough for the
quality assessment of optical surfaces with in-line capability. Moreover, a basis was cre-
ated "to make inexpensive, fast, accurate scattering measurements available in a variety
of situations where location, or expense, has prevented it in the past.” [J. C. Stover, 31]

The sensor system allows calibrated, angle resolved scattering distributions in a cone of
about 9° around the specular beam in the reflection hemisphere to be recorded. Including
the near angular limit of 0.3°, this angular range covers a spatial frequency bandwidth of
one and a half decade of roughness information. Although this bandwidth is below the
more than two decades bandwidth of atomic force microscopy (AFM) or white light inter-
ferometry (WLI), it was demonstrated that the obtained roughness data is less influenced
by artifacts to which these topography measurements techniques are prone.

The dynamic range of more than 7decades and the sensitivity down to scattering lev-
els below 5x107°sr~! enable surfaces with rms roughness values as low as 0.3nm to be
characterized. This sensitivity was never achieved before by other sensor-like systems.
Moreover, the analysis of the uncertainty budget revealed a combined uncertainty of only
5% for roughness values obtained from the sensor measurements. Besides the evalua-
tion of the uncertainty budget, the validity conditions of the vector perturbation theory
(VPT) including the inherent far-field properties were analyzed for the specifics of the

scattering sensor. The results revealed an upper roughness level of approximately 30 nm
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7. Summary

as limit for the application of the VPT for roughness measurement. Thereby, the far field
requirements are ensured by the imaging element in the beam preparation system even
for a compact sensor configuration with a plane, oblique detector matrix.

The light scattering sensor enabled the extended anisotropy and roughness analysis of
surfaces fabricated by diamond turning and different polishing processes. In this context,
a novel methodology for the evaluation of directional roughness values determined from
3D angle resolved scattering (ARS) distributions and for the derivation of isotropy param-
eters was developed and analyzed. This methodology made it possible (i) to analyze and
model roughness components of surfaces fabricated by single-point diamond turning with
different feed parameters; (ii) to compare the anisotropy properties of diamond turned
surfaces and an anisotropically polished cylindrical lens; and (iii) to optimize magnetorhe-
ological finishing (MRF) processes. In particular for the evaluation of the MRF process,
the fast close-to-process, almost in-situ, measurements provided by the scattering sensor
could be exploited to find optimal finishing parameters for the removal of diamond turning
marks. In addition, the sensitivity of the MRF process to the relative orientation between
MRF processing and turning mark direction was detected by analyzing the roughness and
isotropy properties of an entire surface with the sensor.

The extension of the spatial frequency range for roughness measurements with the
scattering sensor to two decades (f<0.015pm™ to 1.5um™!) was achieved by the im-
plementation of a second illumination channel and the application of roughness spectra
model functions. Conventionally, a stochastically reliable roughness value in a similar
bandwidth is only achievable through combination of measurement results obtained from
WLI and AFM. The extended measurement and analysis capabilities enabled the study
of the roughness evolution of differently thick titanium films. In addition, the substrate
induced anisotropy properties were evaluated to define a transition frequency at which
thin film roughness would become critical for the optical losses of coated substrates.

A model to describe the angle resolved scattering of a complex notch-filter multilayer
system was derived for the first time by comparison of modeled ARS distributions to
ARS distributions measured with a goniometer system at different illumination conditions.
Therefore, previously derived modeling approaches for highly reflective multilayer systems
[5,135] were taken, analyzed, and expanded for the notch filter.

A scattering loss reduction of an order of magnitude was observed if the filter was
illuminated from the substrate side. The analysis of both, the roughness evolution and
the field distributions in the multilayer stack enabled the explanation of reduced scattering
losses. To bridge remaining gaps between the ARS measurement and modeling results,
approaches based on a model for thin film bulk scattering and novel, modified thin film
roughness correlation models were investigated. However, only a modified correlation
model, which indicates a loss of roughness correlation in the uppermost interfaces, could
improve the correlation of modeled and measured scattering distributions.

The modeling results provided the basis for the development of scattering sensor ap-
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plication scenarios for the quality assessment of notch filters. For example, modifications
of the illumination wavelength and the incidence angle were indicated to enable the mon-
itoring of spectral properties in combination with the attenuation, the key performance
parameter of the notch filter.

The assessment of digs, scratches, and other defects on optical surfaces using the scat-
tering sensor was theoretically and experimentally demonstrated. In this context, the
influences of the substrate roughness and the illumination spot diameter on the sensi-
tivity of defect detection were analyzed and a procedure to adjust the sensor sensitivity
was proposed. The basis for the derived defect grading procedure is a relation between
the diameter of cylindrical pits in surfaces and the (first) minima in light scattering dis-
tributions, whose validity was analyzed and discussed for arbitrary defect geometries.
Experiments and Beckmann-Kirchhoff theory (BKT) modeling results revealed an uncer-
tainty of about 22 % for the lateral dimensions of arbitrary formed defects determined
from ARS measurements with the scattering sensor. In addition to the defect dimensions,
quantitative descriptions of the disturbing optical effects induced by the imperfections are
received from the light scattering measurements.

Moreover, the general applicability of the BK'T for the modeling of surface defects was
experimentally verified by comparison of modeled and measured ARS results. This was
enabled by analyzing topography and scattering data that were obtained with a combined

set-up of a WLI and the scattering sensor.

The investigation results for the structural properties and the imperfections of optical
surfaces presented, demonstrate the opportunities that are enabled by profound scattering
analysis methods even for an easy to handle and compact light scattering sensor. This
diversity of in-dept investigation scenarios opened up for and by the utilization of the
sensor exceeds the state of the art in investigations of such physical effects.

However, possible future work should be dedicated for instance to the implementation of
further illumination channels, which enable the coverage of an extended spatial frequency
range without the necessity of interpolation, or to the test of novel sensor matrices of a
next generation (e.g. SCMOS [200]) to increase the sensitivity. This would, for example,
enable the characterization of ultra-smooth mirror substrates designed for application in
extreme ultra violet lithography [278].

In order to apply the sensor for the characterization of optical components prior to
polishing, the structure-scattering-relationships for ground surfaces would need further
investigation. For example, the evaluation of the speckle structure in the ARS [180,
282] could bridge the gap of invertible structure-scattering-relationships between smooth
surfaces and rough engineering surfaces. Another promising extension of the scattering
sensor concept would be the implementation of polarization sensitive matrix elements
[283] to enable the application of a analysis method for subsurface damage [49], which

was developed recently with collaboration of the author of this thesis.
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A. Auxiliary calculations

A.1. Estimation of fluorescence power in laser scanning microscopy

This estimation is based on data provided by Ralf Schmauder [272].

The power of the stimulated radiation that reaches the detector in fluorescence mi-
croscopy is about 3x1071® W. The stimulating power density is 10kW/em?. This corre-
sponds to 7x107® W in a confocal volume of 300 nm in diameter.

Through scattering in the confocal volume or other re-reflexes in the beam path, a
portion of the stimulating light is imaged to the detector. If the confocal volume is highly
scattering (Lambertian) and the objective has an acceptance angle of 60°, a solid angle
of 0.8sr is covered. This corresponds to a collected power of about 4x10~7 W.

After passing a beam splitter and the emission filter in the microscope, which filters
about 2-3 and 5-6 orders of magnitude, respectively, the stimulating light that reaches
the detector can still be in the order of 4x107 W to 4x 10716 W.

On the other hand, a scattering loss that is in the order of this transmitted power, as

shown for the notch filter, would be critically as well.

A.2. Asymptotic evolution of correlation length

Analytical solutions of the correlation length for the modified PSD model only exist for
some specific parameters. However, the asymptotic similarity to the ABC-model can be
exploited to translate the parameters Qun into the parameters ABC [135]. Thereafter,
Eq.3.11 can be utilized to derive the approximate behavior of the correlation length as
function of 3:

1 — €—2y|27rf|"d2f" A

]1012%9 2w 2 f] Qd and }%(1+B2f2)% A implies that Qd A.

In a similar way the remaining parameters can be transformed into cach other:

L 1 d 4 1
im = and lim = result in
=00 2v |27 f|” 2v |27 f|" f=oo(1 4+ B2f2) S (BQfQ)Cgl

Ce&np—1 and B22r (d252y>l/n.

Applying these asymptotic identities into Eq. 3.11 reveals the behavior of the correlation
length which is stated for example in [131,135]: 7., d°s.
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Kurzfassung

Die in-line Charakterisierung optischer Oberflachen erfordert robuste, berithrungslose und
schnelle Verfahren mit hoher Sensitivitat. Zur Erfullung dieser Anforderungen bei der Be-
wertung von Oberflachenrauheit und Defekten waren die Entwicklung einer Streulichtsen-
sorik sowie speziell angepasster Analysemethoden notwendig. Diese Kombination ermog-
licht einerseits die Bewertung des durch Oberflachenunvollkommenheiten hervorgerufenen
Storlichts. Andererseits konnen durch modelltheoretische Zusammenhéange Information
itber die das Streulicht verursachenden Strukturen selbst gewonnen werden.

Das realisierte Sensorkonzept fiir 3D winkelaufgeloste Streulichtmessungen ermoglicht
Rauheitsmessungen an optischen Oberflichen glatter als 0.3 nm in weniger als einer Se-
kunde. Dabei reicht der erfasste Streuwinkelbereich von weniger als 10° um den spekularen
Reflex aus, um Rauheitsspektren in einem Ortsfrequenzbereich von eineinhalb Dekaden
zu analysieren. Dariiber hinaus wurden Streulichttheorien sowie deren Einsatzgrenzen fiir
die Spezifikationen des realisierten Streulichtsensors untersucht.

Die mit neu entwickelten Analysemethoden aus Sensormessungen gewonnenen Struktu-
rinformationen ermoglichen insbesondere eine zeiteffiziente Charakterisierung anisotroper
Oberflachenstrukturen. Darauf aufbauend konnten die charakteristischen Strukturen von
Fertigungsverfahren wie Diamantdrehen oder magnetorheologischem Polieren untersucht
und verglichen werden.

Durch die Implementierung von zwei Beleuchtungskanélen sowie die Anwendung von
Rauheitsmodellen konnte die Rauheitsentwicklung von Titanschichten untersucht wer-
den. Insbesondere wurden sowohl der Ubergangsbereich von Substrat- zu Schichtrauheit
als auch die intrinsische Rauheitsstruktur der Schicht erfasst, wobei sogar eine hohere
Datengiite erzielt wurde als mit konventionellen topographiebasierten Verfahren.

Ein Streulichtmodell fiir ein Notchfilter-Schichtsystem wurde durch Messung und Mo-
dellierung von Rauheit und Streulicht erarbeitet. Dabei fiel eine vorteilhafte Reduktion
des Streuverlusts bei Beleuchtung des Filters von der Substratseite auf, deren Ursachen
aufgeklart werden konnten. Auf Basis des Modells wurden zusétzlich Anwendungsszenari-
en fiir die sensorbasierte in-line Charakterisierung des Filters erarbeitet und demonstriert.

Die Klassifizierung von Oberflichendefekten mittels Streulichtsensor konnte erfolgreich
demonstriert werden. Dazu wurden mit einer kombinierten Anordnung von Streulichtsen-
sor und WeiBlichtinterferometer charakteristische Streulichtverteilungen mit den zugeho-
rigen Defekttopographien verglichen. Zusatzlich wurden in experimentellen und modell-

theoretischen Untersuchungen die Zuverléssigkeit der erarbeiteten Prozedur ermittelt.
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