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Abstract
Modern nanotechnology includes the measurement of vertical and lateral length para-
meters of structured surfaces and sub-surface structures in the nanometre range, which is
the field of dimensional nanometrology. Grazing incidence small-angle X-ray scattering
(GISAXS) provides non-destructive measurements, access to buried structures, and in-
situ measurement capabilities, which can hardly be provided by microscopy techniques.
This work describes the measurements and analysis of GISAXS data obtained from
surface gratings with structure sizes in different regimes, from almost 1 μm down to
25 nm. Different ‘direct’ data analysis methods were implemented to determine struc-
tural parameters such as grating pitch, critical dimension, groove width, and line height
directly from the data, i.e. without numerical modelling. In this way, the traceability of
GISAXS measurements is established by determining the value and uncertainty of the
pitch of a self-assembled polymer grating of (24.83 ± 0.09) nm, i.e. with an uncertainty
below 0.1 nm, by tracing all input parameter uncertainties. A structural parameter value
obtained by such direct data analysis provides information on the generally achievable
measurement accuracy in any GISAXS experiment and it can serve as a reference value
for modelling-based data analysis.

Besides traceability, another aspect in dimensional nanometrology is the availability
of suitable instrumentation and measurement techniques. Tender X-rays are required
for element-sensitive studies of structural features in copolymer thin films by using
anomalous scattering techniques. The development and operation of an in-vacuum
PILATUS 1M hybrid pixel detector that provides access to imaging at photon energies
below 5 keV is described in this work. The determined quantum efficiency of the detector
is higher than 80 % above 3.6 keV and is sufficient for imaging down to 1.75 keV. The
extended capabilities of the detector are used for depth-resolved GISAXS measurements
at the silicon K-edge at 1.84 keV on untreated and annealed block copolymer thin films.
With this method it is possible to resolve the onset and progress of a thermally treated
PS-b-P2VP thin film along the depth of the film, which has not been observed previously.



Zusammenfassung
Ein Gebiet der Nanotechnologie ist die dimensionelle Nanometrologie, die sich mit
der Messung von Längen in vertikale und laterale Richtung im nm-Bereich befasst.
Messungen der Röntgenkleinwinkelstreuung unter streifendem Einfall (GISAXS) sind
zerstörungsfrei, bedürfen keiner Probenpräparation, bieten Mittelung über einen makro-
skopischen Bereich und liefern tiefenaufgelöste Information von vergrabenen Nanostruk-
turen. In dieser Arbeit sind GISAXS-Messungen an Reflektionsgittern mit Strukturgrößen
von fast 1 μm bis 25 nm gezeigt. Verschiedene „direkte“ Methoden der Datenanalyse
werden zur Bestimmung von Gitterparametern wie Periode, Linienbreite, -höhe und
Grabenbreite implementiert. Dies ermöglicht die Rückführung von GISAXS-Messungen
einer Gitterperiode von (24.83 ± 0.09) nm, d.h. mit einer Unsicherheit unter 0.1 nm. Die
Umsetzung solcher rückgeführter GISAXS-Messungen ermöglichen die Bestimmung
der allgemein erwartbaren Unsicherheiten einer GISAXS-Messung und liefern einen
Referenzwert für modellbasierte Analysemethoden.

Ein anderer Aspekt der dimensionellen Nanometrologie ist die Verfügbarkeit von
Instrumentierung und Messmethoden. Röntgenstreuung bei Photonenenergien zwischen
1.5 keV und 5 keV bietet die Möglichkeit, die tiefenaufgelöste Verteilung der verschiede-
nen Komponenten anhand der anomalen Streuung an Absorptionskanten der enthaltenen
leichten Elemente (z.B. P, S, Cl, Ca) zu unterscheiden. Während dieser Arbeit ist im Rah-
men einer Kooperation ein vakuum-kompatibler PILATUS 1M Hybridpixel-Detektor
entwickelt und in Betrieb genommen worden. Dieser Detektor erweitert den zugängli-
chen Messbereich auf Photonenenergien unter 5 keV und bietet somit Zugang zu den
erwähnten Absorptionskanten. Der Detektor wurde ausführlich charakterisiert, die Quan-
teneffizienz oberhalb von 3.6 keV ist höher als 80 % und ausreichend für Streumessungen
bis hinunter zu 1.75 keV. Dies ermöglicht die Anwendung vorher unzugänglicher Streu-
methoden wie tiefenaufgelöste GISAXS-Messungen an Polymerfilmen auf Silizium mit
der Minimierung des Streukontrastes zwischen Polymer und Silizium bei einer Pho-
tonenergie nahe der Silizium K-Kante bei 1.84 keV. Kontrastminimierung bietet die
Möglichkeit, die strukturellen Änderungen im Film unabhängig von überlagernden Inter-
ferenzen vom Substrat-Interface zu bestimmen. Diese Methode wurde zur Untersuchung
von thermisch behandelten PS-b-P2VP Block-Copolymerfilmen angewandt. Nach der
thermischen Behandlung kommt es zu Strukturänderungen an der Oberfläche und nahe
darunter, die Morphologie in größerer Tiefe bleibt jedoch erhalten. Dies liefert neue
Erkenntnisse über Selbstorganisationsprozesse in Polymerfilmen und konnte so bisher
noch mit keiner anderen Methode gezeigt werden.
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1
Introduction

In 1959, Richard P. Feynman stated in one of his famous lectures* that “there’s plenty
of room at the bottom.” What he was referring to was the enormous potential for
technological applications in the nanometre regime and even below, down to ‘atomic
machines’. During the decades that followed up to the present day, the emerging field of
nanotechnology has claimed more and more of this room. Today, microprocessors using
nm-sized functional elements,[13] organic photovoltaic devices,[28] bioactive nanopar-
ticles,[116] or carbon nanotubes for energy storage[36,66] are nanotechnological applications
within reach or already in industrial production. However, the field of applications is
exciting, but it is only one side of the coin. The flip side is the ability to perform useful
and accurate measurements of relevant physical properties in the nanometre regime. Any
technological advancement requires appropriate tools to understand, monitor, and make
use of the underlying principles. The science of size and structure measurements in the
nm range this is the field of dimensional nanometrology.

This work contributes to two aspects that follow directly from Feynman’s statement and
involves both of the above-mentioned mentioned fields of nanotechnology – metrology
and applications:

(i) How can we measure dimensional parameters on nanostructured surfaces and
within layers? How is a measured value evaluated in terms of accuracy, precision,
and uncertainty?

(ii) How can a nanometrological technique be developed further to offer new and
extended insights into materials and structures relevant to current applications?

The first aspect is closely related to metrology. Metrology is the primary field of interest
for national metrology institutes (NMIs) worldwide, such as the National Institute for
Standards and Technology (NIST) in the USA or the Physikalisch-Technische Bundesan-
stalt (PTB) in Germany, where the present thesis work was performed. In metrology, the
uncertainties, the sensitivities, and the range of validity associated with a measurement
are studied. A central term is ‘traceability’ which means the ability to relate a measured
value to a base unit definition of the International System of Units (SI system). This

* http://www.its.caltech.edu/~feynman/plenty.html
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INTRODUCTION

has high relevance, because only the statement of an uncertainty along with a measure-
ment value determined using a certain method allows for the evaluation of the method
in an objective way, and for comparing the results and the performance of different
measurement methods.

The second aspect mentioned focusses on the availability of suitable tools – in the
context of this work – in terms of dimensional nanometrology. A wide range of different
methods exist that probe the real space or, equivalently, the reciprocal space, each with
specific advantages and drawbacks. However, only a few of them are traceable, which
is necessary in order to assess the quality of the measurement results obtained and
to compare and validate different methods. One of these tools is grazing incidence
small-angle X-ray scattering (GISAXS), a scattering technique that is used to probe
lateral and vertical structure size features on surfaces and within films and layers in the
nm to μm range. GISAXS can be seen as a combination of X-ray reflectometry (XRR),
which is sensitive to vertical density variations in a material, and small-angle X-ray
scattering (SAXS), which is used to determine the shape and size of nanoparticles in
transmission geometry. GISAXS is a widely used scattering technique for surface and
sub-surface structures in functional polymer films for photovoltaics, organic electronics,
and chemical functionalisation, as well as in lithographic nanopatterning and multilayer
optics characterisation. GISAXS offers a range of appealing properties, such as non-
contact and non-destructive measurements, depth-sensitivity, and in-situ measurement
capabilities. Using X-ray synchrotron radiation allows advanced scattering techniques
such as chemical element sensitivity by anomalous scattering at photon energies close to
an absorption edge.

Traceability of GISAXS would be highly desirable especially for nanoscopic reference
measurements in microelectronics and semiconductors industry and for absolute size
measurements of nanostructures. However, traceable GISAXS measurements have not
been presented to date for different reasons: First, calibrated instrumentation is needed
to establish the traceability of each experimental input parameter, but it is rarely available
at a typical X-ray scattering beamline or laboratory setup. Second, GISAXS – as any
conventional X-ray scattering technique – is subject to the phase problem, which means
the loss of the phases in the measured scattering pattern. This prevents the direct
inversion of the scattering data to real space lengths. Instead, the data needs to be
numerically simulated using appropriate models. But modelling is a complex process
in data analysis that is very difficult to include in an uncertainty analysis. In this
work, the traceability of a GISAXS measurement is established. This is realised by
direct Fourier analysis of the scattering data, that is, circumventing the need for the
selection of appropriate models for their complex numerical simulation. In this way, it
is possible to evaluate the general uncertainties of a GISAXS measurement without the
additional influence of the model selection itself. Suitable sample systems for such type of
metrologic investigations are surface gratings with structure sizes in the sub-μm and nm
regime. Gratings are highly ordered model systems because they can be produced with
great accuracy using current technology. Moreover, nanoscopic grating structures have a
high practical relevance, e.g. in next-generation photolithography, in block copolymer
lithography, and as high-quality optical elements in the wavelength regime below 20 nm.

The other aspect necessary for the advancement of nanotechnology is suitable instru-
mentation. In particular, small-angle X-ray scattering measurements are lacking area
detectors suitable for the tender X-ray range, which is roughly between 1.5 keV and
5 keV. This is inconvenient because a number of K-absorption edges of biologically and
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technologically relevant elements such as silicon, phosphorus, sulphur, calcium, and
chlorine are found in this range and could be used for anomalous scattering techniques
such as element-specific scattering contrast tuning. X-ray scattering imaging in this
photon energy range can therefore provide new insights and extended measurement
capabilities in thin film science and respective application fields. A vacuum-compatible
large area hybrid pixel detector capable of imaging down to 1.75 keV, the in-vacuum
PILATUS 1M, was developed in cooperation of PTB and Dectris Ltd. during the course of
this work. The detector was metrologically characterised with respect to its geometrical
and radiometrical properties. When the detector went into service in July 2012, it was the
first digital detector of this size (1 Mpixel) to offer such extended imaging capabilities in
the tender X-ray regime. The capability of GISAXS measurements in the tender X-ray
regime triggered a number of ongoing and perspective collaborations with groups from
TU Munich, Lawrence Berkeley National Laboratory, University of Kyoto and Stanford
University on different application areas, such as organic photovoltaics, thermoelectric
polymer films, and fuel cell membranes.

This work is structured in the following way: The fundamentals of the X-ray scattering
experiments that were performed in the PTB laboratory at the Berlin electron storage ring
for synchrotron radiation (BESSY II) are presented in Chapter 2. Moreover, Chapter 2
covers the mathematical principles of the analysis methods used as well as the technical
basics of other nanometrological measurement techniques relevant for this work. The
development and characterisation of the in-vacuum PILATUS 1M detector is described
in Chapter 3. Chapter 4 is dedicated to the nanometrology and traceability of GISAXS
measurements on grating structures in different size regimes, from large structures
up to almost 1 μm down to structure sizes of 25 nm. Chapters 5 and 6 are centred
around related areas of current research and application, polymer thin films, and layer
systems, respectively. In Chapter 5, the measurement capabilities of the in-vacuum
PILATUS 1M in the tender X-ray range are used to match the scattering contrast between
a nanostructured block copolymer film and the silicon substrate at photon energies close
to the silicon K-absorption edge at 1.84 keV. This allows to study the depth-dependent
structure and ordering along the thickness of the film, which is hardly possible with any
other measurement method. The so far open scientific question behind the investigation
is: How does re-structuring of the vertically ordered block copolymer film change on
the surface and along the depth of the film after thermal annealing? Other polymer
sample systems are single layers and multilayers of different organic materials, which
are investigated in terms of layer thickness using XRR in Chapter 6. The scientific scope
in this chapter is strongly driven by metrology as it is challenging to perform traceable
thickness measurements on organic thin film layers due to the poorly known optical
constants, the pronounced interface roughness, and the weak optical contrast between
the different, but very similar, organic materials. Traceable thickness measurements using
XRR were performed on several different layer systems by implementing a direct analysis
method and maximising the scattering contrast.

Extensive parts of the work presented in Chapters 3 to 6 have been published in
peer-reviewed journals.[224,225,250–254] Annotations in each (sub-)chapter indicate which
publications correspond to the presented results.
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2
Fundamentals

This chapter covers the fundamentals of the investigations that follow in the later chapters.
Since the focus of this work is on synchrotron radiation X-ray scattering techniques, the
basic principles of X-ray interaction with matter are discussed first. Then, different
theoretical frameworks of scattering theory, in particular for reflection geometry, are
presented, before specular and diffuse scattering is discussed. This sets the transition to
recent trends and applications of grazing incidence small-angle X-ray scattering (GISAXS)
experiments and to the field of dimensional nanometrology.

2.1 Interaction of X-rays with matter

2.1.1 X-rays

X-rays are electromagnetic radiation with typical wavelengths of 0.01 nm to 10 nm, cor-
responding to photon energies of around 0.1 keV to 100 keV. Different names exist for
different ranges of the X-ray spectrum throughout the scientific community, depending
on the field of application. In this work, the photon energy range below around 1.5 keV
is referred to as the soft X-ray range. The term tender X-ray regime that became popular
in the soft matter thin film community is used for photon energies between 1.5 keV to
around 5 keV. X-rays above 10 keV are referred to as hard X-rays.

Due to the quantum-mechanical concept of wave-particle duality, X-rays possess a
wave nature as well as a particle nature, which are both required to explain the entirety
of observations made on the absorption and emission of electromagnetic radiation.
Electromagnetic waves are fundamentally characterised by Maxwell’s equations, which
describe the generation, propagation and interaction of electric and magnetic fields, �E
and �B, respectively, by partial differential equations.* In vacuum and in the absence of

* Details can be found in many standard text book on electrodynamics, for example in Jackson [106].
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electric charges and currents, Maxwell’s equations are

∇· �E = 0 , ∇· �B = 0

∇× �E = −∂�B
∂t

, ∇× �B =
1
c2

∂�B
∂t

.

By taking the curl of these equations and after some rearrangements, the homogeneous
wave equations (

Δ − 1
c2

∂2

∂t2

)
�E(�r, t) =�0 ,

(
Δ − 1

c2
∂2

∂t2

)
�B(�r, t) =�0 (2.1)

are obtained. Two possible solutions of these wave equations are monochromatic plane
waves (�ψ can be �B or �E):

�ψ(�r, t) = �ψ0 exp(i(ωt −�k·�r) + ϕphase) ,

�ψ(�r, t) = �ψ0(�r, t) cos
(

ωt −�k·�r + ϕphase

)
,

(2.2)

with the wave number
∣∣∣�k∣∣∣ = k = 2π/λ, the wavelength λ and the wave frequency ω = 2π f .

The particle nature is accounted for by a quantisation of the energy of the radiation
into multiples of discrete units, the photons. Electromagnetic radiation is described
as an ensemble of photons. The photon energy Eph is given by the wavelength λ or,
equivalently, frequency ω (speed of light c, Planck’s constant h) as

Eph =
h c
λ

=
h

2π
ω . (2.3)

It is common to express the photon energy in units of the elementary charge e, which is
indicated by the unit electron volt (eV).

2.1.2 Interactions with matter
In vacuum, the phase velocity of the propagating wave is simply the scalar v = c =√

ε0μ0 = ω/k with the dielectric permittivity ε0 and the magnetic permeability μ0. When
passing through a medium, the phase velocity becomes a function of of the wavelength,
which is called dispersion. The phase velocity in this case is the vacuum speed of light
c divided by the wavelength dependent refractive index n̂(λ). The refractive index
is usually expressed as a complex-valued parameter, the real part and the imaginary
part are connected by the Kramers-Kronig relation and are related to refraction and
attenuation, respectively.[26] In the X-ray regime, the refractive index n̂ of a material is
usually expressed as

n̂ = (1 − δ) + iβ with δ > 0, β > 0 . (2.4)

The convention accounts for the fact that the real part R(n̂) = 1 − δ is slightly less than
unity, i.e. typically in the range of δ ≈ 10−6 to 10−2. Consequently, the wave phase
velocity in most media is larger than the vacuum phase velocity for X-rays.

In the absence of absorption, the refraction related real part can be written as[46]

δ =
r0

2π
λ2e(�r) (2.5)
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with the classical electron radius r0, the electron density e(�r), and the wavelength λ.
The electron density e in units of m−3 of an element is related to the mass density  in
units of kg m−3 by

e =
Z
A

NA  (2.6)

with the mass number A, the atomic number Z and the Avogadro number NA. The
imaginary part of n̂ is related to the linear absorption coefficient μ(�r) (Lambert-Beer law)
by[63,120]

β =
λ

4π
μ(�r) . (2.7)

Displayed in Fig. 2.1 are δ and β for titanium that both clearly show the K and L3

absorption edges.

Figure 2.1 | Refract-
ive index components δ

and β for titanium.[90]

A consequence of the real part of the refractive index being smaller than unity is the
occurrence of total external reflection at glancing angles lower than a critical angle at the
interface to a denser material, in particular at the vacuum-material-interface. The critical
angle for total reflection can be derived from the Snell-Descartes’ law using the condition
cos αt = 1 for the transmission angle αt and yields

cos αc
!
= R(n̂) = 1 − δ (2.8)

The Taylor series of the cos term can be aborted after the quadratic term because δ is in
the order of 10−2 or below for X-rays, which yields an approximation for small gracing
incidence angles of

αc =
√

2δ . (2.9)

Combining Eqs. (2.5), (2.6) and (2.9) shows the direct connection of the measurable critical
angle αc and the mass density  of a material. Thus,  can be derived by determining
αc, and vice versa, provided that the absorption is negligible, i.e. for photon energies far
away from absorption edges.

An X-ray photon interacts with valence and core electrons by three different mech-
anisms: Photoelectric absorption (also called photoeffect or photoionisation), elastic
scattering (Thomson and Rayleigh scattering) and inelastic scattering (Compton and
Raman scattering). There exists also the mechanism of pair generation, where a pair
of an elementary particle and its anti-particle (electron-positron pairs in most cases) is
created in the vicinity of a nucleus. But since the X-ray photon requires a photon energy
of at least 1.022 MeV to create an electron-positron pair, it is a high-energy effect that can
be completely neglected here.
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Photoelectric absorption

The X-ray photon is completely absorbed by a core electron of an atom, i.e. it does
not exist any more after the interaction. If the binding energy of the electron Eb is
smaller than the X-ray photon energy Eph, this photoelectron is emitted with a kinetic
energy of Eph − Eb, see Fig. 2.2. Detailed information on the internal binding states and
composition of the material can be drawn by analysing absorption edges and the kinetic
energy distribution of the emitted electrons. This is the field of photoelectron spectroscopy.

After emission of a photoelectron, the atom is ionised and is in an energetically excited
state. It returns to the ground state by one of the following processes:

(i) An electron from an outer shell, i.e. of lower binding energy, changes into the
energetically more favourable vacancy closer to the core by emitting a fluores-
cence photon with a characteristic wavelength (Fig. 2.2a). The wavelength of the
fluorescence photon is precisely determined by the energetic difference between
the two energy levels, which allows to perform detailed elemental analysis (X-ray
fluorescence analysis). The same process can, of course, occur again with the new
vacancy, which eventually results in a cascade of emitted fluorescence photons with
decreasing photon energy that are specific for the given chemical element.

(ii) Instead of emitting a characteristic photon, the energy of the outer shell electron
transiting to the inner shell vacancy may also by transferred to another electron
on a higher energy level by non-radiative energy transfer. The second electron,
the Auger electron, is ejected from the atomic compound and has a kinetic energy
equal to the energy difference of the transition energy from the outer to the inner
shell and the binding energy of the Auger electron (Fig. 2.2b). In Auger electron
spectroscopy, the kinetic distribution of Auger electrons can be measured to draw
conclusions on the chemical and elemental composition and binding states in the
material as well.

Also, subsequent collisions of the primary photoelectron with other electrons occur,
resulting in inelastic scattering and the generation of secondary electrons.

The photoabsorption cross-section of any material[90] in the photon energy range of eV
to keV exhibits sharp drops, so called absorption edges, which occur when the photon
energy is equal to the binding energy of electrons in the K, L, M, . . . shell of the atom.

The advent of soft X-ray free electron lasers (FELs) with their ultra-high photon
intensities and pulse lengths in the fs range allows completely new studies of photon-
matter interactions. One example is a non-linear photoionisation process, the multiphoton
ionisation of rare gas atoms by soft X-ray FEL pulses.[69,195,227] In the ultra-high photon
energy flux density of an FEL of 1011 W cm−2 to 1016 W cm−2, multiple photoionisation
of an atom is found at X-ray energies below the ionisation energy. This can only be
explained by multiphoton absorption processes such as sequential, simultaneous and
resonant ionisation via resonant and virtual energy states.[147,195,227]
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Figure 2.2 | Illustra-
tions of effects taking
place after the photoion-
isation. (a) fluoresence
emission, (b) Auger elec-
tron emission. 1. Emis-
sion of a photoelectron
from an inner energy
level, 2. Transition of
an outer shell electron
to the vacant position,
3. Emission of a fluores-
cence photon, 4. Emis-
sion of an Auger elec-
tron.

Compton scattering

Compton scattering denotes the inelastic scattering of X-ray photons on loosely bound
outer shell electrons, that is, the change of photon energy and propagation direction
under conservation of total energy and total momentum. Part of the photon energy is
transferred to the electron, which is then either in an excited state or released into the
continuum in the case of ionisation. The increase in the wavelength of the scattered
photon λ′ − λ can be derived[42] from the conservation of energy and momentum and
yields

λ′ − λ =
h

mec
(1 − cos 2θ) , (2.10)

with the electron rest mass me and the angle 2θ between the propagation direction of the
incident and the scattered X-ray photon.

A related effect is the Raman effect, where the inelastic scattering of a photon results in
the excitation of an atom without causing ionisation.
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Thomson scattering: Elastic scattering by a free electron

Thomson scattering in this context is the elastic scattering of a monochromatic X-ray
photon on a free electron. The incoming plane wave, Eq. (2.2), with the wave vector�ki is
elastically scattered by the particle into another direction. This results in a scattered wave
with a wave vector�kf (|�kf| = |�ki|) as illustrated in Fig. 2.3. The differential scattering cross
section dσ

dΩ is defined as the number of scattered photons dn within a certain solid angle
dΩ divided by the radiant power Φ per unit area and per unit time,

dσ

dΩ
=

dn/dΩ

Φ
. (2.11)

For an unpolarized X-ray beam, the scattering cross section yields

dσ

dΩ
=

⎛
⎜⎜⎝ e2

4πε0mec2︸ ︷︷ ︸
r0

⎞
⎟⎟⎠

2

1 + cos2 2θ

2
, (2.12)

with the scattering angle 2θ between�ki and�kf and the classical electron radius r0.

Figure 2.3 | Scattering
of a incident plane wave
�ki by a particle (�r)d3�r
at a scattering angle 2θ

between incident wave
�ki and scattered wave�kf.

�ki

�kf

�q2θ

ρ(�r)d3�r

Rayleigh scattering: Elastic scattering by ensembles of electrons

In terms of X-ray scattering, an atom corresponds to an ensemble of weakly bound
valence electrons, which are assumed to be free. Consequently, the atomic scattering
amplitude is the sum of the Thomson scattering amplitudes of each electron, their spatial
distribution is accounted for by their phase relation. In transmission geometry, an
incident plane wave�ki is scattered coherently by electrons in an ensemble of scatterers
(�r)d3�r, e.g. a particle with a mass density , at an angle 2θ (Fig. 2.3). The scattering
vector �q, also called momentum transfer vector, is defined as

�q =�kf −�ki , (2.13)

the modulus is derived from Fig. 2.3 as

|�q| ≡ q =
4π

λ
sin (θ) =

4π

hc
Eph sin (θ) . (2.14)

The components of �q in reflection geometry are related to the angles of incidence and
scattering as shown in Fig. 2.4 according to

qx = k (cos θf cos αf − cos αi)

qy = k (sin θf cos αf)

qz = k (sin αi + sin αf) ,

(2.15)
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with the wave number k = 2π/λ. Summation over the entire volume V of the ensemble
of scatterers yields the scattering amplitude

f (�q) = De

∫
V

(�r) exp (i�q·�r) d3�r , (2.16)

where the argument i�q·�r of the exponential function accounts for the phase relation
between all pairs of scatterers in the volume and De denotes the Thomson scattering
amplitude, which is the square root of Eq. (2.12) in the case of unpolarised X-rays.
Integration of Eq. (2.16) over the volume of an atom yields the definition of the atomic
form factor fa(�q) = f (�q)|Vatom

/De.

detector plane

sample plane

qx

qzqy

αi

θf

αf
�ki

�kf

Figure 2.4 | Definition
of scattering angles in
reflection geometry. An
incident X-ray beam �ki
impinges on the sample
and is scattered along
�kf.

Anomalous scattering

If the X-ray photon energy is close to the binding energy of electrons within an atom,
i.e. close to an absorption edge, anomalous scattering by anomalous dispersion becomes
significant. The atomic form factor, Eq. (2.16), then becomes a complex-valued parameter
of the shape[258]

f (Eph) = f0 + f ′(Eph) + i f ′′(Eph) . (2.17)

The parameter f0 denotes the normal Thomson atomic scattering amplitude as defined in
Eq. (2.16), while f ′ and f ′′ represent the real part and the imaginary part of the anomalous
dispersion correction. f ′ and f ′′ are connected by a Kramers-Kronig relation and vary
rapidly with the photon energy close to an absorption edge, which can be seen in Fig. 2.5.
The real part component δ and the imaginary part β of n̂ are proportional to f ′ and f ′′,
respectively.[107] Consequently, the scattering amplitude of a specific element with respect
to the scattering amplitude of another element in a multi-component material can be
tuned by selecting a photon energy close to an absorption edge of one of the elements.

In X-ray scattering, this effect is known as the contrast variation technique, which allows
to maximise the scattering contrast between two elements, e.g. to determine the element-
specific distribution within the probed volume.[4,126,174,177,230,232] In some cases, contrast
matching is also applied to minimise the scattering contrast between two elements, e.g.
to make an interface virtually ‘invisible’ for X-ray scattering.[121,175,252]

The penetration depth Λ, i.e. the depth where the penetrating evanescent wave is
attenuated to exp(−1), is the reciprocal of the linear absorption coefficient μ and can be
derived[46] from the complex refractive index n̂,

Λ =

[
2 k2

(√(
α2

i − α2
c
)2

+ 4β2 − (α2
i − α2

c
))]− 1

2

. (2.18)
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Figure 2.5 | Anomal-
ous scattering correc-
tion terms f ′ and f ′′ of
sulphur.[90] Pronounced
changes are visible at
the sulphur K-edge at
2472 eV.

It is thus possible to tune the penetration depth Λ of the X-ray beam by varying αi around
αc. Consequently, this measures the averaged scattering from the sample surface down to
the penetration depth. In other words, the detected signal contains the average structure
of the film weighted by an exponential damping factor of this penetration depth. For this
reason, Eq. (2.18) is sometimes[162,164,165] also referred to as the scattering depth.

2.2 Crystal lattices and X-ray scattering
Any material is composed of atoms, which are arranged in a certain way. The highest
degree of order is found in crystals, where the basic constituents (atoms, molecules, ions,
compounds, etc.) are arranged at well defined positions, i.e. in a crystal lattice. A crystal
lattice is composed of elementary building blocks, the unit cells, which are stacked in
all directions. Unit cells are described by the lattice parameters (base vectors)�a1,�a2,�a3

along the edges of the unit cell.[118] Hence, translational symmetry exists in a lattice with
respect to a translation vector �T defined as

�T = A1�a1 + A2�a2 + A3�a3, (2.19)

with A1, A2, A3 being integer numbers. In three dimensions, there are 7 lattice systems
and 14 Bravais lattices which are distinguished by the length of the unit cell base vectors
and the angles between them.

It is often more convenient to express a periodic structure such as a lattice or a grating
not in real space, but in reciprocal space, especially in regard of X-ray diffraction and
scattering. The reciprocal lattice base vectors are derived from the real space lattice base
vectors as defined above by

�b1 = 2π
�a2 ×�a3

�a1·�a2 ×�a3
(2.20a)

�b2 = 2π
�a3 ×�a1

�a1·�a2 ×�a3
(2.20b)

�b3 = 2π
�a1 ×�a2

�a1·�a2 ×�a3
. (2.20c)

Any position in the reciprocal lattice can be expressed by the reciprocal translation vector
�G by

�G = h�b1 + k�b2 + l�b3 . (2.21)
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Mathematically, the transition from real space to reciprocal space corresponds to a Fourier
transform of a plane wave function exp(i�G·�r). The reciprocal lattice is the entirety of all
vectors �G that satisfy the translational symmetry condition

�T· �G = 2π × m (m ∈ Z)

→ exp(i�T· �G) = 1 .
(2.22)

The X-ray scattering amplitude in Eq. (2.16) has the same form, it is the Fourier transform
of the spatial distribution of scatterers e(�r). If the scattering object is a lattice, then e(�r)
can be expressed as a Fourier series and inserted in Eq. (2.16). It can be shown[118] that
the scattering amplitude is large if the scattering vector �q equals a reciprocal space vector

�q = �G , (2.23)

and is negligible otherwise. This is the central result of elastic X-ray scattering theory
as it relates the position of scattering maxima directly to the reciprocal grating vectors.
Consequently, X-ray scattering directly provides information on the reciprocal space
representation of an ensemble of scatterers such as a lattice, a grating or an ensemble of
particles.

Equation (2.23) is known as the Laue condition for constructive interference in reciprocal
space. Combining Eqs. (2.21) to (2.23) yields the Laue equations in real space

�a1·�q = 2πh , (2.24a)

�a2·�q = 2πk , (2.24b)

�a3·�q = 2πl . (2.24c)

A fully equivalent formulation of Eq. (2.23) is the Bragg equation for constructive
interference, also called Bragg’s law,

m λ = 2 d(hkl) sin (αi) (m ∈ Z). (2.25)

Bragg’s law is a very intuitive approach to X-ray scattering by parallel crystal planes
separated by the distance d(hkl). In this picture, the plane wave impinges under a grazing
incidence angle αi on the parallel lattice planes and interacts by Rayleigh scattering,
Eq. (2.16), with the valence electrons of the lattice atoms as depicted in Fig. 2.6. The

�ki �kf

αi αi

d(hkl)

Figure 2.6 | A plane
wave X-ray beam im-
pinges under an incid-
ence angle of αi on a set
of parallel crystal planes
separated by d(hkl).

coherently scattered waves interfere. It can be directly seen from the geometry that
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constructive interference occurs when the path difference 2 d(hkl) sin (αi) is equal to an
integer multiple of the wavelength mλ.

A very elegant and helpful visualisation of Eq. (2.23) is the Ewald construction, as shown
in Fig. 2.7, which is used to determine the angles 2θ and/or wavelengths λ where a
scattering spot appears. In the three dimensional case, the Ewald sphere denotes the
spherical surface on which the incident wave vector�ki and the scattered wave vector�kf lie.
The vector�ki points to an arbitrary point of the reciprocal lattice (dots in Fig. 2.7). The
radius 2π/λ of the Ewald sphere is fixed for a given wavelength and Eq. (2.23) must be
fulfilled in order to produce a significant scattering amplitude. Consequently, scattering
spots appear only at scattering angles 2θ, i.e. (αf,θf) in three dimensions, Eq. (2.15),
where a reciprocal lattice point intersects the surface of the Ewald sphere. The concept
of Ewald construction, also called reciprocal space reconstruction, is not restricted to
X-ray diffraction on lattices, it can also be used to describe the small-angle scattering of
gratings with structure sizes in the sub-μm regime.

Figure 2.7 | Ewald con-
struction to determine
the scattering angles 2θ

of constructive interfer-
ence in 2D-space. The
end point of the incid-
ent wave �ki points to
an arbitrary reciprocal
lattice point (grey dots).
The vector is then taken
as the radius vector of
the Ewald circle. Scatter-
ing peaks appear at in-
tersection points of the
Ewald circle and the re-
ciprocal lattice points.

2θ �ki

�kf

�q = �G

Structure factor

In order to determine the scattering amplitude of a perfect crystal composed of N unit
cells with one atom per unit cell and the lattice vectors�aj, the condition for constructive
interference, Eq. (2.23), is combined with the equation of the atomic form factor, Eq. (2.16),
as

F =
N

∑
j=1

fa(�G) exp
(
i�q·�aj

)
= S�G . (2.26)

S�G is the structure factor of the lattice unit cell. The summation accounts for the atomic
form factor contribution from each occupied position in the unit cell. This concept can be
generalised[120] to the case of a continuous electron density distribution in the unit cell,
contrary to a discrete distribution of atoms, just as it was done for an atom in Eq. (2.16)
as

S(�G) =
∫

V
e(�r) exp

(
i�G·�r

)
d3�r . (2.27)

The unit cell structure factor is thus the Fourier transform of the periodic electron density
distribution.

One remark regarding the terminology should be made: Historically, the elastic
scattering theory described above was developed in the first years of the 20th century
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mainly by Max von Laue, Paul Peter Ewald, William Lawrence, and William Henry Bragg
under the term of X-ray diffraction or X-ray crystallography. However, it remains pure
convention if the fundamental elastic interaction process is called diffraction, scattering
or reflection, which becomes also obvious from the different experimental and theoretical
approaches (Thomson scattering, Bragg reflection, Laue diffraction) that describe the same
physical mechanism. The terminology used in this work follows one of the wide-spread
conventions to regard scattering as the basic interaction process. The terms ‘diffraction’
and ‘reflection’ are used to put emphasis on the scattering geometry: Diffraction is used
for large scattering angles of tens of degree, reflection indicates that not the transmitted,
but the reflected scattering distribution is observed. In addition, the quote ‘Throughout
this work the terms scattering and reflecting are used interchangeably’ from Wu [259] is
also valid for this work.

2.3 Specular X-ray reflectivity
In this section, the reflection, refraction, and transmission of X-rays by surfaces and
layers is described.[46,120,190] The basis are the solutions of the Helmholtz wave equation,
Eq. (2.2), for the incident wave�ki, the transmitted wave�ktr, and the reflected wave�kr.

In reflection geometry, Fig. 2.4, observing the specular component of the elastic
scattering means to probe the qz axis, i.e. qx = 0 nm−1 and qy = 0 nm−1. Using the
specular condition αf = αi, the scattering vector equation for qz simplifies to

qr(αi) ≡ qz|αf=αi
=

4π

λ
sin(αi) . (2.28)

The qr value at the critical angle of total refraction αc is defined according to Eq. (2.28) as

qc ≡ qr(αi = αc) =
4π

λ
sin(αc) . (2.29)

Another consequence of measuring only along the qz axis is that the probed volume
of the structure factor, Eq. (2.27), is mainly varied along the z axis, i.e. perpendicular
to the sample surface, disregarding lateral variations along the beam footprint. Hence,
reflectivity measurements are sensitive to vertical sample features of layers and multilayer
structures such as thickness, interface roughness or roughness correlations.

The experimental technique of reflectivity measurements is X-ray reflectometry (XRR).
In X-ray reflectometry (XRR), αi is varied in small steps (typically a hundredth to a
thousandth of a degree) from 0° to several (tens of) degrees. The specular reflection
intensity is measured at each position using a photodiode that is rotated around the
same axis as αi and positioned at an angle of 2αi.
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Fresnel reflectance of a smooth surface

An electromagnetic plane wave �Ei(�r) = ψi exp(i�ki·�r)�ey propagating through vacuum
along the unit vector �ey impinges on a smooth surface with a refractive index n̂ as
depicted in Fig. 2.8. At the surface, i.e. z = 0, the wave is reflected and refracted due
to the refractive index change according to the Snell-Descartes law. The reflected and
refracted partial waves are plane waves of the form

�Ef(�r) = ψf exp(i�kf·�r)�ey , (2.30a)

�Ef(�tr) = ψtr exp(i�ktr·�r)�ey . (2.30b)

By applying the boundary condition ψi + ψf = ψtr and assuming that the refracted beam
is completely absorbed in the layer, the reflection coefficient rs as a function of incidence
angle αi and critical angle αc is obtained as[46]

rs =
ψf

ψi
=

αi −
√

α2
i − α2

c

αi +
√

α2
i − α2

c

. (2.31)

Figure 2.8 | Reflection
and refraction of an in-
cident electromagnetic
wave �Ei (wave vector�ki)
impinging at a grazing
angle of αi on a smooth
surface with a refractive
index n̂.

αi αf = αi
αtrmedium, n̂ = (1 − δ) + iβ

vacuum, n̂ = 1

x

z

y

�Ei

�ki

�Ef

�kf

�Etr

�ktr

The term reflectance is defined as the ratio of the incidence angle dependent reflected
intensity to the incident intensity by

R(αi) =
I(αi)

I0
. (2.32)

In order to obtain the intensity-related reflectance from the wave amplitude-related
reflection coefficient, the modulus square of Eq. (2.31) has to be taken. For a negligible
absorption coefficient μ(�r), this yields the Fresnel reflectance RF as a function of incidence
angle αi and critical angle αc, or equivalently qr and qc:

RF(αi) = rsr∗s =

∣∣∣∣∣∣
αi −

√
α2

i − α2
c

αi +
√

α2
i − α2

c

∣∣∣∣∣∣
2

,

RF(qr) =

∣∣∣∣∣qr −
√

q2
r − q2

c

qr +
√

q2
r − q2

c

∣∣∣∣∣
2

.

(2.33)
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When absorption is accounted for, the Fresnel reflectance is written as[46]

RF(αi) =

∣∣∣∣∣∣
αi −

√
α2

i − α2
c − 2iβ

αi +
√

α2
i − α2

c − 2iβ

∣∣∣∣∣∣
2

,

RF(qr) =

∣∣∣∣∣∣
qr −

√
q2

r − q2
c − 32iπ2β

λ2

qr +
√

q2
r − q2

c − 32iπ2β
λ2

∣∣∣∣∣∣
2

.

(2.34)

For large scattering vectors, i.e. qr � 3qc, Eqs. (2.5), (2.9) and (2.29) can be combined with
Eq. (2.33). This yields the asymptotic behaviour of the Fresnel reflectance

RF(qr) =
q4

c
16q4

r
=

(4πr0e(z))2

q4
r

, (2.35)

which can be seen in a plot of RF for a smooth semi-infinite substrate with a critical angle
of 0.5° as shown in Fig. 2.9.
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Figure 2.9 | Fresnel
reflectance of a smooth
layer with a critical
angle of αc = 0.5°
(dashed line).

Dynamic and kinematic reflectivity of layered samples

XRR is frequently used to determine thicknesses in multilayer systems or stratified media.
For such systems, the individual boundary conditions as well as the transmission and
reflection coefficients at each interface have to be taken into account. Furthermore,
interfaces are generally not perfectly smooth and sharp, but are rough and can extend in
z. Thus, the reflected intensity deviates from the Fresnel reflectance.

Figure 2.10 shows a scheme of a multilayer system with N different layers, each layer j
has a thickness dj. The incident beam�ki propagates from vacuum into the first layer of the
sample. The wave is partially transmitted and partially reflected in accordance with the
boundary conditions, the wave amplitudes are denoted as T1 and R1, respectively. At the
same time, the reflected wave from the interface between layer 1 and 2 also propagates
through layer 1. The ratio of the amplitudes of reflected wave and transmitted wave in the
j-th layer Lj can be obtained by a recursion formula, known as the Parratt formalism,[182]

by

Lj =
Rj

Tj
=

L(j+1) exp(−2ikz,j+1zj) + r(j,j+1)

L(j+1) exp(−2ikz,j+1zj)r(j,j+1) + 1
(2.36)
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with the reflection coefficient, analogous to Eq. (2.31), of

r(j,j+1) =
kz,j − kz,j+1

kz,j + kz,j+1
.

The recursion is carried out from the substrate at the bottom, where RN+1 = TN+1 = 0,
to the surface of the multilayer system and yields the specular reflectance R after N
iterations.

Another way of calculating the transmitted and reflected intensities is given in the
matrix method[26,203] which is closely related to the Parratt formalism. The recursion is
implemented by constructing transfer matrices of incoming and outgoing wave amp-
litudes in each layer, which is often easier to implement in a numerical simulation. Both
methods take multiple reflections into account, which is known as the dynamic theory of
scattering. Different software packages are available, such as IMD[257] or GenX,[20] that
can be used to calculate reflectance curves for a broad range of multilayer systems in the
framework of dynamic scattering theory.

Figure 2.10 | Propaga-
tion scheme of reflec-
ted and refracted waves
in a multilayer system
with N different layers,
each layer j with a re-
flected wave amplitude
Rj, a transmitted wave
amplitude Tj and a thick-
ness zj. The substrate
at the bottom is suf-
ficiently thick to fully
absorb the transmitted
wave.a

a Figure analogous to
Daillant and Gibaud
[46].
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The dynamic theory of scattering is accurate for the full qr range, in particular at
qr < qc, but does not illustrate the physics of the scattering process. The reflection
coefficient of a single layer with a thickness d in dynamic scattering theory in accordance
with Eq. (2.36) is

r ≡ L1 =
r(1,2) exp(−2ikz,1d) + r(0,1)

1 + r(0,1)r(1,2) exp(−2ikz,1d)− r(0,1)
(2.37)

with the reflection coefficients at the vacuum interface r(0,1), and at the substrate interface
r(1,2), respectively.

Kinematic scattering theory, also called Born approximation, is the most widely used
simplification of the dynamic scattering theory of Eq. (2.36).[46,83,94,203] The transition
from dynamic to kinematic scattering theory requires some approximations, which are
(i) neglecting multiple scattering by neglecting the phase shift −2kz,1d, (ii) neglecting
refraction and absorption in the material and (iii) assuming a proportionality between
the change of reflection coefficient and electron density at each interface. Then, the
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reflectance in kinematic scattering theory follows to[46,203]

R(qr) =
(4πr0)2

q4
r

∣∣∣∣∫ +∞

−∞

de(z)
dz

exp(iqrz) dz
∣∣∣∣2 = RF(qr)

∣∣∣∣∫ +∞

−∞

de(z)
dz

exp(iqrz) dz
∣∣∣∣2 .

(2.38)
The integral in Eq. (2.38) is obviously the definition of the Fourier transform of the vertical
layer electron density gradient de(z)/dz = e

′(z).* Hence, by definition, R/RF is the power
spectral density (PSD) or, equivalently, the autocorrelation function of e(z).[41,46,221]

This shall be briefly illustrated by examining the reflectance of a homogeneous layer
on a semi-infinite substrate. Figure 2.11a shows an XRR profile of a layer of palladium
with a thickness d = 10 nm on silicon substrate, calculated using IMD[257] in dynamic
theory. The density profile has the simple form of a Heavyside function, i.e.

e(z) =

⎧⎪⎪⎨
⎪⎪⎩

0 z > 0 ,

e,Pd −d ≤ z ≤ 0 ,

e,Si z < −d .

(2.39)

The first derivative of e(z) consists of two Dirac functions δDirac,

de(z)
dz

= (e,Pd − e,Si)δDirac(z − d)− e,PdδDirac(z) . (2.40)

Carrying out the integration of Eq. (2.38) after inserting Eq. (2.40) yields

R(qr) = RF(qr)
[
e

2
,Pd + (e,Pd − e,Si)

2 − 2e,Pde,Si(e,Pd − e,Si) cos(Δqr)
]

. (2.41)

It can be immediately seen from Eq. (2.41) that the smooth q−4
r decay of the Fresnel

reflectance is modulated by a cosine oscillation with the period length of Δqr = 2π/d.
The oscillations are also apparent in the reflectance curve (Fig. 2.11a). The PSD of the
reflectance curve shown in Fig. 2.11b feature a single peak at a correlation length of
10 nm. Thus, by determining the period lengths of the reflectance oscillations, frequently
called Kiessig fringes, it is possible to determine the thickness of one or several layers in
the framework of kinematic scattering directly from the XRR data, without the need of
material properties for full dynamic modelling.

2.4 Diffuse small-angle X-ray scattering
In reflection geometry, diffuse scattering, also named non-specular scattering, is any
scattering that appears at αf �= αi. Any diffuse scattering vector �q has not only a
component in qz, but also in qx and/or qy, see Eq. (2.15) and Fig. 2.4. The �q-components
parallel to the sample plane, i.e. qx and qy, are frequently expressed as �q‖ = (qx, qy, 0)T

and the perpendicular component accordingly as �q⊥ = (0, 0, qz)T. Consequently, the
distribution of diffuse scattering yields information on lateral and vertical structure
features of a sample system.

In the following, the angles αi, αf, and θf are restricted to small angles up to only a
few degrees, which is the domain of small-angle scattering. Consequently, the accessible
feature sizes increase according to 2π/qmax from 0.1 nm in X-ray crystallography to larger
dimensions in the nanometre regime. The fundamental principles of small-angle X-ray

* As a reminder, e can be converted to the mass density  by Eq. (2.6).
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Figure 2.11 | (a) XRR
profile calculated by
dynamic theory using
IMD[257] for a layer of
palladium (Pd) with a
thickness of d = 10 nm

on silicon substrate. (b)
PSD of the above XRR
profile.
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scattering (SAXS), the theoretical framework of kinematic scattering in transmission
geometry, was introduced in the 1930s by A. Guinier and further developed by him, O.
Kratky, G. Porod, and others in the following decades. Nowadays, SAXS is a widely
used experimental technique, especially at synchrotron radiation facilities, to determine
the size, distribution, and detailed morphology of nano-sized objects. The perhaps most
notable application of SAXS can be found in the field of biological macromolecules such
as proteins, lipids, and colloids.[64,73]

The focus of this work is on nanostructured surfaces and layers. This requires a
reflection geometry and is the domain of GISAXS,[45,94,132,138,159,194] which can be seen as
the combination of SAXS and XRR.* The geometry of GISAXS and the definition of the
scattering vector is already shown in Fig. 2.4. A monochromatic X-ray beam�ki impinges
on a sample surface at a grazing incidence angle αi, which is kept fixed at around or
below 1°. Instead of a point detector placed at αf = αi as in XRR, the scattering intensity
is measured by a two-dimensional area detector placed several metres behind the sample.
Hence, the probed qx component is usually very small and the detector plane is nearly
congruent with the qy-qz plane, i.e. q‖ ≈ qy.

The theoretical treatment of GISAXS is, of course, related to the fundamentals of
SAXS.[73] However, it requires substantial extension due to multiple scattering, reflection,
and refraction events that are significant due to the grazing incidence reflection geometry.
To an extent, analogies can be drawn between GISAXS and X-ray crystallography as
described in Section 2.2: The effective average particle form factor W(�q) in GISAXS

* GISAXS is also referred to as the combination of SAXS and grazing-incidence diffraction.[159,190]
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corresponds to the atomic form factor fa, Eq. (2.16). The GISAXS structure factor* S(�q)
resembles the lattice structure factor, Eq. (2.26).

Isolated nanoparticles on a substrate

For isolated nanoparticles on a substrate,[132,159,194] the differential scattering cross-section
is proportional to a scattering function F,

dσ

dΩ
∝
∣∣∣F(�q,�ki,�kf)

∣∣∣2 . (2.42)

In kinematic approximation, the scattering function F is the Fourier transform of the
nanoparticle shape function C(�r) and is known as the particle form factor W(�q),

F(�q) ≡ W(�q)
∫

C(�r)
exp(i�q·�r) d�r , (2.43)

analogous to Eq. (2.16). Kinematic scattering theory, frequently called Born approximation
as described in the previous section, accounts for a single scattering or refraction event
and neglects refraction and multiple scattering, as discussed in the previous section.
However, especially at grazing incidence angles close to the critical angle at αi ≈ αc,
multiple scattering and refraction prevails and must be taken into account for a theoretical
treatment of the scattering process.

A widely applied extension of the Born approximation in GISAXS is the semi-dynamic
distorted wave Born approximation (DWBA).[94,192,207,220,245] Alternative dynamic scatter-
ing theories are the dynamic multilayer theory,[259,260] or the full electromagnetic wave
field solvers (‘Maxwell solvers’).[265] In DWBA, a first order perturbation potential is
added to the solution of an unperturbed reference potential in the Born approximation.
In the case of isolated particles on substrate, the reference potential solution is that of
a semi-infinite layer, i.e. the substrate, and the perturbation is the spatial distribution
δU(�r) of the nanoparticles. A consequence of applying DWBA is that the form factor,
Eq. (2.43), splits up in four terms instead of being simply the Fourier transform of the
nanoparticle shape function. These four terms are schematically illustrated in Fig. 2.12
by the four different refraction and scattering events that can occur. The first term on the
left of Fig. 2.12 of a single scattering event in the nanoparticle is the Born approximation
term. The other terms involve reflection by the substrate prior and/or after scattering
by the nanoparticle. Each of the four form factor terms in DWBA includes, again, the
Fourier transform of the particle shape function C(�r), but with different �q vectors that
result from the different�ki, f vectors shown in Fig. 2.12.

�ki �kf
�ki

�kf�ki �kf �ki �kf

kz,f − kz,i

Born term
kz,f + kz,i −kz,f − kz,i −kz,f + kz,i

Figure 2.12 | Illustra-
tion of the four scatter-
ing terms in the DWBA
form factor (analog to
[194]). The first scatter-
ing event (left side) cor-
responds to the Born ap-
proximation term. The
other events account for
additional reflection by
the substrate.

* The structure factor is also frequently named interference function in GISAXS.
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Another consequence of the form factor terms in DWBA is the appearance of construct-
ive interference of the four contributions when the incident angle αi and/or the scattering
angle αf are equal to the critical angle αc. This results in an enhancement of the diffuse
scattering intensity, known as the Yoneda or Vineyard peak,[266] which can be seen in a
typical GISAXS image along the line of αf = αc. It is common to extract qy or qz cuts
through the Yoneda peak to analyse scattering data as it yields better counting statistics
of the weak diffuse scattering features. Particle form factors W(�q) are in many cases
tabulated analytical expressions for rather simple shapes such as spheres, spheroids,
cylinders, boxes, or trapezoids.[133,194]

Ensembles of particles

Most sample systems are not isolated particles, but consist of large ensembles of particles,
often of different shapes and sizes. In many cases, the particles are correlated in their size
and spatial distribution, which leads to a specific arrangement of the objects on or in the
support material (e.g. on substrate, buried in a film, etc.) that influences the scattering
pattern. The two extreme cases of inter-particle correlations are

(i) a completely random ordering: no long-range ordering, the only correlation length
present is the mean pair distance, i.e. the pair correlation function;

(ii) a regular lattice or grating: well-defined positions which give rise to sharp, regularly
spaced scattering intensity maxima, the so called grating truncation rods (GTRs).

Between these two extreme cases, virtually any type of size-spacing correlation between
the same and different kinds of particles may exist, which is sometimes difficult to
account for. In GISAXS, the arrangement of the scattering objects is expressed by the
structure factor S(�q). Various models exist[137,185] to account for inter-particle correlations.
The validity and suitability of the selected model is, however, frequently a source of
controversy among the research community.

Staying with the extreme cases, it can be concluded[46] that the scattering cross section
dσ
dΩ and, thus, the scattering intensity distribution is dominated by the average particle
form factor W(�q) in the case of completely random ordering. The structure factor is very
close to unity. In the case of a regular lattice, dσ

dΩ is dominated by the structure factor, the
form factor is strongly correlated with S(�q), and is only visible in the so called Guinier
regime of low q values.[194,221]

Some simplifications[159,167] can be made to illustrate the connection between the
measurable scattering intensity I(�q) ∝ dσ

dΩ in reciprocal space and the structural features
of the ensemble of scatterers. This is the goal of any GISAXS measurement. The intensity
distribution I(�q) has the form

I(�q) ∝ NW(�q)S(�q) . (2.44)

within the Born approximation (αi � 3αc) for line cuts along qy or qz, i.e. probing lateral
or vertical features, and for N centrosymmetrical scatterers with an average particle form
factor W(�q) and a structure factor S(�q),

In this picture, the form factor is the Fourier transform of the average particle shape
function, Eq. (2.43), and the structure factor is the Fourier transform of the particle pair
correlation function, as discussed above. Both quantities are strongly correlated in the
Guinier regime and less correlated in the high q range, which is called the Porod regime.
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The scattering intensity distribution is thus in general a correlated product of the form
factor and the scattering factor that needs to be separated.

Phase problem

The unambiguous separation of the product in Eq. (2.44) in conventional X-ray scattering

is not possible because only the absolute square of the magnitude
∣∣∣ψf(�ki,�kf)

∣∣∣2 of any
scattered wave ψf is measured by an X-ray detector. This is widely known as the phase
problem or inverse problem since the early days of X-ray crystallography. Measuring only
the absolute square of a wave function preserves the information of the wave amplitude,
but results in the loss of the phase information. As a consequence, the form factor,
Eq. (2.43), cannot be obtained directly by an inverse Fourier transform of the measured
scattering pattern.

Instead, strategies in data acquisition and data analysis are required to solve the phase
problem in order to obtain real-space structural information from a reciprocal space
scattering pattern. Some common methods in small-angle scattering are:

(i) Numerical modelling of W(�q) and S(�q) to find the closest resemblance of the
calculated and measured scattering pattern (one-dimensional qy or qz cuts or full
two-dimensional modelling). This approach requires the careful selection of suitable
and physically meaningful models for the form factor and the structure factor and,
ideally, a validation of the appropriateness of the chosen models. In GISAXS, a
number of software packages is available for the calculation and fitting of scattering
patterns in Born approximation and in DWBA.[7,39,52,133]

(ii) Restricting the analysis to the Fourier transform of intensities. This is known as the
Patterson function[183] and yields the PSD or autocorrelation function. The PSD is
also not unambiguous, but yields information on lateral and vertical correlation
lengths that give rise to the observed oscillatory part of the scattering pattern.

(iii) Use of coherent radiation. A fundamentally different approach is the use of a fully
coherent X-ray beam for scattering experiments. In lensless X-ray imaging,[55,56] the
fully coherent soft X-ray beam of a dedicated beamline at a synchrotron radiation
facility or at a free electron laser is split into an μm-sized object beam and a nm-
sized reference beam that are separated by several μm. The object beam is scattered
by the sample in transmission geometry and interferes with the reference beam,
which generates a holographic SAXS pattern. In contrast to conventional X-ray
scattering, where the scattering pattern is an incoherent superposition of coherent
scattering, this X-ray Fourier holography[189] technique preserves the phase relations
of the scattered waves by the interference with the reference beam. In this way, the
phase problem is solved and the scattering pattern can be treated by direct Fourier
inversion with numerical algorithms. The Fourier holography technique can be
coupled with scattering contrast enhancement by anomalous magnetic scattering
and by a variation of the X-ray polarisation. This scattering method, called soft
X-ray spectro-holography, allows to determine the magnetic domain structure, e.g.
of multilayer systems, with nm resolution.[56,57,68,89]
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2.5 GISAXS on nanostructured films and surfaces

GISAXS now is a widely used X-ray technique,[135,158,166,222,247] that offers access to nano-
structured surfaces, buried structures and depth-resolved measurements[45,97,176] in thin
films and layer systems. Moreover, the tunable photon energy of a synchrotron radiation
beamline provides access to GISAXS measurements of element-specific spatial distribu-
tions by anomalous scattering and to contrast variation techniques (Section 2.1.2). From
the application point of view, GISAXS is a popular technique for monitoring the morpho-
logy of self-assembled block polymers for nanopatterning[10,24,35,47,79,80,95,156,171,180,218,233]

or for chemical functionalisation, e.g. for the sensing of humidity.[9,72,181,255] Recent
developments on the instrumental and methodological side are the use of micro- and
nanofocus beams,[130,198,209] in-situ measurements with high repetition rate,[149,150,197] and
in-situ deposition and annealing during GISAXS measurements.[71,78,91,156,268]

GISAXS on grating structures

Periodically structured surfaces in the sub-μm and nm regime are becoming increasingly
important for many technological applications. Principal applications are masks for
semiconductor photolithography or diffraction gratings for spectrometers and monochro-
mators, e.g. at synchrotron radiation beamlines and free-electron lasers. Gratings are not
only relevant for their technological application in itself, but also as very precisely fabric-
ated model systems for methodological studies of tools in dimensional nanometrology
(see Section 2.7). One- and two-dimensional gratings are, for example, currently under
discussion[27] as possible future reference structures for a ‘golden standard’ that could
be used to calibrate and cross-validate real-space and reciprocal space nanometrology
methods on a common basis.

A typical surface reflection grating has a cross-section as schematically depicted in
Fig. 2.13a. The grating period P is commonly referred to as the pitch and is the sum
of the critical dimension, i.e. line width, CD, and the groove width G. Gratings are
highly ordered systems of scatterers, which means that the structure factor prevails in
the scattering intensity distribution, Eq. (2.44). The form factor characterises the mean
shape of typical scatterers and is thus indicative of the cross-sectional line shape. The
particular case of scattering from surfaces and multilayer gratings has been described in
detail.[92,108,152,153,237,263,264] The observed scattering patterns can be well understood by
reciprocal space construction.[153] The reciprocal space representation of a line grating,
shown in Fig. 2.13b, is a series of so-called grating truncation planes that are perpendicular
to the grating surface and parallel to the grating lines, i.e. parallel to qz and qx (orange
planes in Fig. 2.13b). Adjacent planes are separated by δqy = 2π/P in accordance with the
pitch P of the grating.

All possible elastically scattered wave vectors �kf can be represented by the Ewald
sphere (Fig. 2.7) with the radius 2π/λ at a fixed photon energy Eph = hc/λ. Hence,
the scattering pattern in the detector plane arises from the intersection of the Ewald
sphere with the reciprocal space representation of the lattice. In terms of the azimuthal
orientation angle ϕ between the projection of the incident beam on the sample plane
and the lines of the grating, see the inset in Fig. 2.14, two special cases can be identified:
Alignment of beam projection and grating lines parallel (ϕ = 0°) and perpendicular
(ϕ = 90°) with respect to each other.

In parallel orientation, i.e. ϕ = 0°, the Ewald sphere intersects the grating truncation
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Figure 2.13 | Schem-
atic representation of
a surface grating with
pitch P, critical dimen-
sion CD, groove width
G, and line height H.
(a) Cross-sectional view
in real space. (b) Re-
ciprocal space repres-
entation with grating
truncation planes (or-
ange), parallel to the qx-
qz plane and separated
by Δqy = 2π/P.

planes as depicted in Fig. 2.14. This gives rise to grating truncation rods (GTRs) in the
detector plane along qz, periodically repeated along qy, represented by the orange lines
in Fig. 2.14. The intersection of GTRs and Ewald sphere (grey wire frame hemisphere in
Fig. 2.14) becomes visible on the detector as a series of sharp spots along a semi-circular
intersection (red dots in Fig. 2.14, the blue dot indicates the specular reflection spot). It is
known that the GISAXS pattern is very sensitive to smallest azimuthal rotations ϕ away
from the parallel orientation. Deviations of 0.002° can already be observed by a visual
distortion of the scattering image. Due to geometrical reasons,[263] the intersection of
Ewald sphere and GTRs bends up in one direction and the GTR scattering spots move
along ±qz.

In perpendicular alignment, i.e. ϕ = 90°, the grating is aligned in the usual orientation
of a diffractive optical element. The dominant features are the grating diffraction
orders along qz due to the constructive interference of waves reflected at the top and
at the bottom of the grating lines. The expression of the optical path difference Δs =

P (cos(αf)− cos(αi)) leads to the well-known reflection grating formula for the distance
of interference maxima of the orders m and m + Δm along qz

Δmλ = P
(

cos(αf,(m+Δm))− cos(αf,(m))
)

. (2.45)

In terms of diffuse scattering, the grating truncation planes shown in Fig. 2.13b are
parallel to the detector plane at ϕ = 90°. Consequently, no GTRs are visible and the
detector plane contains the specular axis.
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Figure 2.14 | Intersec-
tion of GTRs and the
Ewald sphere in recip-
rocal space reconstruc-
tion. The inset shows
the orientation angle ϕ

between incident beam
and grating lines. The in-
tersection is shown for
the case of parallel ori-
entation, i.e. ϕ = 0°.
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2.6 Dealing with the phase problem: Direct data ana-
lysis and numerical simulation

It is helpful to take another look at the phase problem that was already discussed
in Section 2.4, in particular with regard to metrology. As stated, conventional X-ray
scattering is an incoherent superpositon of coherent scattering, thus, there is no access to
the phase. Instead, it is common to numerically simulate a measured GISAXS pattern
by parameter optimisation of suitable models for the form factor and structure factor
(Eq. (2.44)). This is a very successful approach to gain qualitative insights into the
morphology and into the evolution of dimensional parameters in a wide range of
nanostructured systems using all the benefits of a scattering technique, such as non-
contact measurements, depth sensitivity, or element selectivity. However, when absolute
values are of interest, e.g. the CD of a grating or the mean size of nanoparticles, modelling
is challenging in terms of assessing the associated uncertainties. It is difficult to estimate
the accuracy of an optimised model parameter and even more difficult to quantitatively
evaluate the appropriateness of the chosen model itself. Moreover, different kinematic,
semi-dynamic and dynamic frameworks exist to treat the scattering process, which
require an in-depth evaluation of the consistency and validity of obtained values.

Hence, it is desirable to get structural parameters ‘directly’ from the scattering data,
that is, without numerical modelling of structure and form factors.* In this way, it
is possible to determine the uncertainties of dimensional parameters obtained by a
scattering measurement. This includes XRR and GISAXS in the context of this work,

* Throughout this work, an analysis of this kind is named ‘direct analysis’.
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solely by the contributions of the experimental parameters and the numerical data
analysis. The complex modelling process is completely avoided and the traceability of the
parameters becomes easier to obtain. A dimensional value determined in this way could
then serve as a starting point or reference value for more complex data analysis such
as modelling. Any model must reproduce such a value, which enables the systematic
testing and validation of the model and the modelling process. Moreover, reference
values and uncertainties obtained by direct analysis help to reduce the parameter space of
a simulation and increase the accuracy of the optimised model parameters by providing
robust variation ranges of the start parameters.

In this way, direct data analysis of GISAXS and XRR measurements contributes in
two ways to the methodological benefits of structure parameter determination: (i) It can
establish the traceability of the scattering measurements; (ii) and it yields a more general
understanding of the modelling process and its uncertainties, not just for the particular
sample system under investigation.

The direct analysis methods in this work are based on an analysis of the frequencies
in measured GISAXS and XRR data, e.g. by Fourier transform of the intensity, or by
determining separation distances directly on the scattering image or on the reflectance
profile, respectively.

Fourier transform

Details of the implemented direct analysis for the specific application can be found in the
relevant Chapters 4 and 6 on GISAXS and XRR, respectively. The common basis of the
analysis method is the Fourier transform of one-dimensional data profiles, i.e. reflectance
curves in XRR and cuts along qy or qz in GISAXS. The Fourier transform of the integrable
function f (x) : R → C is here defined as

F (ξ) =
∫ ∞

−∞
f (x) exp(−i2πξx) dx . (2.46)

Discrete and equidistant sequences of possibly complex numbers f0, f1, . . . , fN−1, e.g.
data points of a recorded signal, are converted by their discrete Fourier transform (DFT)
FDFT(k) according to the definition

FDFT(k) =
N−1

∑
n=0

fn exp(−i 2πk n/N) . (2.47)

The PSD of f (x) is obtained by taking the absolute square of the complex Fourier
transform, i.e.

PSD(ξ) = |F (ξ)|2 . (2.48)

The PSD contains no information on the Fourier phase any more, which makes a
unambiguous back-transformation impossible. This is another illustration of the phase
problem between reciprocal space and real space in X-ray scattering measurements,
which are interlinked by Fourier transforms, e.g. see Eqs. (2.27) and (2.38).
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Window function

When applying Eq. (2.47) to a finite series of data points, there is frequently the problem
of non-zero boundaries. As a consequence, the signal to be transformed is not periodic
any more, which results in a smearing of the Fourier amplitudes. This is frequently
called leakage. Leakage also leads to the appearance of unwanted side-maxima around
peaks in the Fourier amplitude spectrum. Window functions are used to reduce the
smearing and to preserve the true Fourier amplitude.[23,87,221] A window function is
basically a function that varies between zero and one along a given interval, e.g. the
number of data points, the boundary values are typically zero. Multiplication of the
window function with the data to be transformed results in a weighing of the data within
the interval and a damping of the start and end values to zero. In this way, the data is
brought into a periodic shape within the window and leakage is reduced. In Fourier
space, such multiplication results in a convolution of the Fourier transform of the data
and the window. However, the convolution results in additional spectral components,
i.e. the leakage of the window function, which may overlay spectral information of
the data. Thus, the selection of a window function for a specific application is always
a compromise between minimising the leakage, i.e. unwanted frequency components
in the spectrum, and preserving spectral resolution, i.e. the ability to distinguish two
different frequencies in a spectrum.[179]

A large variety of window functions exist,[87] the selection depends on the purpose
and goals of the signal processing task. For the Fourier transform of GISAXS and XRR
profiles, common and suitable window functions are the Hann window[21] (frequently
also called Hanning window) and the Kaiser window (or Kaiser-Bessel window).[113] The
Hann window of n ∈ N interval points as shown in Fig. 2.15 is defined by

wH(n) =
1
2

[
1 − cos

(
2πn

N

)]
. (2.49)

The Kaiser window is based on the modified Bessel function of zeroth order J0 and
has an additional parameter γ that allows to vary the shape and width of the window
within the interval (the window at different γ values is displayed in Fig. 2.15). The Kaiser
window is defined by

wK(n) =
J0

(
πγ
√

1 − ( 2n
N−1 − 1

)2
)

J0(πγ)
(2.50)

inside the interval (1 . . . N) and zero otherwise. The parameter γ is a non-negative
real-valued number that determines the trade-off between spectral leakage and spectral
resolution. The lower γ, the higher is the spectral resolution, but also the spectral leakage
of the window. The value γ = 0 corresponds to a rectangular window, i.e. no window,
γ = 6 is very similar to the Hann window, see Fig. 2.15.
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Figure 2.15 | Two
common windows in
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Tikhonov regularisation

Another mathematical tool that will be needed later on, in Section 4.2.4, is the Tikhonov
regularisation.[236] Regularisation in general is a method to solve an ill-posed problem,
e.g. to find a good approximation of the vector �z to solve the linear equation

Â�z −�y ≈�0 (2.51)

with the given vector �y, e.g. data points, and the coefficient matrix Â.[168] Ill-posed
means that the matrix Â is singular or changes drastically with small variations of the
initial conditions and that the given vector �y is contaminated with noise. The result of
solving such an ill-posed problem would be a solution �z that is completely dominated by
contributions from noise and rounding errors.[85] Regularisation, in particular Tikhonov
regularisation, is the process of introducing additional assumptions on the smoothness
of the solution, which allows to adapt the problem to a meaningful numerical analysis.

The specific application in this work can be summarised as performing a Fourier
amplitude fit. Again, the starting point is a one-dimensional data set such as an intensity
profile extracted from a GISAXS image. However, the data set is not uniformly distributed
in many cases, but has discontinuities or, in other words, gaps. This is in particular
the case for GISAXS profiles extracted from scattering images recorded using the PIL-
ATUS 1M detector (see Sections 3.5.2 and 4.2). Such discontinuities are problematic for
Fourier transforms as described in the previous section because it induces unwanted
additional spectral contributions due to the necessary ‘filling’ of the gaps with zeros,
which is called zero padding.

Hence, a different approach is required in the case of non-uniformly spaced data: In-
stead of a direct Fourier transform, a best fit optimisation of the amplitudes of a finite basis
of Fourier coefficients is carried out in conjunction with the Tikhonov regularisation.[236]

In this way, discontinuities in the data are not relevant because the best fit optimisation
(in this case by least-squares optimisation) does not require uniformly spaced mesh
points.

In the following, the basic procedure of the implementation of the linear least-squares
minimisation problem, Eq. (2.51),

||Â�z −�y||2 least-squares−−−−−−→
optimisation

minimum (2.52)

is described. For the specific application case described above, Â is the matrix to be
regularised, �z is the solution vector. Thus, �z contains the amplitudes of the Fourier

29



Chapter 2 FUNDAMENTALS

coefficients, i.e., sine and cosine terms, of the best approximation of Eq. (2.51) to the
vector of data points �y. The function || · · · ||2 denotes the 2-norm, or Euclidean norm, of
a vector.

The matrix Â ∈ Rm×(n+2) contains a finite number n of Fourier coefficients (n �
1/2 × Ndata, where Ndata is the number of data points of the intensity profile, m =Ndata),
that is, cosine and sine base vectors matrices Ĉ ∈ Rm×n and Ŝ ∈ Rm×n, respectively.
Additionally, a constant vector �K1/2 = (1/2, · · · , 1/2)T ∈ Rm and a linear vector �x =

(0, 2π/m, · · · , 2π/m(m − 1))T ∈ Rm are added to account for offset and linear trend of the
data. Altogether, the matrix Â has the structure

Â =
(
�K1/2, �x, Ĉ(�x), Ŝ(�x)

)

=

⎛
⎜⎜⎜⎜⎜⎝

1/2 0 cos(0) . . . cos(0) sin(0) . . . sin(0)
1/2 2π

m cos( 2π
m ) . . . cos( 2π

m n) sin( 2π
m ) . . . sin( 2π

m n)
1/2 2 2π

m cos(2 2π
m ) . . . cos(2 2π

m n) sin(2 2π
m ) . . . sin(2 2π

m n)
...

...
...

...
...

...
1/2 gm cos(gm) . . . cos(gm n) sin(gm) . . . sin(gm n)

⎞
⎟⎟⎟⎟⎟⎠ ,

(2.53)

with the factor gm = (m− 1) 2π
m . So far, Â is just a coefficient matrix containing all Fourier

amplitudes that should be optimised. Tiknonov regularisation is applied by extending Â
by the matrix L̂ ∈ Rm×m that has the structure

L̂ = hT ·

⎛
⎜⎜⎜⎝

1 0 . . . 0
0 1 . . . 0
... 0

. . .
...

0 . . . 0 1

⎞
⎟⎟⎟⎠ ≡ hT · 1̂ . (2.54)

with the regularisation parameter hT ∈ R. Thus, the extended matrix ÂhT looks like

ÂhT =

(
Â

hT · 1̂

)
. (2.55)

The optimal regularisation parameter hT is determined by an L-curve,[84–86] which plots
the norm of the solutions ||�z||2 corresponding to an optimisation parameter hT versus the
norm of the residuum of the solution ||ÂhT�z −�y||2. Each point in an L-curve, Fig. 2.16, is
the pair of both norms for a specific value of hT, which increases typically on a decade
scale. Figure 2.16 illustrates that regularisation is always a trade-off between a too small
smoothing (small hT), i.e. large solution norm, and an over-smoothing (large hT) that
does not fit to the data any more, i.e. the residual norm gets large. Hence, the optimal
Tikhonov parameter hT is usually found at the beginning of the plateau in the L-curve,
which would be between 10−3 and 10−2 in Fig. 2.16.

Once ÂhT is determined, Eq. (2.52) can be solved by least-squares optimisation. The
solution vector �z contains the Fourier amplitudes of the n Fourier base vector sine and
cosine terms and the product ÂhT�z yields the best fit of the vector �y by the finite Fourier
series. A plot of the absolute squares of the sine and cosine amplitudes in �z as a function
of the Fourier coefficient number (0, . . . , n) yields the PSD of the profile, just like the DFT
of uniformly spaced data.

The direct frequency analysis techniques are applied to GISAXS and XRR data of
laterally and/or vertically nanostructured films and layers. One of the primary goals
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of this approach is the traceability of obtained dimensional parameters, which is the
field of dimensional nanometrology. In the next section, some of the goals and questions
of nanometrology are presented along with some basic vocabulary and some typical
nanometrology tools that are relevant for the context of this work, other than GISAXS
and XRR.

2.7 Dimensional nanometrology

Modern nanotechnology[13] offers a wide range of prospective applications, e.g. in
materials science, electronics, communication, or drug delivery. One of the strong driving
forces is the microelectronics industry, together with the compliance with ‘Moore’s law’
of doubling the number of transistors on a chip every 18 months. New materials and ever
decreasing structure sizes down to the atomic scale are needed for future devices because
traditional silicon MOSFET technology is reaching its limits.[157,246] Next-generation
photolithography tools in the extreme UV regime (EUV lithography) and directed self-
assembly of block copolymer (BCP)[2,11,47,81,136] thin films are promising techniques for
producing a wide variety of structures with great accuracy and dimensions down to
several nanometres. Not only microelectronics, but also other emerging fields such as
organic photovoltaics,[28,211] nanotemplating,[171,184] or surface functionalisation[102,196]

make increasing use of structuring in the nanometre range by thin film deposition,
processing, and self-assembly techniques.

What all these different applications have in common is the need for suitable metrology
tools to measure surface and subsurface structural parameters with sufficient accuracy,
which is the field of dimensional nanometrology.[27,134] There is a large variety of different
analytical techniques: Direct methods, such as atomic force microscopy (AFM)[154,261] and
critical-dimension electron microscopy (CD-SEM)[30,244] as well as indirect methods, such
as GISAXS,[92,129,253] critical dimension SAXS (CD-SAXS),[98,111,231] extreme UV (EUV)
scatterometry,[77,187] or ellipsometry.[5,169,239] All of them have very specific advantages
and drawbacks. Moreover, only a few of the methods are traceable, that is, related to
the International System of Units (SI system) by an unbroken chain of comparisons with
known uncertainties, which is ultimately required in order to associate uncertainty values
with any measured quantity.
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2.7.1 Terminology
In principle, any value that is measured cannot stand in isolation. In order to represent a
meaningful physical quantity, two additional components must be associated with the
value: A physical unit and an uncertainty. The physical unit states the internationally
agreed convention on the magnitude of a quantity under examination. The existence of a
commonly agreed definition of basic physical quantities such as length, time or mass is
of crucial importance for the exchange of goods, materials, and knowledge since the rise
of civilizations. The current global standard of base unit definitions, the SI system,[15] is
monitored and continually developed by the Comité International des Poids et Mesures
(CIPM), an international organisation.

Metrology, the science of measurement, is coordinated by national metrology institutes
(NMIs) such as the Physikalisch-Technische Bundesanstalt (PTB) in Germany, the National
Physical Laboratory (NPL) in the United Kingdom, or the National Institute for Standards
and Technology (NIST) in the United States. NMIs all over the world also provide
national standards that are based on the SI. An important term in this context is the
traceability of a measurement. To trace a measurement of an instrument, i.e. to make it
traceable, means to establish an unbroken chain of comparisons that relate the instrumental
output to a known standard, e.g. an SI unit and/or a national standard.[18] Each step
contributes to the measurement uncertainty of the experiment. Thus, the traceability of a
result establishes a measurement uncertainty budget of the quantity. The measurement
uncertainty is an interval that contains the true, but unknown and non-retrievable value
of a quantity with a certain probability. The uncertainty and the average value of an
experiment, or measurement, are influenced by different types of errors (random and
systematic errors) and are evaluated by a statistical model. The ‘Guide to the Expression
of Uncertainty in Measurement’[16] and its supplements[17,19] give detailed guidelines on
how to evaluate measurement data. The following definitions of some basic terms in
metrology have been taken from the guide of the International Vocabulary of Metrology:[18]

Measurand is the physical quantity that is intended to be measured.

Accuracy is the closeness of agreement between a measured quantity value and the true
quantity value of a measurand. The accuracy of a measurement is determined by
the systematic errors that are present in the experiment.

Precision is the closeness of agreement between indications or measured quantity values
obtained by replicate measurements on the same or similar objects under specified
conditions. The precision is in most cases expressed as the standard deviation or
variance of the mean result of a series of repeated measurements under the same
conditions.

Measurement uncertainty is the non-negative parameter characterising the dispersion
of the quantity values being attributed to a measurand, based on the information
used. The measurement uncertainty includes all contributions of systematic and
random effects. The evaluation of the components is frequently divided into Type A
and Type B uncertainty evaluation. Type A is characterised by standard deviations of
statistical distributions of measurement series. Type B evaluation includes all other
components and can also be characterised by standard deviations, e.g. derived
from probability density functions or other information.

Passages of Section 2.7.1 have been implemented from [255].
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2.7.2 Microscopy methods
Microscopy methods, such as scanning probe microscopy and electron microscopy, belong
to the real space or direct methods of nanometrology. The images produced by these
techniques show the real space microscopic representation of the sample on the field
of measurement, which typically covers an area in the range of μm2. Thus, real space
methods do not require abstract models for the shape of the investigated nanostructures
like indirect scattering methods. However, real space images can be subject to severe
measurement artefacts and yield only local information on the structure with limited
statistical representativeness.

Atomic force microscopy

Atomic force microscopy (AFM) is a scanning probe microscopy technique that maps
laterally the height of a sample surface with a resolution down to the atomic scale.[14,151]

It is thus a surface sensitive technique that probes real-space lengths. The measurement
principle is shown schematically in Fig. 2.17. The tip at the end of the cantilever with a
radius in the order of nanometres is brought in very close proximity to the surface of a
sample by piezoelectric tube scanners. Surface forces such as Van-der-Waals interaction,
electrostatic, or magnetic forces result in a deflection of the cantilever. The cantilever
deflection is measured by a feedback control system that uses a photodiode to determine
the position of a laser beam reflected on the cantilever surface. Typical interaction forces
between tip and sample range from 10−11 N to 10−6 N.[151]

Different operation modes exist that are distinguished by the tip motion and the
feedback control system:

(i) In contact mode, the tip is moved across the sample surface. The deflection of
the cantilever is measured either directly from the laser spot position, or is kept
constant through maintaining the same force by motion of the piezoelectric scanners.
Contact mode scans provide high resolution and scanning speed, but may cause
measurement distortions and damage to the sample and the tip as both are in
constant contact.[53]

(ii) In tapping mode, the cantilever oscillates close to its resonance frequency, which is
typically in the range of kHz. When the tip approaches the sample, the oscillation
changes due to the tip-surface interactions. The tip is not in physical contact with
the surface, but is repulsed and attracted by interaction forces, which is why it is
also called non-contact mode. The oscillation amplitude can range from hundreds
of nm to only a few nm and the changes in amplitude, phase, or frequency can be
detected depending on the sample system and the physical properties that are of
interest.[53]

Measuring the phase shift of the cantilever oscillation in non-contact mode is frequently
called phase imaging. Phase images yield information on the local stiffness and friction
and, thus, on the spatial distribution of different materials.

A metrological AFM provides high dimensional measurement accuracy in conjunction
with traceability to the SI unit of length in lateral and vertical direction.[261] The lateral
and vertical traceability is realised in most cases by three laser interferometers that
control the position of the piezoelectric scanner tubes of the x, y, and z axis.[43] The
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Figure 2.17 | Schem-
atic measuring principle
of atomic force micro-
scopy.a

a Image source:
Charles Roduit, 2010,
www.freesbi.ch, Creat-
ive Commons Attribu-
tion.
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interferometers have to be carefully aligned and non-linearities have to be corrected for
in real-time to achieve sub-nm resolution.[44]

AFM is a very widely used tool in surface science as it requires little sample preparation,
can be applied to conductive, non-conductive, solid, and liquid surfaces and provides
real-space images with atomic resolution. Drawbacks of AFM are the low counting
statistics due to the small areas, i.e. field width in μm range, that are probed, and
the appearance of imaging artefacts,[256] which makes traceability challenging.[154,261]

Moreover, it is a method that is only sensitive to the surface, i.e. depth-resolution and
access to buried features cannot be achieved. AFM and X-ray scattering techniques
such as GISAXS are complementary techniques as the drawbacks of one method are
compensated by the strengths of the other. Thus, numerous studies exist where both
techniques have been used in combination for investigations of morphological features
on and within thin films.[6,40,148,162,172,188,193,200,212,219,252]

Electron microscopy

In electron microscopy[65,76] (EM), a conducting sample is illuminated with electrons
accelerated by high voltages to obtain a real-space image of the sample. The electrons
usually possess kinetic energies of 1 keV to 400 keV and are focussed by electrostatic
and magnetic lenses on the sample. Basically, two types of EM exist: Transmission
electron microscope (TEM), which generates a full-field image and scanning electron
microscope (SEM), which is a raster scanning technique. In a TEM as shown exemplary
in Fig. 2.18, the primary electrons accelerated by the high voltage are detected directly.
The electron beam with kinetic energies of tens of keV is partially scattered during the
passage through the sample, the spatial intensity distribution of the transmitted primary
electrons is recorded by an analog or digital area detector. This is the same principle as in
optical transmission microscopy using visible light, but the wavelength and, consequently,
the diffraction limit of 40 keV electrons according to λ = hc/eEe = 0.03 nm is much smaller
than for visible light. It is thus possible to reach a resolution of 50 pm and below,[60]

which is unattained by any other imaging technique. In an SEM as shown in Fig. 2.19,
the primary electrons are not detected, but focussed and raster scanned over the sample.
The electron energies are around an order of magnitude smaller than in TEM, sometimes
below 1 keV. The electrons interact with the atoms close to the sample surface and
emit different signals, such as secondary electrons, backscattered electrons, and photons
(visible light up to X-ray fluorescence). The emitted interaction products carry the
topographical information and are detected, the secondary electrons are used in most
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Figure 2.18 | Schem-
atic representation of
a transmission electron
microscope (TEM).a

a Image source: Gra-
ham Colm, 2014,
Wikimedia Commons,
Public domain.

Figure 2.19 | Schem-
atic representation of a
scanning electron micro-
scope (SEM).a

a Image source:
http://www4.nau.
edu/microanalysis/
microprobe-sem/
instrumentation.html

cases. The magnification of SEM is poorer than that of TEM, but since the interactions
are restricted to the surface region in SEM, it is possible to measure on large and bulky
samples. An advantage of SEM, especially in comparison to AFM, is the ability to vary
the depth of field of the electron beam, e.g. by changing the energy or the focal point.
Information on the three-dimensional shape of an object topography can be obtained by
shifting the focal plane. Another variant is the transmission SEM (TSEM).[119] There, a
detector is placed behind a sufficiently thin sample in transmission geometry. Bright field
and dark field images can be recorded at lower voltages than with TEM, which increases
the contrast in biological sample systems.

In most cases, EM requires an extensive preparation to produce a suitable sample.
Biological and organic materials need to be fixed and stabilised to be compatible with the
vacuum environment of the microscope. Furthermore, the sample needs to be conductive
enough to prevent a significant charge accumulation of the illuminated area. This might
require the coating of the sample surface with a thin metal layer, which may induce
artefacts and structure distortions. All these processing steps may induce significant
changes in the structure and properties of the sample to be investigated. Another source
of possible severe structural distortions is the slicing of the sample for TEM, which is
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frequently necessary to obtain samples that are thin enough for the electron beam to
pass through, since the sample thickness usually is in the μm range down to tens of nm).
Slicing can be done by mechanical cutting or focused ion beam milling, both methods
induce a great amount of thermal energy load and mechanical stress on the sample.

Nonetheless, electron microscopy is also frequently used in conjunction with X-ray
scattering as a complementary technique, mostly for studies of hard condensed matter
nanostructures.[1,49,108,206]

2.7.3 Other indirect methods
CD-SAXS

Critical dimension SAXS (CD-SAXS)[111,112,248,249] is the application of SAXS for dimen-
sional measurements of grating structures. Photolithographically patterned structures,
such as gratings (Fig. 2.13a) with typical feature sizes of 500 nm and below, are produced
sufficiently thin to allow the transmission of X-rays. In the case of a silicon sample, the
attenuation length, i.e. the intensity reduction to exp(−1), is around 130 μm at 10 keV
and around 1 mm at 20 keV, which sets the demands on photon energy and sample
thickness. For a typical CD-SAXS measurement, the sample is mounted perpendicular to
the incident beam (αi = 90°) and the transmitted intensity distribution is collected by an
area detector as shown in Fig. 2.20. The scattering image consists of equidistant GTRs
(Section 2.5) that are aligned with the transmitted direct beam. A q-cut through this line is
used to fit a form factor to the data, which yields the pitch P and the CD for a rectangular
form factor and additionally the sidewall angle in the case of a trapezoid form factor
model. The sample can also be rotated around the �ω axis, which is perpendicular to the
direct beam and parallel to the sample surface, to obtain information on the line shape,
line edge roughness, and line width roughness.[248,249]

Like GISAXS, CD-SAXS yields statistically significant average feature sizes, which
is in many cases more relevant than the very localised size information of real-space
techniques such as AFM or EM. For example, this is a central requirement in industrial
photolithography pattern inspection and homogeneity assessment. A strength of CD-
SAXS in comparison to GISAXS is the smaller beam footprint due to the normal incidence,
which is particularly relevant in semiconductor photolithography industry, and the
easier theoretical treatment in the framework of kinematic scattering. However, the low
thickness of the sample might be problematic, especially for large structures and in
industrial applications. Another challenge is the unfavourable ratio of structured and
unstructured material along the transmission path of the beam. A wafer with a total
thickness of 0.5 mm and a feature height of 50 nm has only a fraction of 10−4 of structured
volume, the rest is substrate. The sample can be mounted with the nanostructured
substrate facing the incident beam or the detector, but in both cases there is additional
scattering by the substrate, either of the incident beam or of the scattered waves. This is
especially critical for inhomogeneous substrates with depth structures, e.g. an underlying
multilayer. In that case, GISAXS might be the better choice as it provides surface
sensitivity and a variation of the probed scattering depth (Eq. (2.18)).
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Figure 2.20 | Scattering
geometry in CD-SAXS.

EUV scatterometry

Scatterometry is a generic term for light scattering techniques in reflection geometry
used on lateral and/or vertical periodic structures to determine structural informations,
such as grating line sidewall angles, critical dimension, and pitch in the sub-μm and
nm range.[77,99,115,214] Consequently, GISAXS measurements on grating structures, as
described in Section 2.5 and Chapter 4 also belong to the scatterometry techniques.
The particular case of EUV scatterometry refers to the usage of wavelengths around
13 nm, which is the wavelength of the upcoming EUV lithography technology of the
semiconductor industry.[30] EUV scatterometry is a metrology tool for the inspection of
EUV masks and structured wafers, for example at the EUV reflectometer in the PTB
laboratory at BESSY II.[131] As an indirect measurement method, it is necessary to solve
the phase problem of the measured scattering intensity patterns by numerical simulation
using appropriate models, as discussed in Section 2.6.

Ellipsometry

Ellipsometry is an optical measurement technique that determines the change in polarisa-
tion between incident and reflected light in order to probe the dielectric parameters, i.e.
the complex refractive index n̂ of a layered sample.[5,169,239] The change in polarisation
due to surface reflection by a sample yields information on the material composition,
interface roughness, layer thickness, and other material properties that influence the
optical parameters of the sample. Ellipsometry yields information along the vertical
direction only, it is not sensitive to lateral variations like the other methods mentioned in
this section. Just as XRR, ellipsometry can only be used for layer thickness and composi-
tion measurements, but not for dimensional measurements of laterally nanostructured
surfaces. The basic measurement setup is displayed in Fig. 2.21. A source generates
monochromatic light (typically in the visible range up to UV), which is linearly polar-
ised by the polariser. The incident light interacts with the sample surface by reflection,
Eq. (2.34), absorption, diffuse scattering, and transmission, which cause a change of the
initial polarisation. The specularly reflected beam passes through a second polariser, the
analyser, and its intensity is measured by a detector. The final state of polarisation is de-
termined by rotating the analyser and measuring the rotation angle dependent intensity
distribution. The polarisation is subdivided in an s component and p component that are
perpendicular and parallel to the plane of incidence, respectively. The incidence angle
η is usually set to the Brewster angle of the sample material to obtain a large contrast
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between the reflection coefficients rs and rp of s and p, respectively. The complex ratio Γ
of the elliptically polarised reflected beam components

Γ =
rs

rp
= tan(Ψ)eiΔ (2.56)

is the measured quantity in ellipsometry. It is decomposed in an amplitude term Ψ and a
phase shift term Δ. Generally, it is not possible to directly obtain the optical constants of
the sample by inversion.[239] Instead, a model is established that includes the structural
properties (thickness, roughness, crystallinity) and optical parameters (refractive index)
of each homogeneous layer or horizontal slice of an inhomogeneous layer. The Fresnel
reflectance equations for Rs and Rp are solved for different values of Ψ and Δ in an
iterative procedure, e.g. least-squares minimisation, to find the best match with the
experimental data. Hence, ellipsometry is an indirect, model-based method such as XRR.

Figure 2.21 | Schematic
setup of an ellipsometry
measurement.

source
polariser analyser

detector

thin film

η

Ellipsometry is a widely used technique for surface and thickness analysis in thin film
characterisation, biology or industrial microelectronics quality management, to name
but a few applications. The method is robust as it measures intensity ratios instead of
absolute intensities, just as XRR. The precision of thickness measurements is very high,
in the sub-nm range,[199] which makes ellipsometry also an appealing and widely used
tool for dimensional nanometrology of layers and films.[3,32,33,51,146] It is known[32,33] that
ellipsometry possesses a high precision, but a low accuracy in itself. Thus, the absolute
value offset needs to be determined by an absolute method such as XRR. Ellipsometry
is frequently combined with X-ray scattering techniques (XRR, GISAXS) to provide
depth-sensitivity, absolute length scaling, and 3D-morphology at the same time.[3,122]

After the description of the theoretical and methodological framework, the next chapter
is dedicated to the experimental details of this work. This includes the basics of synchro-
tron radiation and a description of the beamline setup for small-angle scattering that was
used for the experiments presented. A particular focus is also on the development and
characterisation of an in-vacuum detector that is able to cover the previously inaccessible
tender X-ray regime below 5 keV for scattering measurements.
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X-rays enable a broad variety of different elastic and inelastic techniques to study
dimensional, compositional, electric, magnetic, and many other properties of materials.
In order to perform dimensional measurements on nanostructured surfaces and layers
using elastically scattered X-rays, basically three components are needed: An X-ray
source, an instrument to align the sample, and a suitable X-ray detector.

The use of synchrotron radiation as a source of X-rays has some appealing properties,
such as[120,258]

• tunable photon energy from the infrared to the hard X-ray region;
• high intensities and fluxes;
• high brilliance;
• possibility to achieve any polarisation (using dedicated insertion devices); and
• calculability as a primary calibration standard for electromagnetic radiation,[234]

to name but the most important characteristics. All experiments reported in this work
were carried out in the laboratory of PTB[12] at the electron storage ring for synchrotron
radiation (BESSY II) of the Helmholtz-Zentrum Berlin (HZB). After a brief overview of
the most relevant parameters of a third generation synchrotron radiation facility such
as BESSY II, the small-angle scattering setup at the four-crystal monochromator (FCM)
beamline of PTB is reviewed. Then, the development and characterisation of a new
vacuum compatible PILATUS 1M hybrid pixel detector that took place during this work
is described. The extended capabilities of the in-vacuum PILATUS 1M, especially in
terms of access to photon energies below 4 keV, are demonstrated by several applications
in Chapters 4 and 5.
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Chapter 3 EXPERIMENTAL SETUP AND NEW INSTRUMENTATION

3.1 Synchrotron radiation
Synchrotron radiation is electromagnetic radiation of a broad spectral range that is emitted
by relativistic charged particles (electrons in most cases) that are radially accelerated
by a magnetic field. The theory has been developed in the middle of the last century
mainly by Schwinger [217], Ivanenko and Pomeranchuk [105], detailed descriptions can
be found in Refs. [106, 120, 223].

In summary, Liénard-Wiechert fields of the electric and the magnetic field are used to
calculate the radiant power of a single relativistic electron moving along a circle with a
radius R in a homogeneous magnetic field. This yields the equation of the total emitted
power Ptot,

Ptot =
∫∫

I(λ, ζ)dλ dζ =
2
3

e2c
6πε0R2

(
Ee

mec2

)4

. (3.1)

The function I(λ, ζ) is the Schwinger equation that denotes the emitted power of an
electron per unit of wavelength λ and per unit of azimuthal emission angle ζ. Ptot

depends on the fourth power of the particle rest mass me, which is why there is virtually
no synchrotron radiation detectable from heavier charged particles such as protons,
except at the Large Hadron Collider.[243]

In an electron storage ring, the deflection radius R of the electron trajectory is given by
the magnetic field B0 of the bending magnets (dipole magnets) that is oriented vertical to
the electron orbit plane and by the electron energy Ee. The deflection radius is related to
both parameters according to[61]

1
R/m

=
0.2908 B0/T

Ee/GeV
. (3.2)

The radiant power spectrum of a bending magnet at BESSY II in comparison to a
black body radiator is displayed in Fig. 3.1. Two common parameters for the compar-
ison of different synchrotron radiation sources are the brilliance of the source and the
critical wavelength or, equivalently, the critical photon energy. The spectral brilliance
as a function of wavelength is the photon flux (photons per second) divided by the
angular divergence in both directions perpendicular to the beam (mrad2) and by the
beam cross-section (source size of the synchrotron radiation, in mm2) within a band-
width of 0.1 % of the given wavelength. The unit is of the spectral brilliance is thus[
s mrad2 mm2 (0.1 % bandwidth)

]−1. The critical wavelength λc ∝ RE−3
e , or photon en-

ergy Ec ∝ B0E2
e, separates the radiated total power: Half the power is radiated below

Ec and half is emitted above.[258] Displayed in Fig. 3.2 are the average brilliance and the
critical photon energy of different synchrotron radiation facilities. Table 3.1 shows some
basic parameters of BESSY II where the experiments presented in this work have been
carried out. The brilliance at a given photon energy or, alternatively, the photon flux at
photon energies above Ec can be significantly increased by the use of dedicated insertion
devices.
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Synchrotron radiation 3.1

Figure 3.1 | Calculated radiant power of radiation sources into a spectral bandwidth of 1% of the
photon energy through an aperture with a 10mm radius. Brown line: Black body radiator with a
of temperature 3000K and an emitting area of 78.5mm2 in a source distance of 1m. Orange lines:
Metrology Light Source (MLS) with an electron energy of 100MeV and 600MeV with a bending magnet
field of 0.2 T and 1.3 T, respectively (ring current 200mA, source distance 5m). Green line: BESSY II
with an electron energy of 1.7GeV, a bending magnet field of 1.3 T, a ring current of 200mA, and a
source distance of 20m. Blue line: Same as for the green line, but for a wavelength shifter (WLS) with
a magnetic field of 7 T. b

b Image source: Beckhoff et al. [12].

Insertion devices

Third generation synchrotron radiation facilities make use of insertion devices along the
straight sections of the storage ring to generate brighter, more brilliant, or differently
polarised light than bending magnets. One main characteristic of any insertion device is
that it is transparent for the electron beam, i.e. the orbit of electrons behind the device
is not disturbed by it. Otherwise, a stable operation of the storage ring would not be
possible. It is usually distinguished between three types insertion devices: wavelength
shifters, wigglers and undulators, which have different objectives, but are similar in their
construction.[61,120,258]

A wavelength shifter consists of periodically alternating magnets, frequently only one
period, that deflect the electron beam. The field strength of the magnets is much higher
than that of bending magnets,* which results in a reduced deflection radius R, Eq. (3.2),
and consequently in an increase of the critical energy of the emitted spectrum. There is no
coherent overlap of the emitted radiation due to the large deflection angle. Consequently,

* BESSY II: 7 T in the wavelength shifter, compared to 1.3 T in the bending magnets.
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Chapter 3 EXPERIMENTAL SETUP AND NEW INSTRUMENTATION

Figure 3.2 | Average
spectral brilliance
versus photon energy of
different light sources.a

a image source: http:
//www.embl-hamburg.
de/XFEL/annex.html
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Table 3.1 | Basic prop-
erties of BESSY II. parameter value

ring circumference /m 240
electron energy /GeV 1.70
electron beam current /mA 300
electron bunch length /ps 20
bending magnet radius /m 4.2
bending magnet mag. field /T 1.3
critical photon energy /keV 2.5

the emitted spectrum is that of a bending magnet, but shifted to higher photon energies
as shown in Fig. 3.1.

Wigglers and undulators have the same structure, in fact, most devices can be used
in both operation modes. The device consists of two arrays of periodically alternating
magnets above and below the electron pathway with typical period lengths in the range
of cm and array lengths in the range of metres. The Lorentz force of the magnet structure
causes a sinusoidal oscillatory motion of the electrons in the horizontal plane. Con-
sequently, the emission of synchrotron radiation is stimulated. In the case of undulators,
the radiation is quasi-monochromatic with high intensities and narrow bandwidth at a
characteristic wavelength λund and its odd-numbered higher harmonics, which is called
undulator radiation. Wigglers emit an intensified quasi-continuous radiation with a
broad spectral distribution. Both types of insertion devices can be distinguished by the
deflection parameter K, defined as

K =
e B0 λu

2πmec
(3.3)

with the magnetic field B0 in the electron pathway and the period length of the magnet
cascade λu. The deflection parameter is a measure for the maximal deflection angle of an
electron during the oscillatory motion with K � 1 for wigglers and K ≤ 1 for undulators.
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The magnetic field B0 is usually varied by changing the distance from the magnet arrays
to the electron beam, called the gap of the insertion device. Thus, by choosing a small
gap, the magnetic field and, thus, the deflection parameter is large (wiggler mode), while
a large gap results in a small deflection (undulator mode).

In wigglers, the large deflection angle results in a broad emission cone. Thus, the
radiation emitted at each bend of the electron trajectory in the wiggler adds up incoher-
ently, while the emitted spectrum is similar to a bending magnet due to the comparable
magnetic field strength. Consequently, wigglers increase the photon flux due to the
numerous undulations of the electron beam, while the spectrum resembles that of a
bending magnet.

The magnetic field strength of an undulator is weaker, which results in a smaller
deflection of the emitted radiation from the forward direction. In this way, the emitted
radiation from the bends of the electron trajectory overlap and interfere with one another.
The result is the emission of quasi-monochromatic, highly brilliant undulator radiation
that can be tuned by a variation of the gap distance between the magnet array, i.e. by the
magnetic field strength. Advanced undulators such as the APPLE II type[8,210] provide
variable polarisation (linear, circular, elliptical) by using a total of four lines of magnet
cascades, two next to each other above and below the straight storage ring segment.

Storage rings are used for decades as tunable high brightness sources for synchrotron
radiation and have undergone a tremendous development during that time. One major
advantage of storage rings is the parallel supply of broadband synchrotron radiation
to many experimental end stations at the same time.† Recent further developments of
third-generation light sources such as, for example, top-up operation,[173] variable pulse
time structure,[93] or coherent micro- and nano-beams[215] offer a very wide range of
parameters for many different applications and make sure that storage rings continue to
remain among the world-leading light sources.

Another recent light source is the FEL, frequently called accelerator-based light source.
A pre-accelerated bunched electron beam is accelerated to GeV energy in longitudinal
direction and passes at the same time through an undulator, which causes a periodic
transverse deflection.[100,143] This causes the emission of undulator radiation, which
interacts with the emitting electrons. In this way, microbunches are shaped that emit
radiation in phase with full coherency. The resulting radiation with wavelengths down
to X-rays[58,104,235] has a very high flux and brilliance (orders of magnitude above third-
generation light sources, see Fig. 3.2), full coherence, and pulse lengths in the femto-
second range. Yet, the large scale FEL facilities can only provide radiation for a small
number of end stations because each accelerated electron is only used once to generate
radiation before it is dumped at the end of the linear accelerator pathway. Thus, storage
rings and FELs complement one another, the suitability of one or the other light source
strongly depends on the scientific question, the sample system as well as the physical
parameter and domain to be investigated.

For the X-ray scattering experiments described in this work, the typical experimental
setup is as follows: (i) The ‘white’ bending magnet radiation enters the FCM beamline
where the beam is shaped and monochromatised. (ii) The monochromatic beam impinges
on the sample in the measurement chamber. (iii) The scattering pattern is measured by a
2D-detector in a distance of tens of centimetres up to several metres. Each component of
the setup is described in the following sections.

† For example, BESSY and ESRF each have more than 40 beamlines for experiments.
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3.2 Four-crystal monochromator beamline

The FCM beamline[125,128] at BESSY II is a bending magnet beamline in the PTB laboratory,
denoted ‘2a’ in Fig. 3.3. A schematic representation of the beamline is shown in Fig. 3.4
and some of the beamline parameters are listed in Table 3.2. The monochromator consists
of sets of four single crystals of the same material and orientation. The crystals are
mounted on two main wheels, each carrying a fixed crystal in the centre of rotation
and another crystal on a smaller cradle. The incoming bending magnet radiation is
monochromatised by four consecutive Bragg reflections according to Eq. (2.25) and the
photon energy is selected by the rotation angle of the main wheels. The angle of the first
wheel defines the angular position of the second wheel. Two types of crystals, Si(111)
and InSb(111), are available and can be interchanged under vacuum to cover a total
energy range of 1.75 keV to 10 keV. The four-crystal configuration offers advantages such
as fixed exit without crystal translations, a high reproducibility of the photon flux at any
given photon energy, and a high energy resolution due to the narrow convolution of the
Bragg peaks of the monochromator crystals. Movable diodes between the crystals allow
the alignment of both pairs of monochromator crystals to maximise the photon flux of
the monochromatic beam. The complete beamline is windowless, i.e. the monochromator
is operated under ultra high vacuum conditions (UHV, low 10−6 Pa range).

Figure 3.3 | The beam-
lines of the PTB laborat-
ory at BESSY II.[12] High-
lighted in red (2a) is the
FCM beamline.
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Figure 3.4 | Scheme of
the optical elements of
the FCM beamline.

The beamline is equipped with a toroidal mirror (Pt coated Si, radii of curvature
131 mm and 4.3 km, respectively) behind the first slit to focus the beam in the horizontal
direction and to collimate in the vertical direction. Further downstream behind the
monochromator, a bendable coated Zerodur ceramic mirror focusses the beam. The
plane mirror has two different coating stripes that can be moved into the beam, a Pt
coating and a MgF2 coating. The MgF2 coated area has to be used for photon energies
below 4 keV to suppress higher orders, the Pt coated area for energies above 4 keV for
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Four-crystal monochromator beamline 3.3

parameter value/range

photon energy
1.75 keV to 3.6 keV (InSb)
2.1 keV to 10 keV (Si)

resolving power
4.0 × 103 (1978 eV) to
12.7 × 103 (6457 eV)

sum of higher order < 1 × 10−3 (< 2.5 keV)
contributions < 1 × 10−4 (> 2.5 keV)

focal beam spot size (0.3 × 0.3) mm2

flux monitor range ≥ 3 keV

Table 3.2 | Paramet-
ers and specifications of
the FCM beamline for
the InSb(111) and the
Si(111) monochromator
crystal types.

maximised reflectivity and, thus, photon flux. Five different filters (25 μm/125 μm Be,
12.5 μm/200 μm Al, 10 μm Cu) can be brought into the beam path at two positions to
eliminate stray light and to reduce the heat load on the first crystal.

Three horizontal and four vertical slits can be moved independently to shape the beam.
The first slit pair is positioned directly behind the junction of storage ring and beamline
and is used to restrict the acceptance angle of the white bending magnet radiation.
The other slits are placed further downstream and are usually used as guard slits to
remove parasitic scattering and halos. A motorised linear feedthrough directly behind
the last slit pair can be used to place a transmission diode, different absorption diodes,
or a Ge pinhole (Ø 520 μm, Incoatec‡) in the beam pathway. The approximately 8 μm
thick calibrated Si transmission diode serves as a flux monitor during measurements at
Eph ≥ 3 keV.

Traceability of the energy scale has been established by relating the photon energy Eph
to the fundamental lattice constant of silicon via back-reflection from a silicon single
crystal.[128] For this purpose, the lattice axes of a single-crystalline silicon photodiode
were aligned parallel to the incident beam. During scans of the photon energy, the Bragg
condition of reflection is fulfilled at certain energies according to Eq. (2.25) for the well
known silicon lattice constant,§ which results in dips of the measured photocurrent. The
energy scale is calibrated by the positions of these dips. The monochromator wheel
accuracy of 0.001° results in a relative uncertainty of the photon energy below 2.5 × 10−4

using the InSb monochromator crystals and below 1 × 10−4 using the Si crystals.¶ For
the daily energy calibration, the K-absorption edge of the 10 μm Cu filter at 8980.5 eV is
observed by measuring the transmitted intensity during a photon energy scan using a
photodiode with an accuracy of better than 0.5 eV.

‡ Incoatec GmbH, http://www.incoatec.de § Current CODATA value in [155]. ¶ See Table 1 in Krumrey
and Ulm [128].
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3.3 UHV measurement chamber

Attached to the beamline, right behind the flux monitor diode, is the sample chamber.[67]

The chamber (Ø 600 mm, length 700 mm), Fig. 3.5, has no windows along the beam path
and is fully evacuated. A smaller load-lock chamber facilitates the quick exchange of
samples without ventilating the full measurement chamber, which reduces the evacuation
time after a change of samples to about 10 minutes.

Figure 3.5 | Detectors
and axes in the UHV
measurement chamber
attached to the FCM
beamline.

The chamber is equipped with a rotation axis perpendicular to the direct beam in the
horizontal plane (which typically sets the incidence angle αi in the notation used in this
work), named the θ-axis, which provides a resolution of 0.001°. Mounted on top of the
θ-axis are two axis for rotations around the other two directions (named tilt-y and tilt-z in
Fig. 3.5) as well as three linear axes x, y, z for sample positioning. The movements of each
axis are calibrated and checked with an autocollimator on a regular basis, a summary of
the axes ranges and motor resolutions is shown in Table 3.3.

Table 3.3 | Technical specifications of axes and diodes in the sample chamber. See Fig. 3.5 for the
orientation of the coordinate system.

parameter range resolution

axes on θ-axis
θ −175° to 175° 0.001°
tilt-y −12° to 12° 0.000 25°
tilt-z −12° to 12° 0.000 25°
x 0 mm to 162 mm 0.0005 mm
y −12.5 mm to 12.5 mm 0.000 25 mm
z −12.5 mm to 12.5 mm 0.000 25 mm

detectors on 2θ-axis
Si slit diode (0.3 × 2.5) mm2 1.75 keV to 10 keV
GaP diode (4.7 × 4.7) mm2 1.75 keV to 10 keV
Can500C Si diode (10 × 10) mm2 1.75 keV to 10 keV
SDD (0.3 × 3) mm2 5 keV to 10 keV

A detector arm, the 2θ-axis, is installed concentrically around the θ-axis and can be
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rotated in a full circle and independently from the θ-axis around the same rotation
axis. The detector arm is equipped with three highly linear photodiodes, which can be
brought into the path of the direct, transmitted, reflected, or scattered beam. One diode
is vertically confined by a slit to a height of 300 μm, resulting in an angular resolution of
only 0.07°, which can be used for precise alignment of a sample or of the measurement
chamber with respect to the direct beam. Reflectometry measurements (θ/2θ-scans)
are usually carried out using one of the other two diodes, which offer a larger area
(edge lengths of 4.7 mm and 10 mm, respectively) and, thus, ensure that the reflected
beam spot is fully covered by the sensitive area. All diodes were calibrated against a
cryogenic electric substitution radiometer|| within a relative uncertainty of 1 %.[70] This
enables traceable radiometric measurements of photon fluxes, for example for detector
calibrations. The detector arm is also equipped with an uncooled silicon drift detector
(SDD) for measurements of weak reflection intensities above 5 keV.

A large variety of sample holders can be used, depending on the sample dimension
and on the intended measurement method. The holder is attached to a transfer wedge
that slides with high positional accuracy into the corresponding socket on the θ-axis
during the sample transfer procedure.

The chamber is also equipped with a motorised linear feedthrough with different
pinholes in front of the sample holder, which can be used to confine the beam or to
remove parasitic scattering directly before the beam impinges on the sample. Currently,
a piezoelectric slit system using Ge blades from Xenocs** is installed, which allows to
adjust the width and height of the pinhole during the measurements without breaking
the vacuum in the chamber.

It is also possible to install one of the available Ketek and Bruker SDDs at an angle of
−45° above the direct beam path (see Fig. 3.5), which allows to measure the spectral X-ray
fluorescence radiation from samples.

3.4 HZB SAXS instrument
For small-angle X-ray scattering experiments in transmission (SAXS) and under grazing
incidence reflection (GISAXS), a two-dimensional X-ray detector is needed to record the
intensity distribution of the diffuse scattering behind the sample.

At the FCM beamline, such a detector can be mounted on the SAXS instrument of
HZB†† as illustrated in Fig. 3.6. The detector is directly connected to the sample chamber
via a Ø 100 mm flange. It is installed on a stage that moves along xdet as shown in Fig. 3.6.
The edge-welded bellow allows any sample-to-detector distance between 1.75 m and
4.5 m, and a vertical tilt angle up to 3° without breaking the vacuum. Both vertical axes z1,
z2 as well as the horizontal distance variation axis xdet are equipped with optical encoders
(calibrated Heidenhain LC 182 and two LC 483) which measure the displacement with
an accuracy of 0.003 mm and 0.005 mm for LC 483 and LC 182, respectively. These
encoders establish the traceability of the detector displacement along these axes. The
entire setup can also be moved in horizontal direction perpendicular to the direct beam
by the motorised axes y1 and y2 that can be used for the correction of any horizontal
tilt of the SAXS instrument as well as for a horizontal displacement of the detector with
respect to the incoming beam. The detector side of the bellow holds a interchangeable,
xy-moveable beamstop to block the intense transmitted or specularly reflected fraction
|| Which is a primary radiometric standard. ** Xenocs, 1http://www.xenocs.com †† patent
DE102006029449 B3.

47



Chapter 3 EXPERIMENTAL SETUP AND NEW INSTRUMENTATION

Figure 3.6 |Motor axes
of the SAXS instrument.
The axes for longitud-
inal detector movement
xdet and for vertical
movement of the stage
z1 and z2 are equipped
with optical encoders
for absolute length
measurements with
micrometer resolution.

of the beam. As a 2D-detector, a CCD-based pixel detector (MarCCD, 4 Mpx, binned in
blocks of 2 × 2, 165 mm diameter of active surface) or, since August 2012, the in-vacuum
PILATUS 1M hybrid pixel detector (presented in Section 3.5) can be installed on the
detector stage.

Since December 2013, there is also a ‘short-distance’ setup available, which is inde-
pendent from the SAXS instrument. In this configuration, the in-vacuum PILATUS 1M is
directly attached to the measurement chamber via an adaptor segment that contains the
beamstop. The sample-detector distance can be set in a range of around 55 cm to 80 cm.
This facilitates larger scattering angles up to around ±8° in horizontal and vertical dir-
ection, which is needed for the large scattering angles of very small scattering objects
down to around 3 nm.

Presented in the next section is the development and characterisation of the in-vacuum
PILATUS 1M detector that took place during the course of this work. Section 3.5.3 on the
radiometric and geometric characterisation of the in-vacuum PILATUS 1M is published in
J. Wernecke, C. Gollwitzer, P. Müller and M. Krumrey: ‘Characterization of an in-vacuum
PILATUS 1M detector’, J. Synchrotron Rad. 21.3 (2014), pp. 529–536.

3.5 The new in-vacuum PILATUS 1M detector
The advances of integrated circuits in the last few decades have significantly boosted
the development of X-ray detectors.[262] So-called hybrid pixel X-ray detectors have been
developed, which consist of a readout chip bump bonded on a silicon sensor that acts as a
radiation absorber.[88] State-of-the-art detectors such as the XPAD,[48] detectors based on
the Medipix readout chip,[186,191] and the PILATUS[29,123] combine a semiconductor pixel
matrix with a readout chip providing an amplifier, comparator„ and digital counter for
every single pixel. This is appealing especially for scattering and diffraction experiments,
where the photon flux on individual pixels may vary over many orders of magnitude. As
opposed to dose-proportional detectors, photon counting can provide very low darkcount
rates, and consequently huge dynamic ranges, signal-to-noise ratios close to the quantum
limit, and negligible crosstalk between neighbouring pixels resulting in a nearly perfect
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point spread function.[38]

The commercially available large-area hybrid pixel detectors of 1 Mpx and above are
operated in air and the radiation enters through a thin window. This window limits the
detectable photon energy range to energies above approximately 5 keV due to absorption
of the window material. Yet, the absorption edges of technologically and biologically
relevant elements such as silicon, phosphorus, sulphur, chlorine, or calcium are situated
below 5 keV. To overcome this limitation, windowless operation in vacuum with a
direct connection to the sample chamber is necessary. The suitability and performance
of a PILATUS 100k detector under such conditions has been shown previously.[144,145]

Moreover, extensive testing and characterisation of detector modules in vacuum[50]

has been carried out in collaboration with Dectris Ltd.‡‡ at the FCM beamline. The
setups were preliminary experiments using a single module as a proof of concept at that
time, a fully operational multi-module large-area in-vacuum PILATUS 1M has not been
realised up to then. From August 2011 to June 2012, a standard PILATUS 1M detector
was modified together with Dectris Ltd. to operate under vacuum. This widened the
experimentally accessible energy range downwards to a photon energy Eph of 1.75 keV.
The in-vacuum PILATUS 1M detector, Fig. 3.7, was delivered in June 2012 and is in
regular operation at the FCM beamline since then.

Figure 3.7 | The in-
vacuum PILATUS 1M de-
tector.

3.5.1 Operation principle of PILATUS detectors
Before the necessary adoptions of the detector setup are described, the operation principle
of the PILATUS pixel readout chain, shown schematically in Fig. 3.8, needs to be briefly
reviewed. Many more details can be found in Refs. [29, 123, 124]. The detection principle
in each pixel is based on the generation of electron-hole pairs in a silicon pn-junction
induced by an absorbed X-ray photon as shown in the upper part of Fig. 3.8. The readout
of the generated current pulse in the pixel is facilitated through the indium bump pad,
which is connected to the readout chain of the pixel (amplifier-comparator-counter) as
illustrated in the lower part of Fig. 3.8. The electric charge is amplified by a charge-
sensitive preamplifier (CSA), the amplification of which can be set in discrete steps,
which are called the gain modes.[124] For the standard air-operated PILATUS detector,
there are three different gain modes: High gain for photon energies down to around
7 keV, medium gain from around 9 keV to 28 keV and low gain for photon energies of
13 keV and above. The amplified pulse is then compared to an adjustable threshold
voltage Vthresh by a comparator (Comp). The pulse is registered and counted in the 20 bit
‡‡ DECTRIS Ltd., Neuenhoferstrasse 111, 5400 Baden, Switzerland, www.dectris.com
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Figure 3.8 | Schematic
representation of the
PILATUS hybrid pixel
principle. An X-ray
photon generates
charges in the active
pixel volume (grey
shaded area), which is
a silicon pn-junction.
The pn-junction of each
pixel is connected to
an indium bump pad
with a diameter of
≈ 20μm. The bump
pad is connected to the
readout chip (bottom
part) that consists of
the charge-sensitive
amplifier (CSA), the
comparator (Comp) and
the 20 bit counter. a

a Image adapted from
Kraft et al. [124].

single X-ray photon

active SiO2 layer

In bump pad

Al top layer
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counter only if it exceeds the threshold, and discarded otherwise. The voltage threshold
Vthresh corresponding to a photon energy threshold Ethresh is determined by the software
depending on the amplifier gain. In normal operation mode, the energy threshold Ethresh
is set to 1/2 Eph to avoid charge-sharing counts in neighbouring pixels.[38]

3.5.2 Development of a vacuum-compatible PILATUS 1M

Test measurements using single modules

Test and calibration measurements during several beamtimes were carried out with
Dectris at the FCM beamline since September 2011. The results presented here and
many more have been published in Donath et al. [50]. Dectris designed a flange plate
(Ø 100 mm) with a tube loop for water cooling and connections from the vacuum to the
air side to place a fully functional standard PILATUS 100k module directly in vacuum for
the test measurements. Two different experimental configurations were set up as shown
in Fig. 3.9: The fluorescence setup is displayed in Fig. 3.9a using indirect illumination
and the direct beam setup is shown in Fig. 3.9b.

In the fluorescence setup, the direct beam excites fluorescence radiation in samples
of different materials with a suitable photon energy, i.e. above an absorption edge.
The samples are mounted under 45° with respect to the direct beam and to the 100k
detector module. The distribution of the fluorescence radiation along the detector is
monochromatic and fairly homogeneous in its intensity distribution. This so-called
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Figure 3.9 | Experimental setups for measurements of the flatfield, the line spread function, the
point spread function, and the quantum efficiency using a 100k PILATUS module (yellow). (a) In the
fluorescence setup, the direct beam excites fluorescence from the target (blue) with a broad spatial
distribution. (b) In the direct beam setup, the flux of the direct beam is measured using the PILATUS
module and a calibrated photodiode with and without a 20μm pinhole.

flatfield image is used for adjusting the counting electronics of each pixel at different
energies. Moreover, the measured flatfield images provide reference points for the
extrapolation of the numeric flatfield correction that is carried out by the detector
electronics at each image exposure. The fluorescence lines of silicon (Kα = 1740 eV),
phosphorous (Kα = 2014 eV), chlorine (Kα = 2622 eV), potassium (Kα = 3314 eV), and
titanium (Kα = 4511 eV) were used for flatfield measurements to provide a range of
energies below 5 keV.

In the direct beam setup, Fig. 3.9, the point spread function (PSF)§§ and the quantum
efficiency QE were measured using a 20 μm pinhole and calibrated photodiodes, respect-
ively. The detector is raster scanned with respect to the pinhole-restricted sub-pixel sized
direct beam in steps of 10 μm in both directions. The intensity of the pixel is measured
at each position. Figure 3.10a shows the superimposed intensity map of a raster scan
over a pixel. Horizontal line cuts through the central pixel, Fig. 3.10b and c, show a
drop of detected counts at the pixel edges from about 8000 counts in the pixel centre to
about 15 counts in the centre of the neighbouring pixel. This illustrates the sharp point
spread of the detector. In another set of measurements, the direct beam is defocussed
and attenuated to provide an illuminated area of about 1 mm2 on the detector with
count rates below 20 000 s−1 in any pixel. The absolute flux in photons per second is
determined using calibrated photodiodes that were moved into the beam path before and
after the total sum of counts is measured on the detector. The results of the complete and
operational in-vacuum PILATUS 1M are presented in detail in the next section. The single
module measurements were found to be in full agreement with the QE measurements of
the in-vacuum PILATUS 1M.[50,250]

§§ which is the response of a pixel to a sub-pixel sized beam
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(a) (b) (c)

Figure 3.10 | Point spread function measurement at 3.3 keV using a 20μm pinhole. (a) Intensity map
of a single pixel. The horizontal solid line indicates the position of the line cuts. The white circle
represents the size of the direct beam. (b) Intensity profiles along the horizontal line cuts for the centre
pixel and neighbouring pixels (±1, ±2). (c) As in (b), but on a logarithmic intensity scale. a

a Image from Donath et al. [50].

Technical implementation of the in-vacuum version

One of the design goals for a vacuum-compatible version of the PILATUS 1M detector
was to minimise the number of modifications from the standard detector. The final
solution was a vacuum-proof separation of the detector modules from the electronic
control units. To this end, a vacuum chamber for the modules and a feed-through flange
plate were developed, see Fig. 3.11a and Fig. 3.11b, respectively. The ten detector modules
are mounted on a size-reduced module carrier plate shown in Fig. 3.11c. The carrier
plate is connected to the feed-through flange plate, which closes the vacuum chamber
at the detector side. Figure 3.12 shows a schematic representation of the assembly of
(a) the components and (b) a sketch of the connections of the feed-through flange plate.
The vacuum chamber encloses the detector modules that provide a total sensitive area of
(179 × 169) mm2 with a sensor thickness of 320 μm. The entrance flange has a diameter of
250 mm to prevent any shadowing of the detector surface and is directly connected to the
HZB SAXS instrument. A vacuum gauge is used for pressure monitoring and controls
an interlock system, which shuts down the high voltage of the detector in the event of a
vacuum loss. The feed-through flange plate, Fig. 3.12b, seals the vacuum chamber on
the opposite side and facilitates the connection of the 575 electric lines and the channels
for water cooling. On the air side, standard PILATUS 1M electronic units are used for
data processing. The module carrier plate is cooled by circulating water and is kept at
a constant temperature of typically 5 ◦C. Table 3.4 gives an overview of the technical
specifications of the in-vacuum PILATUS 1M detector. Operation in air at higher photon
energies is still possible with the modified PILATUS 1M setup. A Mylar window can be
attached to the entrance flange of the vacuum chamber to blank out ambient light and to
facilitate flushing of the modules using dry nitrogen or air.

For the in-vacuum PILATUS 1M detector, an additional ultra-high gain mode with
higher amplification than the standard high-gain mode was added to the charge-sensitive
amplifier to account for the reduced number of electron-hole pairs generated by each
photon at low X-ray photon energy (Fig. 3.8). The lowest achievable Ethresh is ultimately
limited by amplifier noise exceeding the comparator threshold Vthresh or by the onset of
instable operation. The minimum threshold determined is Ethresh = 1.7 keV for stable
operation in ultra-high gain mode. For the preferred threshold setting of Ethresh = 1/2 Eph,
this would only allow a minimal photon energy of 3.4 keV. In order to reach lower
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(a) vacuum chamber (b) flange plate (c) module carrier plate

Figure 3.11 | Components of the in-vacuum PILATUS 1M before assembly.
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Figure 3.12 | (a) Sketch of the vacuum-compatible version of the PILATUS 1M detector. The vacuum
side (on the right) consists of the ten detector modules (grey) mounted on the downsized module
carrier plate (blue). The latter is attached to the feed-through flange plate that contains the 575 electric
connections and the water supply lines. The vacuum chamber (semi-transparent structure) is directly
connected to the beamline. The air side (on the left) consists of the standard electronic units of the
PILATUS 1M and the water cooling supply. (b) Sketch of the feed-through flange plate (Fig. 3.11b) that
separates the vacuum and the air side and facilitates the electrical connection of the detector modules.

photon energies, for example, the silicon K-absorption edge at 1.84 keV, Ethresh can be set
independently of the photon energy to a higher level. This results in a decreased count
rate, but it also leads to a smaller effective pixel area because only photons that deposit at
least a fraction of Ethresh/Eph of their energy in the pixel contribute to the counts.[216] Such
a smaller effective pixel size is even an advantageous effect in some experiments, as it
produces sub-pixel resolution.[62] However, the usage of the ultra-high gain mode results
in an increased detector dead-time of about 4 μs, which leads to a loss of registered
photons, as shown by Marchal and Wagner [144].
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Table 3.4 | Technical
specifications of the in-
vacuum PILATUS 1M de-
tector.

parameter value / setting

accessible photon energy 1.75 keV . . .> 36 keV
sensitive detector area (179 × 169) mm2

sensor thickness 320 μm
dimensions approx. (60 × 37 × 37) cm3

mass approx. 80 kg
entrance flange DN 250 CF
typical cooler temperature 5 ◦C to 10 ◦C
typical operation pressure below 10−5 mbar
pressure gauge Pfeiffer PKR 251

3.5.3 Characterisation of the in-vacuum PILATUS 1M

Quantum efficiency

The quantum efficiency QE of the detector, which is the ratio of registered counts to
incident photons, was determined as a basis for measurements of absolute scattering
intensities. QE measurements were accomplished by taking sequences of images of the
monochromatised synchrotron beam at different energies. Before and after each sequence,
the incident photon flux at each energy was determined by a calibrated photodiode. The
monochromatic photon flux of the beamline is in the order of 109 s−1 to 1010 s−1 in an area
of about 0.5 mm2 at the usual top-up ring current of 300 mA of the storage ring. This
photon flux is well beyond the linear unsaturated detector response range, in particular
in ultra-high gain mode and at low threshold energies. Hence, BESSY II was operated in
a special mode where the ring current was reduced stepwise to 832 μA, 409 μA, 95 μA,
and finally 6 μA. This also allowed to evaluate the linearity of the registered count rate in
relation to the rate of incoming photons. The QE was determined from the measurements
at the lowest ring current of 6 μA, which resulted in photocurrents of the calibrated
diodes from 14 pA to 1.2 nA (darkcurrent �1 pA). Additionally, the beam was defocused
so that the most intense spot covered an area of approximately 100 px. In this way,
the maximum flux of incoming photons per pixel was kept below 20 000 s−1, while the
minimum photon flux in the evaluated region of 10 s−1 still exceeded the darkcount rate
of 10−5 s−1 by several orders of magnitude.

Before the QE is accurately determined, the linear response of the detector must be
tested and the uncertainty contributions have to be evaluated. Displayed in Fig. 3.13
are the registered counts per second and per pixel along the most intense line of the
illuminated area (see the red dashed line in the inset) for the four different ring currents,
recorded under otherwise identical conditions at Eph = 2.5 keV. The spiky shape of
the profiles is not important, it merely shows the variation along the beam profile on
the detector as seen in the inset. The profiles are scaled by the ratio of the ring current
of 6 μA that is used for the QE measurements to the corresponding ring current of the
measured profile. In this way, an increase of detector saturation due to a too high rate of
incoming photons (which is equivalent to the ring current) can be observed by a deviation
from the profile measured at 6 μA. It can be seen that the profiles of 832 μA and 409 μA
deviate significantly from the 6 μA profile (red line), clearly indicating the occurrence of
saturation. However, the profile of 95 μA (blue line) differs by less than 2.2 % from the
6 μA data, which should give an upper estimate for the increase of saturation from 6 μA
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to 95 μA. The QE measurements were carried out at a ring current of 6 μA, where an even
much lower deviation from the linear counting behaviour can be expected. Nonetheless,
a relative uncertainty contribution of 2 % to the QE measurement is used as an upper
estimate for the effect of nonlinear counting. The contribution of the uncertainty of
the photon energy of u(Eph)/Eph = 10−4, see Table 3.2, is negligible. The comparison of
photodiode measurements before and after each set of PILATUS measurements yields a
mean deviation of 0.5 %. In conjunction with the uncertainty of the diode calibration, this
yields a relative uncertainty of 1 % of the incoming photons flux. In total, the resulting
relative uncertainty of QE in ultra-high gain mode is 3 % in particular at low photon
energies below 4 keV. In high gain mode, the incoming photon flux is well within the
linear regime. Therefore, the corresponding relative uncertainty in this setting is only
determined by the variation of before-and-after measurements of the photodiodes, which
is within 1 %.
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Figure 3.13 | Re-
gistered counts per
second along the most
intense region of the
direct beam. The inset
shows a logarithmic
scale beam image
(rotated by 90°), the red
dashed line indicates
the line cut of the
plotted beam profiles.
The detector images
were recorded at four
different storage ring
currents at Eph = 2.5 keV
as indicated in the
legend. Each profile has
been scaled by the ratio
of minimal ring current
(6 μA) and the ring
current of the profile.

The measured QE with the associated uncertainty (colour-shaded areas around the
curves) is displayed in Fig. 3.14. As already discussed, the QE depends on the photon
energy Eph and also on the threshold level Ethresh setting of the detector. The threshold
level was set to the preferred value Ethresh = 1/2 Eph above Eph = 3.4 keV, which is shown
in Fig. 3.14a by the red squares for the ultra-high gain mode and by the green triangles
for the high-gain mode. The high-gain mode is limited to threshold settings Ethresh above
3.75 keV, or equivalently to Eph above 7.5 keV. Below Eph = 3.4 keV, the threshold in
ultra-high gain mode was fixed to Ethresh = 1.7 keV (blue circles in Fig. 3.14a). In addition,
the QE was measured in this range for larger settings of Ethresh up to 2.0 keV (Fig. 3.14b).

The QE exceeds 80 % over the range from 3.4 keV to 10 keV with a maximum of
96 % at 8 keV. Below 3 keV, the quantum efficiency is reduced due to the absorption
of photons in the non-sensitive surface layers of the sensor, which are always present
in semiconductor detectors.[127] Just above the Si K-edge, the QE drops to about 5 %.
However, measurements are feasible down to 1.75 keV. The measured QE, in particular at
low energy, is in full agreement with the previously reported QE of the single module test
setup at the corresponding threshold setting.[50] The two different gain settings result in
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a relative deviation of less than 1 %, which is within the uncertainty of the measurement.
The threshold level settings have a noticeable influence, as displayed in Fig. 3.14b. The
highest QE is achieved by the lowest possible threshold setting Ethresh = 1.7 keV, as
expected,[123] and is therefore chosen as the recommended setting for all measurements.
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Figure 3.14 | The quantum efficiency QE of the detector, measured over the full energy range of the
beamline using (a) the recommended settings and (b) different threshold levels at the low end of the
energy range. The green triangular symbols in (a) denote measurements using the high-gain mode,
while all other data was measured using the ultra-high gain mode. The colour-shaded areas around
the data points indicate the relative uncertainty of the values (3% in ultra-high gain mode, 1% in high
gain mode). The ring current of the storage ring was reduced to 22μA (6 μA) for photon energies above
(below) 3.5 keV, respectively.

In principle, the fill pattern of the electrons in the storage ring may also influence the
registered count rate as described in Trueb et al. [242]. However, the circulation period
of the electrons at BESSY II is 800 ns, which is much lower than the discussed detector
dead-time of 4 μs. Hence, the detector is completely insensitive to the electron fill pattern
and the dead-time causes only a systematic loss in the registered count rate.[242]

Detector homogeneity

SAXS images in the range from 4 keV to 10 keV were recorded using a sample of glassy
carbon. The scattering pattern of glassy carbon exhibits a flat plateau in the range of the
scattering vector q from 0.1 nm−1 to 1 nm−1 and is frequently used in SAXS for absolute
intensity scaling.[267] By dividing the whole image by the azimuthally averaged scattering
curve pixel by pixel, an image with the relative deviation of each pixel value from the
mean is obtained. Displayed in Fig. 3.15 is the intensity deviation after averaging patches
of (10 × 10) px2 in order to reduce the shot noise. At 10 keV (Fig. 3.15a), the intensity
difference amounts to 0.5 % across the whole detector. At 5 keV (Fig. 3.15b), the intensity
varies by 2.5 % although the manufacturer-supplied flat field correction was enabled.
This discrepancy can be explained by the absorption of radiation in the upper insensitive
layer of the detector.[127] At high energies, this layer is nearly transparent, while at lower
energies, the absorption and, therefore, the variation increases. This may result in a
limited accuracy of the extrapolation of calibration values for threshold fine-adjustment
per pixel, which is based on flat field reference measurements at higher photon energies.
The inhomogeneity might possibly be reduced by applying better flat field corrections by
the manufacturer in the low photon energy range on the basis of these images.
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3 %
(a) (b)

−3 %

Figure 3.15 | Homogeneity of the detector at a photon energy of (a) 10 keV and (b) 5 keV in ultra-high
gain mode and with Ethresh = 1/2 Eph. The raw data was preprocessed by binning (10× 10) px2 into
one in order to overcome the quantum noise in comparison to the inhomogeneous detector response.
The ring in the centre is an artefact which arises from the positioning of the beamstop in the centre of
the scattering pattern.

Geometric characterisation

A possible geometric distortion introduced by the detector must be known to determine
uncertainty bounds for metrological nanodimensional measurements. Two different
measurement setups were used for the geometric characterisation: (i) SAXS images as
displayed in Fig. 3.16 were recorded to determine the pixel pitch. (ii) GISAXS patterns
with many sharp, well defined peaks as shown in Fig. 3.17 were generated to characterise
the displacement of adjacent modules and their angular misalignment.

The measurements in SAXS geometry were taken at Eph = 8 keV using the standard
sample silver behenate, which displays an intense ring at q = 1.076 nm−1.[22] The detector
was positioned at a distance of Ls = 2754 mm to the sample and 240 images were
recorded. Between the exposures, the detector was vertically shifted in a stepwise fashion
by moving both vertical translation axes z1 and z2 in parallel, see Fig. 3.6. The total
distance by which the detector was moved amounts to 7 mm. The traceability of the z1

and z2 movement was established by the Heidenhain linear encoders (Section 3.4).
Next, a circle was fitted to every recorded image by maximising the average intensity

along the ring, which was represented by a Gaussian line with a width of σ = 1.06 px.
An example image together with the fitted circle (dashed line) is shown in Fig. 3.16. The
centre positions of the best fit circles were fitted linearly to the corresponding vertical
detector displacement values z1 and z2. The residuals of this fit did not exceed one tenth
of the pixel pitch for any circle position. From this linear fit, the pixel pitch

Lpx = (172.1 ± 0.2)μm (3.4)

can be derived. The uncertainty estimate of this value is derived from the comparison of
both vertical shift axes and two independent measurements. The pure statistical error
from the linear fit is smaller by an order of magnitude.

For the second sequence of measurements, the GISAXS pattern of a reflection grating
in parallel alignment of grating lines and incident beam was used (see Chapter 4,
Fig. 2.7, and Refs. [251, 253]). This setup produces a series of equidistantly spaced
sharp peaks ordered on an extended semi-circle as shown in Fig. 3.17a, which was used
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Figure 3.16 | SAXS im-
age of silver behenate at
8 keV together with the
fit circle (dashed white
line) for the determina-
tion of the pixel size.

to characterise the placement of the individual detector modules with respect to each
other. The basic idea is to determine the peak positions during horizontal and vertical
detector displacements that cross a detector module gap. Some of the peaks cross the
module borders, some remain on a single module during the detector displacement. A
comparison of the former with the latter together with the previously determined pixel
pitch yields information on the module misalignment.

Displayed in Fig. 3.17b are the traces of the peaks (series of black dots) on the detector
for one contiguous series of images. The inset shows a magnification of two peak traces
for better visibility. The detector was moved vertically upwards in 20 steps and an image
was taken at every position. The peak positions were extracted from each image with
sub-pixel resolution by computing the intensity-weighted centre for every peak. The
peaks can be divided into three categories: Peaks in the first category that are labelled as
1, 2, 14 and 15 in Fig. 3.17b stay on a single module. These were used as a reference trace.
The peaks 4 to 12 cross the horizontal module borders between the upper and lower
modules to the left and right of the central gap (grey shaded areas in Fig. 3.17b). The
remaining unlabelled peaks are neither confined to a single module nor do they cross the
module borders completely to reach the next module. Similar datasets were recorded for
all module borders in the horizontal and vertical direction.

The relative displacement of the modules from the nominal position results in a
discontinuity of the trace for the border-crossing peaks. However, on the subpixel scale
it has to be considered that the movement of the detector is slightly irregular due to
deviations of the mechanical positioning. By comparing the border-crossing traces, i.e.
peaks 4-12, with the traces of the reference peaks 1, 2, 14 and 15, the displacement of
the upper modules with regard to the modules below can be detected regardless of
irregularities in mechanical positioning. The analysis was performed by least-squares
fitting of the reference trace to the border-crossing traces at both sides of the gap. The
maximum deviation from the nominal position amounts to 60 μm over the whole detector,
which is less than 0.4 px.

In principle, the same method could be used to determine the in-plane angular
misalignment between two neighbouring modules. The angular deviation was found to be
below 0.1°, but this is already beyond the limit of this method due to the limited resolution
of finding the peak centre of approx. 20 μm. An out-of-plane angular misalignment only
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Figure 3.17 | GISAXS measurements to determine the module alignment. Image series were recorded
for vertical and horizontal displacements of the detector. (a) A single GISAXS image with sharp peaks
on the upper detector modules, the module gaps are shaded in grey. (b) A series of images was
recorded for a vertical displacement of the detector to cross the upper horizontal module gap. The
inset shows the magnification of a region to illustrate the trace of the peaks. Only every other image
of the measured displacement series was used in this plot to make the individual peaks visible. The
numbered maxima indicate the peaks that were tracked to determine the detector movement. One
group of peaks (4-12) crosses the module borders; the other group (1, 2, 14 and 15) stays on a module
and is used for reference. The same procedure is applied to the other module gaps on the detector.

leads to smaller pixel length in the direction perpendicular to the axis of rotation. A
deviation of at most 0.4° was measured for the same detector with great sensitivity by
Bragg diffraction at the surface of the detector.[75] However, it cannot be distinguished
whether the deviation originates from a possible miscut of the silicon wafers or from a
mechanical misalignment of the modules. Since the cosine of this angle deviates by less
than 2.5 × 10−5 from unity, this has no effect on the scattering images.

3.6 Summary
The energy range from 1.75 keV to 10 keV of the FCM beamline is well suited for the
critical energy of BESSY II at 2.5 keV. The UHV sample chamber facilitates high precision
alignment of a wide range of samples on six axes and the detectors allow a variety of
different q space scans. Additional equipment such as a silicon drift detector extend the
measurement capabilities to spectroscopic fluorescence measurement methods. The HZB
SAXS instrument offers a variation in q range and q resolution by more than a factor of 2
just by geometric sample-detector distance variation, which provides flexibility in the
probed size regime. Especially the ability to tilt the entire setup upward is beneficial
for GISAXS measurements as it allows to use the full detector area for imaging even at
larger incidence angles. With the development of the in-vacuum PILATUS 1M, a detector
is available that is capable to cover the full energy range of the beamline, which brings
important K-absorption edges (Si, P, S, Cl, Ca) into reach for resonant scattering imaging.
The narrow point-spread function of the detector and the increase of q resolution at
lower Eph is beneficial for nanodimensional metrological GISAXS measurements on
grating structures (Chapter 4). The access to the silicon K-absorption edge at 1.84 keV
enables X-ray scattering contrast matching using the most commonly used substrate
material, which is demonstrated in Chapter 5 by depth-resolved GISAXS measurements
of nanostructured block copolymer thin films.
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4
Dimensional nanometrology of
surface gratings using GISAXS

Extensive research has been conducted with regard to the scattering of X-rays by grat-
ings and multilayer gratings. The features of the occurring scattering patterns have
been explained by reciprocal space construction described by Mikulík et al. [153], see
Section 2.5 and Fig. 2.14. The scattering process has been profoundly described within
the framework of kinematic and dynamical theories[108,152,237,259,260] that take refraction,
multiple scattering events and roughness into account. Hofmann et al. [92] used the
framework of DWBA for the analysis and demonstrated that GISAXS is a suitable tool
for the dimensional characterisation of nanopatterns.

This chapter is dedicated to the field of dimensional nanometrology on grating struc-
tures using GISAXS and aims to establish the traceability of GISAXS measurements as
well as to offer new insights into the technique itself. Each sub-chapter presents the
results from one out of three different grating pitch size regimes, measured with two
different area detectors. Each size regime requires a different method of analysis, which
offers new insights into different aspects of the determination of structural parameters
from GISAXS data. What these analysis methods have in common is that they are kept
as simple as possible to extract structural parameters such as critical dimension CD, i.e.
line width, groove width G, line height H, and the grating pitch P (see Fig. 2.13) directly
from the data, in contrast to numerical modelling. As discussed in Section 2.6, it is
important to realise that any of such direct analysis methods limits the evaluation of
the measured scattering intensity pattern, which is the product of the line form factor
and the grating structure factor, Eq. (2.44), to the analysis of the structure factor only.
This is a severe limitation as well as a great advantage, compared to solving the inverse
problem by full modelling of the GISAXS pattern. Neglecting the form factor limits
the obtainable parameters to the above mentioned structure factor-specific parameters,
which excludes other interesting parameters such as sidewall angle, roughness, corner
rounding, etc. Yet, by doing so, there is no need to find a suitable form factor for the
cross-sectional line shape. This would be very problematic for traceability, because it is
impossible to evaluate the ‘correctness’ of the model selection itself by an uncertainty
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analysis within the model. Even though the intensity of the grating diffraction orders
depends on the form factor,[178,225] their positions are solely governed by the grating
structure factor. The limitation to a direct analysis of the structure factor opens up the
possibility of traceability of the structural parameters by avoiding the introduction of
non-traceable assumptions about the form factor of the grating lines.

The sub-chapters are ordered by decreasing pitch size, which also represents the
chronological order of the work carried out. Consequently, the methods of determining
common parameters such as the sample-detector distance are improved, adapted, and
refined from section to section. Large parts of every sub-chapter are published in peer-
reviewed journals.[224,225,251,253] For this reason, the state of analysis at that time was kept
for consistency in some cases where later measurements for a refined analysis were not
possible because the samples were not available any more.

4.1 Large pitches close to 1μm: Discrete Fourier trans-
form

The first direct structure parameter determination method is the discrete Fourier trans-
form (DFT) of extracted and pre-processed GISAXS intensity profiles of different grating
structures on a common (152 × 152) mm2 quartz substrate. In the regime of total reflec-
tion at incidence angles αi below the critical angle αc, Eq. (2.9), there is a well-defined
relationship between the scattered intensity distribution and the PSD function, Eq. (2.48),
of the sample surface[229] because only an evanescent wave propagates through the
material. Measurements have also been carried out at αi > αc to increase the spacing
between adjacent intensity maxima on the detector. Thus, transmission through the
surface and scattering from within the material may occur.

One of the goals of the work presented in this section is to explore whether the simple
picture of surface scattering and interference is still applicable for αi being slightly larger
than αc and can, therefore, be used to determine the structural parameters. Other new
aspects of this work are the successful application of Fourier analysis by DFT to GISAXS
data of line gratings in parallel orientation (ϕ = 0°, see Fig. 2.14) to directly extract
fundamental structural parameters such as critical dimension CD and groove width G.
The analysis method is validated by a simulation of the full two-dimensional qy-qz map
of the GISAXS pattern of surface gratings within the framework of DWBA, which has not
been reported previously. It is found that the semicircular pattern due to the intersection
of the Ewald sphere and the GTRs, see Section 2.5, is not influenced by refraction, because
the pattern appears also in the regime of total refraction at αi < αc. Extensive parts of this
section have been published in J. Wernecke, F. Scholze and M. Krumrey: ‘Direct structural
characterisation of line gratings with grazing incidence small-angle x-ray scattering’, Rev.
Sci. Instrum. 83.10 (2012), p. 103906.
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Large pitches: Discrete Fourier transform 4.1

4.1.1 Materials and methods
The sample is a (152.4 × 152.4 × 6.35) mm3 quartz (SiO2) substrate with 12 different
grating structures with a size of (30 × 15) mm2 per field.* A schematic cross section with
relevant grating parameters is shown in Fig. 2.13. The nominal pitch of P = 833 nm is the
same for every field. Differences between the fields exist in nominal groove width G =

(0.65, 0.70, 0.75)× P and nominal line height H = 26.6 nm, 30.6 nm, 35.6 nm and 41.0 nm.
The structure was produced by electron lithography. It was then coated with a thin layer
of ruthenium with a nominal thickness of 10 nm to improve smoothness and, hence,
specular reflectivity.

The GISAXS measurements were performed at the FCM beamline using the MarCCD
X-ray area detector mounted on the HZB SAXS instrument as described in Section 3.2.
XRR measurements were carried out at Eph = 8 keV using highly linear photodiodes.
GISAXS patterns have been recorded at 6 keV, 8 keV or 10 keV photon energy and with
an incident angle αi ranging from 0.4° to 1.4°.

For the traceability of the grating parameters obtained using GISAXS, every experi-
mental parameter has to be measured in a traceable manner. The relative uncertainty of
the photon energy is u(Eph)/Eph < 10−4 in the used photon energy range, see Section 3.2.
The size of MarCCD pixels Lpx has been measured by observing the direct beam position
while incrementally moving the detector perpendicular to the beam with an absolute
length measurement, yielding a relative uncertainty of u(Lpx)/Lpx = 10−3.[74] Tracing of
incidence and scattering angles as well as of the sample-detector distance Ls has been
carried out by observing the direct and the specularly reflected beam positions at different
incidence angles αi and sample-detector distances. These measurements resulted in a
comparatively large uncertainty of u(Ls)/Ls = 2.6 × 10−3 due to the grazing incidence
geometry. In later measurements, see Sections 4.2 and 4.3 and Chapter 5, the data
recording of the specular beam positions was refined and the extrapolation algorithm
was improved. This resulted in a decrease of u(Ls)/Ls by more than a factor of 10. However,
this approach is not applicable to the data shown in this section, nor was it possible to
repeat the measurements because the grating structure was not available any more.

The instrumental resolution is governed by the energy resolution ΔEph/Eph = 10−4 and
the divergence of the incident beam. The angular resolution of the detector of Δαf ≈
Δθf = 0.02 mrad is not a limiting factor due to the experimental set-up of Ls = 3920 mm
and Lpx = 0.079 mm. The beamline slits were chosen to provide a vertical and horizontal
divergence of Δαi = 0.4 mrad and Δθi = 0.2 mrad, respectively. This corresponds to the
resolution of a maximum lateral structure size of d‖ ≈ λ/Δθi = 1 μm (at 6 keV). To sum
up, feature sizes of 833 nm and larger can be resolved with this set-up in the specified
energy range.

* The gratings where kindly provided by the CMN-Optics group of Dr. Uwe Zeitner from IOF Jena.
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4.1.2 Determining the capping layer thickness using XRR

For the characterisation of the sample layer structure, XRR was carried out to determine
the ruthenium layer thickness dRu and the rms roughness of the ruthenium surface σvac/Ru
as well as of the ruthenium/quartz interface σRu/SiO2

. Figure 4.1 shows the reflectance
curve at a photon energy of Eph = 8 keV at a position on the sample without any grating
structure. Thus, a single layer of ruthenium on SiO2 substrate can be assumed as a
vertical structure model. Also depicted in Fig. 4.1 is the best fit result of the utilised
monolayer system model (solid line) obtained by the IMD software[257] according to
Eq. (2.37). A ruthenium layer thickness of dRu = 9.4 nm is determined, the other fit
parameters are shown in Table 4.1.

Figure 4.1 | X-ray re-
flectivity data (grey sym-
bols) of the sample
measured at a posi-
tion without any grating
structure. Also shown
is the best fit (solid line)
of the reflectance of a
ruthenium layer on SiO2
in dynamic scattering
theory (Eq. (2.37)) using
IMD.[257] Parameters of
the fit are displayed in
Table 4.1. 0° 1° 2° 3°

αi

10−5
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Table 4.1 | Parameters
of XRR fitting. parameter best fit

Ru layer thickness dRu /nm 9.4
rms roughness vacuum/Ru σvac/Ru /nm 0.26
rms roughness Ru/SiO2 σRu/SiO2

/nm 0.75
Ru mass density ρRu /g cm−3 11.9

4.1.3 GISAXS in perpendicular orientation

First, GISAXS measurements in perpendicular orientation (ϕ = 90°), i.e. in the dispersive
direction of the grating, are discussed (see Section 2.5, the coordinates are defined as
shown in Fig. 2.4). Displayed in Fig. 4.2a is a corresponding GISAXS pattern recorded
at Eph = 8 keV, αi = 0.8°. A beamstop to block the specular spot is faintly visible in the
central part of the image. Intense maxima are visible along the specular axis, i.e. at
qy = 0 nm−1. These are the grating diffraction orders, as discussed in Section 2.5. The
expression of the optical path difference from interfering rays reflected at the top and
bottom of the grating lines yields the grating equation, see Eq. (2.45).

The peak positions of the GISAXS pattern recorded at 8 keV are found at αf = 1.34°
and 1.73° as shown in Fig. 4.2b. Equation (2.45) yields P = 847 nm and is the same for the
various fields of different line heights. The deviation from the nominal value of 833 nm
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(a) Figure 4.2 | (a) GISAXS
scattering image in per-
pendicular orientation
of incident beam plane
and grating lines (Eph =
8 keV, αi = 0.8°). (b) In-
tensity profile along the
vertical specular axis
(θf = 0°) as a function of
αf. The diffraction peak
positions at 1.34° and
1.73°, respectively, are
used to determine P.

can be explained by an analysis of the uncertainty,(
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.

(4.1)

The first term, u(λ)/λ = 10−4, can be neglected here because it is an order of magnitude
smaller than the other contributions, see Table 3.2. The second and third term for the
uncertainty of diffraction peak angles are governed by the uncertainty of the pixel size Lpx,
the sample-detector distance Ls, and of the peak position on the detector, u(xpx)/xpx = 10−3,
according to

(
u(αf)

αf

)2

=

(
u(xpx)

xpx

)2

+

(
u(Lpx)

Lpx

)2

+

(
u(Ls)

Ls

)2

= 4.6 × 10−3 . (4.2)

This results in a relative uncertainty of u(P)/P = 3.6 × 10−2, in particular due to the
comparably large uncertainty of the sample-detector distance Ls at the time of the
measurements. During later measurements for other projects, the determination of Ls

was significantly improved by a refinement of the peak fitting algorithm, see Section 4.3.3.
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4.1.4 Discrete Fourier analysis of GISAXS in parallel orientation
The scattering pattern in parallel alignment (ϕ = 0°, inset of Fig. 2.14) has a very different
appearance. The GISAXS pattern, Fig. 4.3a (Eph = 6 keV, αi = 0.8°, Ls = 3920 mm), is
a complex superposition of different features. As discussed in Section 2.5, the most
prominent feature is the intersection of the Ewald sphere and GTRs along qz with a
periodicity of δqy = 2π/P, see Fig. 2.14. The resulting semi-circular pattern is centred
around the intersection of the specular axis and the horizon of the sample surface,
contains the specular beam (covered by the beamstop in the centre of the image), and
has a radius of Ls × tan αi. It should be noted that the semi-circular shape is known to be
very sensitive to the perfect parallel alignment of the beam and the grating,[153,264] which
was also the case in the measurements presented here.

The semi-circular pattern is also visible at incidence angles well below the critical angle,
e.g. αi = 0.2° at 6 keV. Moreover, the specular spot is located directly on the semi-circle
at higher incidence angles, e.g. αi = 1.4° which allows the image recording without a
beamstop. Both findings clearly indicate that the scattering features are surface scattering
effects rather than scattering from within the material.

Other features can be identified in the scattering pattern, such as satellite rings and
diffuse Bragg sheet-like structures, which are affected by many structural features such as
the line sidewall angle, line roughness, stitching pattern of the electron beam lithography
machine,[115,214,224,225] and others, and are investigated in more detail in Section 4.2.
In this context it is sufficient to say that these additional features have no significant
influence on the determined correlation lengths of CD and G.

The detector coordinates are converted to the qz-qy coordinate system by the corres-
ponding geometric and experimental parameters. The relevant component for lateral
structure information is qy (Section 2.4). For the averaging of the I(qy) profile, Fig. 4.3b,
a ring-shaped mask with a radial width of 12 px around the Ewald sphere intersection
is applied to the GISAXS pattern. For each pixel position along θf, the average value
of counts inside the masked area in the corresponding column is calculated. The I(qy)

profile is convoluted with a Hann window function, Eq. (2.49), to mask the beamstop
and the margins of the profile. A Fourier transform, see Section 2.6 is applied to the
resulting I(qy) profile (solid line in Fig. 4.3b) to determine the PSD from the absolute
square of the Fourier amplitude. This has been implemented according to Eq. (2.47) by
a DFT of the N data points of the extracted I(qy) profile for each equidistant position
qy(n) = n qy0 on the detector as

FDFT(ξ) =
N

∑
n=0

In(n qy0) e−i 2πξ n qy0 (4.3)

PSD(ξ) = |FDFT(ξ)|2 . (4.4)

The resulting PSD profile is expressed in terms of the signal frequency ξ, which is directly
proportional to the real-space correlation lengths dcorr = 2πξ that contributes to the
scattering pattern.

The PSD as a function of the correlation length is displayed in Fig. 4.3c. Three distinct
peaks are visible in the spectrum and are each fitted by a Gaussian function f (dcorr) =

A0 exp
(
− [dcorr − dcorr,i]

2 /σ2
i

)
to determine the centre position dcorr,i and the width σi.

The first peak in Fig. 4.3c is located at a centre position of dcorr,1 = 256 nm with a width
of σ1 = 12 nm, the second and third peak are at dcorr,2 = 576 nm and dcorr,3 = 833 nm
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Figure 4.3 | GISAXS
analysis method. (a)
GISAXS pattern of beam
orientation parallel to
grating lines; αi = 0.8°,
Eph = 6 keV. (b) Extrac-
ted I(qy) profile along
the intersection of the
Ewald sphere and GTRs
in (a) as a function of
qy. For averaging, each
column within a ring of
12px width around the
semi-circle is averaged
column-wise for each
corresponding qy. (c)
PSD of the I(qy) pro-
file. Black solid lines rep-
resent peak fits using
Gaussian functions. Dot-
ted vertical lines indic-
ate the nominal lengths
of grating pitch P, crit-
ical dimension CD and
groove width G.
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with peak widths of σ2 = 13 nm and σ3 = 7 nm, respectively. Comparison with nominal
grating parameters of critical dimension and groove width, indicated by dashed vertical
lines in Fig. 4.3c, show close agreement of peak positions and nominal parameters
within the widths of the peaks. It has to be noted that the abscissa of each PSD shown
here has been scaled by a factor very close to 1 (deviation below ±0.01) to facilitate
the coincidence of the third peak centre and the grating pitch P = 833 nm. This was
necessary because of the still relatively large uncertainty of Ls in the range of 50 mm
during these measurements, as explained in the previous section. Consequently, the
independent information on the pitch of the grating is lost, but the reference value of
P = 833 nm has been verified in independent measurements by EUV scatterometry.*

This analysis procedure is applied to GISAXS scattering patterns of various grating
fields on the sample, which differ in their CD to groove width ratio CD/G at constant
grating pitch P and constant line height H. Depicted in Fig. 4.4 are PSDs of I(qy) profiles
from three different gratings, named A, B, and C. Vertical dotted lines indicate nominal
positions of CD and G. All spectra show a peak at around 833 nm, which is the grating
period. The peaks of CD and G are self-consistent in terms of CD + G = P and are in
agreement with the nominal grating parameters within their peak widths. Summarised
in Table 4.2 are nominal grating parameters and mean peak positions from PSDs of
different fields, measured at different photon energies of Eph = 6 keV, 8 keV and 10 keV.
The range values in Table 4.2 indicate the standard deviations of the corresponding mean
peak position. The nominal grating parameters are well within the standard deviations
of the peak positions.

Table 4.2 | Mean
grating parameters
obtained from PSD of
various GISAXS images
with corresponding
standard deviation.

critical dimension CD / nm groove width G / nm
field nominal experimental nominal experimental

1-4 A 292 292 ± 6 541 542 ± 9
1-4 B 250 249 ± 16 583 583 ± 16
1-4 C 208 214 ± 12 625 615 ± 10

Figure 4.4 | PSD versus
correlation length of
various grating fields
(A, B, C) with differ-
ent ratios CD/G at con-
stant grating pitch P and
constant line height H.
Dashed vertical lines in-
dicate the positions of
nominal values for CD,
G and P for the respect-
ive field as specified by
the manufacturer.
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* Dr. Frank Scholze, PTB workgroup 7.12, private communication.
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4.1.5 Validation by simulation using IsGISAXS
For the validation of the analysis process, scattering patterns of grating structures similar
to those under investigation are numerically simulated and analysed using the same
procedure as described for the experimental data in the previous section. The software
IsGISAXS[133] is a well-established tool for simulating GISAXS patterns, interference
functions, and form factors of structure models to solve Eq. (2.44). The program is most
useful for many sorts of correlated and uncorrelated particles on a substrate or buried in
a matrix. The construction of a reflection line grating structure has been implemented
here by box-shaped ruthenium particles on a ruthenium substrate (6 keV, refractive index
components δ = 6.236 × 10−5, β = 7.612 × 10−6, values from the X-ray database[90])
using a box width of 2R = 250 nm (Gaussian probability distribution σ(R)/R = 0.01),
a height of H = 26 nm (Gaussian probability distribution σ(H/R)/(H/R) = 0.01), and a
very extended length of 4000 × 2R. The peak position of the interference function is
chosen at D = 833 nm and a Gaussian probability distribution of 2 nm width. A certain
degree of disorder is introduced by a one-dimensional paracrystal particle distribution.
The calculations are carried out in the framework of DWBA with size-space coupling
approximation at λ = 0.207 nm and αi = 0.8°.

Depicted in Fig. 4.5a is the calculated GISAXS pattern of non-specular scattering.
GTRs as well as the Ewald sphere intersection can be observed. Small radial-symmetric
oscillations are faintly visible throughout the image on the logarithmic scale. These
are only numerical artefacts of the structure factor calculation due to the finite number
of discrete scattering angles in the simulation. Again, an I(qy) profile is averaged and
extracted along the semi-circle in the same way as before and the Fourier transform
is carried out. Figure 4.5b shows the resulting PSD of the simulated profile Fourier
transform. The three distinct peaks are fitted using Gaussian functions, the peak centre
positions are found at correlation lengths of 245 nm, 587 nm and 832 nm (peak width
σ = 9 nm in all cases). Comparison with simulation parameters for box width, groove
width, and pitch length of 250 nm, 583 nm and 833 nm (dashed lines), respectively, shows
close agreement of peaks and simulation parameters well within the peak widths. As
expected, the third peak appears very close to 833 nm without any scaling.

4.1.6 Energy series from 4.5 keV to 9 keV

The question for some general recommendations in regard to the selection of a photon
energy for the measurements remains. For that purpose, the DFT analysis algorithm
described in Section 4.1.4 is applied to test data of ideal I(qy) profiles in order to evaluate
the photon energy dependent characteristics.

The test data are sums of three cosine functions of the form

fcos(Nx, Eph) = cos
(

2π

CD
Eph Nx

)
+ cos

(
2π

G
Eph Nx

)
+ cos

(
2π

P
Eph Nx

)
(4.5)

as shown in Fig. 4.6a to emulate an idealised I(qy) profile analogous to Fig. 4.3b that
contains only the frequency contributions of the critical dimension, the groove width, and
the pitch of an ideal grating. The cosine periods in Eq. (4.5) correspond to CD=292 nm
and G=542 nm of grating field ‘A’ as listed in Table 4.2, respectively, and to the pitch
of 833 nm. The index of the independent variable Nx ∈ (1, 2, . . . , 800) represents the
equidistant data point index with the length of a typical I(qy) profile, e.g. Fig. 4.3b. The
arguments of the cosines also depend on the photon energy Eph to vary the q resolution
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Figure 4.5 | Simula-
tion of scattering by
a grating structure
using IsGISAXS with a
1D-paracrystal model.
(a) Calculated two-
dimensional GISAXS
pattern. (b) PSD of the
I(qy) profile that has
been obtained by av-
eraging and extraction
along the Ewald sphere
intersection. Vertical
dashed lines indicate
the model parameters
for the box width
2R = 250 nm, the inter-
ference function peak
position D = 833 nm

and the groove width
G = D − 2R = 583 nm.
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and q range while keeping the same number of data points in the same way as it is the
case for measured data profiles at fixed geometry as in Fig. 4.3. Consequently, the q
range probed increases and the q resolution per pixel decreases with increasing photon
energy, the former is obvious from the increasing profile length in Fig. 4.6a. Displayed in
Fig. 4.6b are PSDs of test data profiles at photon energies from 4.5 keV to 9 keV, obtained
by the same analysis algorithm that was used in the previous sections. Each PSD has
been normalised to the peak amplitude of the highest peak for better comparability. As
expected, the PSD peak positions are fully congruent with the corresponding cosine
function period CD, G, and P, respectively. The important point here is that the PSD peak
widths get narrower with increasing photon energy, which is clearly visible for all peaks
in Fig. 4.6a. This is due to the increased q range probed at higher Eph, which results in a
smaller bin size in DFT and thus in narrower peaks. However, the peak centre position
does not change throughout the photon energy variation, which is another validation of
the presented DFT-PSD analysis algorithm. Thus, the photon energy should be selected
has high as possible to obtain the narrowest PSD peaks possible due to the large q range
probed. At the same time, Eph must be low enough to allow for the clear separation of
adjacent GTR peaks on the detector. Otherwise, the q resolution per pixel is too low to
resolve the oscillation due to the pitch in the intensity profile and, thus, results in the
absence of a pitch peak in the PSD.

70



Large pitches: Discrete Fourier transform 4.1

Figure 4.6 | Test data
and corresponding PSDs
for different photon en-
ergies Eph from 4.5 keV
to 9 keV to evaluate the
influence of Eph on the
PSD peaks (data pro-
files and PSD were shif-
ted vertically for clar-
ity). (a) Test data consist-
ing of sums of three co-
sine functions, Eq. (4.5),
representing the oscil-
lation frequencies of
CD=292 nm, G=542 nm,
and P=833 nm (sample
A, Table 4.2) of the
I(qy) profile of an ideal
line grating, analogous
to Fig. 4.3b. The ab-
scissa Nx × Eph of the
data point index Nx ∈
(0, 1, . . . , 800) multiplied
with Eph is proportional
to qy in Fig. 4.3b. (b)
PSDs of the test data.
Dashed lines indicate
the input parameters
CD, G, and P.

4.1.7 Rotation around the surface normal vector
Another set of GISAXS measurements has been performed by the rotation of the gratings
around the surface normal vector close to the parallel orientation of grating lines from
ϕ = −2.50° to 2.50°, which is similar to powder-diffraction averaging. Depicted in Fig. 4.7
are measured GISAXS patterns of different azimuthal orientations, more specifically at
the maximum distortion angles of ϕ = 2.50°, Fig. 4.7a, and ϕ = −2.50°, Fig. 4.7b. GTRs
are aligned along a hyperbola due to the geometric distortion, their positions can be
calculated in the same framework as for perfect parallel alignment.[264] Figure 4.7c shows
the superposition of all 101 individual GISAXS images for each angle in the rotation
range ϕ using a step width of Δϕ = 0.05° at Eph = 6 keV and αi = 0.8°. As a result of the
superposition, horizontal Bragg sheets parallel to qy and periodically repeated along qz

become visible. This is again a surface scattering effect, which can be seen by the intensity
distribution of the sheets well below the critical angle of αc = 0.66° down to the sample
horizon. Each individual image represents the scattering pattern of a well-ordered system
with the same shape. Hence, the periodicity of Bragg sheets represents the form factor
and is primarily a measure of the morphological parameter of line height H.* It may
be noted that the superimposed image in Fig. 4.7c can equivalently be described by
scattering from an effective surface layer of width H without the presence of refraction

* The qz modulation of the Bragg sheets is also influenced by other structural features such as side wall
angle, roughness, etc., but these contributions are usually minor and can be disregarded here.
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Figure 4.7 | GISAXS of
the azimuthally rotated
grating close to parallel
orientation (ϕ = 0°), re-
corded at Eph = 6 keV,
αi = 0.8°. GISAXS
patterns at (a) ϕ =
2.50° azimuthal angle
and (b) ϕ = −2.50°.
(c) Superposition of 101
individual GISAXS im-
ages, each rotated by
Δϕ = 0.05° with re-
spect to its predecessor
in the range of ϕ =
−2.50° to 2.50°. The
white box indicates the
averaging range of the
extracted vertical intens-
ity profile I(qz) shown
in (d). The profile has
been fitted by a Bessel
function of first order
(black solid line) to de-
termine a grating line
height of H = 27.3 nm.
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for the same reason as described above. The box in Fig. 4.7c indicates the range of the
averaged and extracted I(qz) profile, which is displayed in Fig. 4.7d. The intensity of
the profile along qz is averaged horizontally inside the box. The I(qz) profile has been
fitted by a Bessel function of first order of the form J1(x)/x (black solid line in Fig. 4.7d)
to account for the form factor of the set of scattering images. A Bessel function of first
order is the Fraunhofer diffraction pattern of a circular aperture (Airy disk) and is used
as a form factor model. A height of H = 27.3 nm has been determined from the period
of the functions, which is close to the nominal etching depth of 26.6 nm as stated by the
manufacturer.
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4.2 Intermediate pitches from 100 to 300 nm: Fourier
amplitude fitting using Tikhonov regularisation

After the rather large structure sizes of the previous section, which are challenging
especially in terms of q resolution, the focus is now on ‘real’ nanostructures around and
below 100 nm. Such structures possess a high relevance in science as well as in industrial
applications. Consequently, the reliable and accurate dimensional characterisation is
crucial for any field of interest. One of the main driving forces in industrial applications is
the semiconductor industry, in particular the extreme ultraviolet (EUV) photolithography
for next-generation wafer patterning at a wavelength of around 13 nm (Eph ≈ 90 eV). The
International Technology Roadmap for Semiconductors (ITRS),* the common research
strategy paper of the world-leading semiconductor industry associations, identifies the
development and advancement of suitable dimensional metrology beyond the current
22 nm device fabrication process step as one of the key challenges in future technology
development. Such nanometrology tools must offer non-destructive measurements within
a short time that can be used in-situ along the fabrication line and with single-digit nm
accuracy,[117,134] for example for mask inspection. Surface scattering techniques such as
GISAXS and (E)UV scatterometry offer fast and non-invasive measurements of structural
parameters in the nm range, which fulfils some of the core requirements of industrial
EUV lithography tools. Thus, on the one hand, it is important to study the techniques
themselves as tools for dimensional nanometrology of the critical dimension (CD) of
structures, e.g. in terms of accessible parameters and uncertainties. On the other hand,
GISAXS and scatterometry can be applied to analyse and improve the fabrication process
of nanostructures, e.g. in electron beam lithography.

The work presented in this section continues to deal with the determination of struc-
tural grating parameters such as CD, G, H, and P by direct GISAXS data analysis, thus
circumventing the postulation of a specific form factor for the line shape, as before.
With decreasing structure size, the number of GTRs intersecting the Ewald sphere also
decreases. Moreover, the measurements presented here have been recorded using the
in-vacuum PILATUS 1M detector, which exhibits discontinuities in the intensity profiles
extracted along the intersection due to gaps between detector modules. Both conditions
necessitate a different Fourier analysis method, in particular because DFT fails in the
case of a non-uniform data distribution, as discussed in Section 2.6. Instead, the direct
GISAXS data analysis method of Fourier amplitude fitting using Tikhonov regularisation
is developed and implemented in this section.

Parts of this work were published in V. Soltwisch, J. Wernecke, A. Haase, J. Probst,
M. Schoengen, M. Krumrey and F. Scholze: ‘Nanometrology on gratings with GISAXS:
FEM reconstruction and Fourier analysis’, Proc. SPIE vol. 9050. (2014), p. 905012.

* http://www.itrs.net
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4.2.1 Project framework and samples
The GISAXS measurements and analysis were embedded in the framework of the
European Metrology Research Programme (EMRP) IND17 Scatterometry project ‘Met-
rology of small structures for the manufacturing of electronic and optical devices’. The
main goals of this Joint Research Project are

• the development of advanced scatterometry from deep ultraviolet (DUV) to X-ray
wavelengths with the goal of traceability in dimensional measurements of sub-μm
and nm-sized surface structures;

• the further development of high resolution SEM and AFM by establishing traceabil-
ity and pitch measurements over long ranges with sub-nm accuracy;

• the comparison of dimensional parameters obtained using AFM, SEM and scattering
techniques (DUV, EUV, GISAXS);

• the improvement and development of algorithms for the data evaluation and
numerical modelling of the inverse problem in scattering; and

• the development of scatterometry reference standards, in particular with the per-
spective of a common ‘golden reference standard’ for scatterometry, AFM, and
SEM.

The samples were prepared at the Institute for Nanometre Optics and Technology*

of the HZB. The sample layout, see Fig. 4.8, was optimised to support the different
measurement systems and their individual requirements. For the GISAXS experiments,
a grating field of (15 × 1) mm2 was prepared via electron beam lithography, the grating
lines are aligned in the direction of the longer axis. This allows to fit the full beam
footprint onto the grating structure to prevent the occurrence of scattering from the
blank substrate. The silicon substrate was spin coated with ZEP520A,† a positive electron
beam resist. Electron beam lithography was performed using a Vistec EBPG5000+,
which operates at an electron acceleration voltage of 100 kV. After resist development,
the grating was etched into the silicon substrate using reactive ion etching, using the
etching gases SF6 and C4F8. This etching process was thoroughly optimised beforehand
with regard to an optimal sidewall angle, surface and line edge roughness as well as
a high selectivity between silicon substrate and resist. Finally, the remaining organic
polymer resist was removed by an oxygen plasma treatment. Different samples with
pitches ranging from 50 nm to 250 nm and critical dimensions from 25 nm to 150 nm were
fabricated. The notation of the samples follows the scheme ‘Px/CDy’, where x denotes
the grating pitch P in nm and y the CD in nm.

GISAXS measurements were carried out at the FCM beamline in conjunction with
the HZB SAXS instrument and the in-vacuum PILATUS 1M detector as described in
Chapter 3. In addition, XRR measurements were performed at the SX700 beamline in the
PTB laboratory at BESSY II.[213,214] The SX700 beamline is a bending magnet beamline
using a plane grating monochromator that covers a photon energy range from 35 eV to
1850 eV. The beamline is primarily used for EUV reflectometry and scatterometry.

* contact: max.schoengen@helmholtz-berlin.de, juergen.probst@helmholtz-berlin.de. † commercial product
of ZEON Corporation, Japan
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Figure 4.8 | Scheme
of the sample layout.
The grating lines inside
the horizontal bar with
a length of 15mm is
used for GISAXS meas-
urements. The sample
contains a large num-
ber of position markers
for other measurement
methods, such as AFM.

4.2.2 GISAXS data analysis
The previously shown approach of DFT analysis of the I(qy) profile along the semi-
circular intersection of Ewald sphere and reciprocal grating representation becomes
unstable here for several reasons: (i) As the structure sizes decrease, the spacing between
the diffraction order increases. Consequently, the signal extracted from the detector
image contains fewer periods, which results in less pronounced peaks in the DFT-PSD.
(ii) The GISAXS images were recorded using the in-vacuum PILATUS 1M detector, which
consists of 10 individual detector modules, as described in Section 3.5. The gaps between
the detector modules cause discontinuities in the extracted I(qy) profiles. In other words,
the signal to be analysed is non-uniformly distributed. DFT, however, requires uniformly
binned data for a correct transformation (Section 2.6).

The impact of the first issue can only be minimised by an increase in photon energy
and/or incidence angle. Upper limits are imposed by the loss in q resolution at photon
energy increase, i.e. largest correlation length to be resolved, and by the total qy range
that is possible to cover with the detector area. The detector gaps could be bridged
by recording images in the same scattering configuration, but at different vertical and
horizontal positions of the detector. The two images are brought in congruence and the
resulting ‘stitched’ image is free of horizontal gaps, provided the vertical displacement
distance exceeds the gap height. While this approach is useful and easy in many
cases, it is error-prone or not applicable when the scattering pattern changes due to
beam fluctuations, sample degradation or when a large number of images has to be
recorded. For this reason, a different frequency analysis method is implemented here
that can handle non-uniformly spaced data. This is realised by a best fit optimisation
of the amplitudes of a finite basis of Fourier coefficients with the help of Tikhonov
regularisation.[236] The implementation of the method is described in detail in Section 2.6.
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4.2.3 XRR results of line height and capping layer thickness

XRR measurements on the grating lines and on a structureless region of the samples
were carried out to determine the height of the grating lines and the thickness and
composition of the capping layer. The measurements were performed at the SX700
beamline, which gives access to photon energies around the oxygen K-absorption edge
at 543.1 eV and also to the target wavelength of 13.4 nm (92.5 eV) of EUV lithography.
Measuring the reflectance in resonance around the oxygen K-edge enables the separation
of the silicon substrate and a silicon oxide layer as well as to identify small carbonaceous
contaminations due to the significant change in the optical constants of the SiO2 at the
absorption edge.[129]

For the characterisation of the capping layer, several XRR scans at five different photon
energies from 530.0 eV to 551.6 eV were carried out on a featureless substrate region of the
sample P250/CD100, the curves are displayed in Fig. 4.9a. All reflectance curves (solid
lines) were simultaneously fitted using common parameters for thickness and roughness
by the Parrat formalism analogous to Eq. (2.36) with Névot-Croce roughness[170,190,203]

and a two-layer model (contamination layer – silicon oxide layer – silicon substrate). As
best fit values, a carbonaceous contamination layer thickness of 0.3 nm and a silicon oxide
layer thickness of 5.4 nm was obtained. The oxide layer thickness (also confirmed by
scatterometry[59]) is considerable, given that a natural oxidation layer on top of a silicon
substrate usually has a thickness of around 1 nm. XRR measurements on substrates from
different stages of lithographic treatment clearly showed that a thick oxide layer occurs
after the final step of residual resist removal by oxygen plasma etching. The oxygen
plasma also causes an increased oxidation of the silicon, especially because of the large
surface area of the lines.

XRR measurements on the lines of the P250/CD100 grating, Fig. 4.9b, show the typical
oscillations due to constructive and destructive interference of reflections from the top
and the bottom of the grating lines. The period length of Δqr = 0.055 nm−1 corresponds
to a real-space correlation length 2π/Δqr of 114 nm, which can be identified as the line
height.

4.2.4 GISAXS grating parameter determination

GISAXS measurements at photon energies ranging from 3 keV to 10 keV were performed
at the FCM beamline. Scattering images were recorded using the in-vacuum PILATUS 1M
detector mounted on the HZB SAXS instrument. The sample-detector distance Ls was
determined by observing the specular spot positions at different incidence angles and
at a large number of detector positions, monitored by Heidenhain optical encoders
with μm-precision as described previously. In this way, a sample-detector distance
of Ls = (3221 ± 10)mm was determined. In conjunction with the pixel size Lpx of
(172.1 ± 0.2) μm, see Section 3.5.3, the conversion from units of horizontal detector pixel
pitch to the change in qy per pixel can be determined to

Δqy|px =
2πe
hc

Eph
Lpx

Ls
. (4.6)

With the relative uncertainties of the sample-detector distance u(Ls)/Ls = 3 × 10−3, the
pixel pitch u(Lpx)/Lpx = 1 × 10−3 (Eq. (3.4)), and the photon energy u(Eph)/Eph = 0.08 × 10−3
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Figure 4.9 | XRR measurements on a sample, carried out at the SX700 beamline. (a) Reflectance data
(dots) and fits (lines) using common parameters for layer thickness for photon energies close to the
oxygen K-absorption edge. The high scattering contrast at the absorption edge enables a separate
thickness determination of a SiO2 capping layer (5.4 nm) and a carbonaceous contamination layer
(0.3 nm). (b) Reflectance curve measured at Eph = 92.5 eV on the lines of the P250/CD100 grating. The
oscillation period Δqr results from the top and bottom surface interference and corresponds to a line
height hT = 2π/Δqz of 114 nm.

(Table 3.2), the relative uncertainty of Δqy|px yields

u(Δqy|px)

Δqy|px
=

√
Σi

(
u(pi)

pi

)2

= 3.3 × 10−3 . (4.7)

Displayed in Fig. 4.10 are two typical GISAXS images (a) of the P100/CD50 grating and
(b) of the P250/CD100 grating in parallel orientation of incident beam and grating lines.
In addition to the semi-circular Ewald sphere intersection with the GTR orders as the main
feature of the detector images, many other diffuse scattering features are visible. These
features are highly complex and are strongly correlated with the specific morphology of
the grating, i.e. top/bottom corner rounding, sidewall angle, capping layer, CD, etc. This
cannot be assessed by simple Fourier analysis or geometric considerations, but must be
systematically analysed by full two-dimensional modelling using arbitrary form factors
for the line cross section, as described briefly in the outlook.

Coming back to a direct analysis of the GISAXS patterns, the intensity profile along the
semi-circular intersection of Ewald sphere and GTR in the scattering patterns is extracted
and converted from pixel coordinates to qy coordinates according to Eq. (4.6). As before,
the goal of the analysis is to determine the frequencies that are present in the oscillating
intensity profile as shown in Fig. 4.11a and Fig. 4.12a. These frequencies correspond to
characteristic scattering lengths, i.e. pitch P and critical dimension CD. Again, this is
done by Fourier analysis of the extracted intensity profile. But, as initially discussed, a
standard DFT is not possible here due to the discontinuities in the signal originating
from the gaps between neighbouring detector modules.

The implemented method of Fourier amplitude fitting using Tikhonov regularisation is
described in detail in Section 2.6. As explained there, the basis forms a coefficient matrix
Â containing the Fourier coefficient amplitudes, the vector �y of the GISAXS I(qy) data,
and the coordinates of the Fourier transform space, termed �x in Eq. (2.53). The equation
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Figure 4.10 | GISAXS
images of (a) P100/CD50
and (b) P250/CD100
gratings in parallel
orientation of incident
beam and grating lines.
Both images are dis-
played using the same
scaling of qy and qz for
better comparability.
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(cf. Eq. (2.51))
Â�z −�y ≈�0 (4.8)

is solved, i.e. best-fit optimised, by Tikhonov regularisation and least-squares optimisation
to obtain the solution vector of the Fourier amplitudes �z. The optimal regularisation
parameter hT of all examined profiles is determined by the L-curve (cf. Fig. 2.16) to
hT = 0.11. ÂhT and �z represent the best fit of the intensity profile by the finite Fourier
series. Displayed in Fig. 4.11a is the measured intensity profile (black dots) of the
P100/CD35 grating along with the reconstruction from the optimised Fourier coefficients
(blue line). The Fourier reconstruction is in close resemblance with the data.

Figure 4.11b shows the squares of the amplitudes of the Fourier coefficients. i.e. the
elements of�z, which are equivalent to the PSD of the intensity profile. Green dots indicate
the amplitudes of the sine coefficients, orange dots that of the cosine coefficients and
the colour-shaded area is the sum of the two parameters. It can be seen that PSD peaks
appear mainly due to the cosine amplitudes. The abscissa of the PSD has been converted
from Fourier space frequencies fF to real-space correlation lengths Λ by

Λ = fF × 1
Ndata Δqy|px

. (4.9)

A characteristic peak is found at Λ = 99 nm, which corresponds to the nominal pitch of
the grating. Two smaller peaks, indicated by arrows, appear at 32 nm and 68 nm, which
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can be identified as CD and G, respectively. The influence of the regularisation parameter
hT on the pitch peak position has been controlled. A variation of hT within a numerically
meaningful range of 1 × 10−5 to 2 resulted in no detectable shift of the peak position,
which means that the corresponding uncertainty is well below 1 nm. This example of a
grating with incommensurable CD and G illustrates that the GISAXS Fourier analysis is
capable of a simultaneous and consistent determination of pitch, critical dimension, and
groove width from a single image. The same procedure is applied to the GISAXS data of
other gratings.
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Figure 4.11 | Fourier analysis of the P100/CD35 grating. (a) Extracted intensity profile along the Ewald
sphere intersection (black dots) and reconstruction of the signal using the best fit Fourier coefficients
(blue line). (b) PSD of the reconstructed profile as a function of correlation length. The colour-shaded
area indicates the sum of the squares of sine coefficient amplitudes (green dots) and cosine coefficient
amplitudes (orange dots). Arrows indicate positions of characteristic correlation lengths that can be
attributed to CD, G, and P.

In principle, the relative uncertainty of the PSD peak positions is determined by
the uncertainty of the conversion from pixel to nm−1 and should thus be 3.3 × 10−3 in
accordance with Eq. (4.7). However, the relative variations of the PSD peak positions for
different data sets on the same grating structure were within a range of ±2 × 10−2. This
value can be seen as an upper limit estimate of the uncertainty of the determined PSD
peak positions.

Displayed in Fig. 4.12 are the same plots as in Fig. 4.11 of the I(qy) data and optimised
Fourier coefficients as well as the corresponding PSD of the P250/CD100 grating. The
pronounced peak at 250 nm can be identified as the grating pitch. A broad peak is visible
at a centre position of 119 nm. From the nominal values, two peaks at around 100 nm
and 150 nm corresponding to CD and G would be expected. It remains unclear whether
the broad peak is a superposition of both correlation lengths or the result of an erroneous
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lithographic writing process. The position and width of the peak could be reproduced in
a range of different GISAXS images recorded at different incidence angles and photon
energies. Results from other measurement methods are not available to date.
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Figure 4.12 | Analogous to Fig. 4.11 for the P250/CD100 grating. (a) Intensity data profile (black
dots) and reconstruction (blue line). Only a part of the profile is shown to improve the visibility. (b)
PSD of the reconstruction, i.e. squares of sine-coefficient amplitudes (green dots), cosine-coefficient
amplitudes (orange dots) as well as their sum (colour-shaded area). The arrows indicate the PSD peaks
that can be associated with CD and P.

4.2.5 Stitching period of electron beam lithography
Close examination of the GISAXS patterns, e.g. in Fig. 4.10, shows a large number of faint
‘satellite orders’ around the semi-circular main structure, which are located around the
same origin, but with different radii. The radius of the Ewald sphere in qy on the detector
is only determined by Ls tan αi, i.e. only by two geometric parameters. The satellite rings
are by far too wide-spread on the detector to originate from a possible divergence in the
incidence angle or from the difference in Ls at both ends of the extended beam footprint
on the sample. Both has been excluded by measurements: The former by observation of
a sharp specular reflection spot, the latter by shifting the sample or the detector along
the axis of the incident beam. Moreover, the occurrence of such effects would not result
in sharp satellite rings with well-defined radius variations, but rather as a smearing of
the main semi-circle.

GISAXS detector images map not only the qz-qy plane, but cover also a small range in
qx, as illustrated by Eq. (2.15). In the typical GISAXS configuration of several metres of
distance between sample and detector and in the keV range, this change in qx can usually
be neglected as there are no distinct features present in the corresponding correlation
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length range. However, if a GISAXS detector image recorded in parallel orientation such
as the one shown in Fig. 4.10a is plotted as a qx-qy intensity map as shown in Fig. 4.13
(note the scale of qx in comparison to qy), it becomes apparent that the satellite orders
are caused by a qx modulation. The semi-circles are transformed to horizontal lines that
are equidistantly spaced along qx.* The vertical spacing Δqx of the lines corresponds
to a real-space length of 4.52 μm. A review of the writing process of the electron beam
lithography machine revealed that the sample structure (Fig. 4.8) is generated by nano-
structuring within areas of nominal (4.5 × 4.5) μm2 that are joined line by line. Hence,
the subtle changes from tile to tile cause a periodic modulation of the structure on the
μm range. This is an instructive illustration of the different q ranges that are mapped
with GISAXS at the same time. The periodicity in qy of such a large structure is well
beyond the resolution limit of the experimental setup, but the much smaller change in
qx in the order of 10−3 nm−1 along the detector gives direct access to the size regime
without additional image recording or geometric changes. Moreover, the writing area
size is a parameter that is not so easily obtained by other methods and it is new and
valuable to know that it has a noticeable influence on the scattering, which is important
for the design of optical devices, for example.

Figure 4.13 | qx-qy plot
of a ‘typical’ GISAXS qz-
qy map such as the
one shown in Fig. 4.10a.
Please note the differ-
ent scales of qx and qy.

* The horizontal spacing Δqy of the maxima still corresponds to the pitch of 100 nm, of course.
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4.2.6 Outlook: FEM reconstruction
Fourier analysis of the data has the advantage of yielding directly information on the
structure factor, such as P and CD, without the need to introduce a complex and in detail
not easily obtainable form factor of the grating lines. However, this limits the analysis
to a small set of grating parameters. For a fundamental understanding of the rich set
of features of the GISAXS patterns of gratings, e.g. visible in Fig. 4.10, as well as for
the perspective of GISAXS as an advanced nanometrology tool in the next-generation
microelectronics technology, it is of high interest to include a larger set of structural
parameters. Consequently, the inverse problem needs to be solved by modelling of the full
2D scattering pattern (Section 2.4). The most common approach in GISAXS modelling
is the semi-kinematic DWBA[94,192,208,220] which takes multiple scattering effects into
account. A drawback of this approach is the limitation to analytically describable
form factors, such as spheres, cylinders, trapezoids, boxes, etc. In the case of arbitrary
shapes, an elaborate density slap model has to be implemented. For this reason, a
different technique can be applied, which is the rigorous simulation of the electric
field distribution of radiation scattered by an arbitrarily structured surface by solving
Maxwell’s equations. This is implemented by using the finite element method (FEM)
Maxwell solver JCMsuite,[31] which incorporates a highly customisable cross-section
shape, automatic computation of first- and second-order parameter derivatives, and fast
algorithms for solving time-harmonic Maxwell equations.

The solver allows arbitrary form factors, which are constructed in a mesh grid. Fig-
ure 4.14 shows a typical mesh grid scheme for a line cross section. The form factor and,
thus, the FEM reconstruction accounts for six structural parameters: Critical dimension,
line height, sidewall angle, top corner radius, bottom corner radius, and thickness of an
oxide capping layer.

Figure 4.14 | A typ-
ical mesh layout used
for FEM simulation of
GISAXS pattern of a line
grating.

First reconstructions in GISAXS geometry showed good agreement with the nominal
values as well as with the Fourier analysis results.[25,224,225] The extensive study of the
influence of changes to the model in terms of different parameter variations, e.g. corner
rounding, line space/width roughness, and over-etching, is currently in progress to
ultimately explain the entirety of different scattering features as well as to promote
GISAXS as a high-throughput single-shot nanometrology tool, for example for EUV
lithography wafer inspection.
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4.3 Small pitches below 50 nm: Grating Truncation Rod
distances

The gratings presented so far have been created by electron beam lithography and sub-
sequent selective etching into the material. Another method of creating grating structures
in the nanometre size regime is self-assembly of block copolymers (BCPs).[2,47,81] The
emerging field of block copolymer lithography[10,47,79,80,82,180,226] strives to provide a
broad tunability of shapes and compositions on length scales from a few to hundreds of
nanometres at lower cost compared to conventional top-down techniques.

In this section, the first traceable GISAXS measurements are presented, demonstrated
on a self-assembled BCP thin film grating with a nominal pitch of 25 nm. Only a few
GTRs are intersecting the Ewald sphere at this pitch size, which makes a Fourier analysis
by DFT or Tikhonov regularisation impossible and unnecessary. Instead, the ‘manual’
determination of GTR distances is carried out as a third variant of direct parameter
determination of grating structures.

Parts of the work presented in this section were published in J. Wernecke, M. Krumrey,
A. Hoell, R. J. Kline, H.-k. Liu and W.-l. Wu: ‘Traceable GISAXS measurements for pitch
determination of a 25 nm self-assembled polymer grating’, J. Appl. Cryst. 47. (2014),
pp. 1912–1920.

4.3.1 Analysis method and validity
The grating pitch P can be extracted directly from GISAXS data without any semi-
kinematic or dynamic modelling. Thus, for small angles, the grating pitch P can be
determined in this simple picture by the grating equation, which is equivalent to the
structure factor of a grating in reciprocal space[120,264]

P =
nλ

2 cos ϕ sin(θf)n
. (4.10)

The wavelength λ and the azimuthal scattering angle (θf)n of the n-th order GTR can
be expressed by the actual experimental input parameters photon energy Eph, sample-
detector distance Ls, detector pixel size Lpx, and GTR distance dGTR. Equation (4.10) can
then be written as

P =
me h c
Eph

1

2 cos ϕ
dGTR Lpx

Ls

, (4.11)

which is suitable for establishing traceability.
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4.3.2 Materials and methods
Directed self assembly of a lamellar phase of polystyrene-poly(methyl methacrylate)
block copolymer (PS-b-PMMA) on a (25 × 25) mm2 silicon wafer was carried out via a
frequency quadrupling process by the following procedure:* A line grating template
with a nominal pitch of 100 nm was prepared using 193 nm water immersion lithography,
followed by the deposition of a neutralisation layer and a lift-off process. The PMMA
blocks were etched off and the resultant PS line gratings possess a nominal pitch of
25 nm. Details of the sample preparation can be found in the literature.[37]

The GISAXS measurements were performed at the FCM beamline using the MarCCD
X-ray area detector mounted on the HZB SAXS instrument as described in Section 3.2.
Traceability of the energy scale has been established as described in Section 3.2 with the
uncertainties listed in Table 3.2. Figure 4.15 shows the modified orientation and notation
of the laboratory, the reciprocal space, and the detector coordinate systems. Note that the
sample was mounted in an upright position to determine the GTR distances and pixel
size along the traceable vertical direction. As a consequence, the qz axis is parallel to the
horizontal detector coordinate dh to comply with the common orientation convention of
the (qx,qy,qz) coordinates.

Figure 4.15 | Modified
vertical GISAXS scat-
tering geometry. The
coordinates (x, y, z)
denote the laborat-
ory coordinate system,
(qx, qy, qz) the reciprocal
space coordinates, and
(dh, dv) the horizontal
and vertical detector
coordinates. The
enlargement shows
an illustration of the
self-assembled block
copolymer grating with
a nominal pitch P of
25nm.
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Traceability of the pitch determination using GISAXS is established by tracing all input
quantities of Eq. (4.11). Hence, the uncertainties of the sample-detector distance, the
azimuthal angular misalignment from parallel orientation, the pixel size, and the GTR
positions are discussed and evaluated in the next section. With these input parameters
and corresponding uncertainty contributions, the grating pitch can be determined in
a traceable way according to the Guide to the Expression of Uncertainty in Measurement
(GUM).[16]

* sample courtesy of J. Y. Cheng, IBM Almaden Research Center, CA.
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4.3.3 Establishing traceability of the input parameters

Sample-detector distance

The HZB SAXS instrument is equipped with a Heidenhain encoder to measure the
relative position of the detector along the xdet axis with μm precision, see Section 3.4
and Fig. 3.6. However, since the entire setup can be moved with respect to the beamline,
it is necessary to determine the offset distance Loff between the sample and the position
of the instrument to obtain the sample-detector distance Ls by Ls = Loff − xdet (xdet value
decreases with increasing sample-detector distance). This is achieved by triangulation
with the incoming X-ray beam. The incident beam is specularly reflected from the
sample surface and impinges on the detector at a designated position (dh,spec, dv,spec). The
vertical spot position dv,spec is determined for different incidence angles αi = 0.15° to 0.65°
and at different relative detector positions to cover an xdet range of 1.6 m. Displayed
in Fig. 4.16 are the measured spot positions (dots) for different incidence angles and
detector positions. Then, the data are grouped by incidence angle and simultaneously
fitted by linear functions that have individual parameters for the slope and a common
intersection point (Loff, dv,isp). The solid lines in Fig. 4.16 show the fit results. The
intersection point position Loff indicates the offset distance under the assumption that
the position of reflection on the sample surface is independent from αi and xdet, which
was verified by visual observation. From the resulting values Loff = (4621 ± 3)mm and
xdet = (1797.704 ± 0.005)mm, a sample-detector distance Ls of

Ls = (2823 ± 3)mm (4.12)

is obtained.
It has to be noted that the geometric footprint of the beam along the incidence direction

of V/tan αi with a vertical beam size of V = 0.3 mm is larger than the sample length of
25 mm. Hence, Ls is more precisely the distance between the sample rotation axis of αi

and the detector surface. Yet, the term ‘sample-detector distance’ is still used here as
it is the term that is the most familiar to most X-ray scattering users, but it should be
understood according to the above definition.
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Figure 4.16 | The ver-
tical reflection spot po-
sitions (coloured dots)
at different relative de-
tector positions and dif-
ferent incidence angles
αi were simultaneously
fitted by linear functions
with a common intersec-
tion point (solid lines).
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Care has to be taken that the sample height has to be properly aligned to the half beam
position at all times as small deviations can already change the sample-detector distance
by several millimetres. During the measurements, this can be controlled by a photodiode
at the direct beam position behind the sample, which should show half the signal of the
full beam diode current at an incidence angle of zero. Additionally, the position of the
specularly reflected beam on the detector has to be monitored during the measurements.

Misalignment from parallel orientation

A typical GISAXS pattern of parallel orientation of incident beam and grating lines is
displayed in Fig. 4.17. In GISAXS geometry, the symmetry of the pattern is very sensitive
to smallest deviations from parallel orientation.[153,253,264] Since a misalignment ϕ �= 0° as
shown in Fig. 4.18 would directly result in a distortion of the determined grating pitch by
a factor of cos(ϕ), it needs to be quantified for a traceable pitch determination. A series
of seven GISAXS images at a fixed photon energy of 10 keV and fixed incidence angle
of αi = 0.5° has been recorded for different azimuthal rotation angles from ϕ =−0.020°
to 0.010° around the parallel position at ϕ = 0°. Figure 4.18a shows the definition of ϕ

(analogous to the inset in Fig. 2.14), the GISAXS images at the lower and upper limits of
the rotation series are displayed in Fig. 4.18b and c.

Figure 4.17 | GISAXS
pattern in parallel align-
ment of lines and incid-
ent beam. The boxes
are defined to enclose
the grating truncation
rods (GTRs) (-3,. . . ,+3)
and the specular axis
(labeled as ’0’) without
truncating the rod or in-
cluding additional scat-
tering features. Within
each box, the intens-
ity weighted centre po-
sition of the GTR is de-
termined.
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The misalignment is evaluated by the following objective procedure: Boxes were
defined to surround each GTR as well as the specular axis on one of the GISAXS images
as shown in Fig. 4.17. The placement and dimensioning of the boxes follows two rules: (i)
The rod and diffraction spot must not be truncated and (ii) additional scattering features
must not be included in any image of the rotation series. After this initial placement,
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the boxes remain fixed in size and position for every rotation angle. Within each box,
a filter is applied to cut off the lowest 10 % of counts inside the box to remove the
detector background, cosmic radiation, and other weak irrelevant scattering features. A
preliminary test showed that the GTR position varied within 0.5 px for a filter threshold
between 5 % and 95 %. The effect of the filter on the GTR position is thus negligible.
The intensity-weighted centre position (dh,cp, dv,cp) of the GTR is determined for each
evaluated box to find the diffraction peak position.

detector

grating

lines

1400 1600 1800

750

1000

1250

1500

1400 1600 1800

(a)

(b) (c)

(d)

ϕ

d v
/

px

dh / px dh / px

Δ
x n

or
m

ϕ

Δxis = 0.006

Δϕ = −0.0003°

0.01

0

-0.01

-0.02

−0.02° −0.01° 0° 0.01°

�ki

Figure 4.18 | Evaluating the misalignment from parallel orientation of incident beam and grating lines.
(a) Definition of the azimuthal tilt angle ϕ. (b,c) GISAXS pattern of smallest and largest tilt angle −0.020°
and 0.010°, respectively. The boxes of GTRs ±2 (red) and GTRs ±1 (blue), as defined in Fig. 4.17,
indicate the regions used to determine the intensity-weighted centre positions of the GTRs, which is
indicated by the vertical line inside each box. (d) Plots of the horizontal top/bottom spot pair distances,
Δxnorm = dh(top)−dh(bottom)

dh(top)+dh(bottom)
, of GTRs ±2 (red) and GTRs ±1 (blue) as a function of ϕ. The intersection

Δϕ represents the misalignment from parallel orientation of beam and lines.

The misalignment was analysed via the diffraction peak positions dh,cp of the GTR
pairs ±2 (red boxes in Figs. 4.17 and 4.18b,c) and ±1 (blue boxes) and was determined
throughout the rotation series. Parallel alignment of grating lines and incident beam is
reached if dh,cp of both spots of a GTR pair (±2, and ±1, respectively) is equal, which
means dh,cp top − dh,cp bottom = 0. In order to compare both GTR pairs, the difference is

normalised by the sum of both positions, Δxnorm =
dh,cp top−dh,cp bottom
dh,cp top+dh,cp bottom

. The intersection of
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Δxnorm as a function of ϕ of GTR pair ±2 and ±1 yields the misalignment Δϕ as well as
the deviation from the perpendicular orientation of the sample surface and the detector
Δxis (Fig. 4.18d). The obtained values of Δϕ = −0.0003° and Δxis = 0.0006 illustrate that
the detector is well aligned in terms of incident beam and grating lines as well as qz

being parallel to dh at ϕ = 0°. Since cos (−0.0003°) deviates by less than 10−10 from unity,
the term can be neglected for the calculation of the pitch P and its uncertainty.

Pixel size

For the pixel size determination, the relation between the absolute length scale measure-
ment and the corresponding number of pixels on the detector needs to be established.[250]

For that purpose, the detector was shifted vertically along z1 and z2 (Fig. 3.6) in steps of
2 mm up to a total displacement of 8 mm (nominal values). GISAXS images, similar to
Fig. 4.17, using Eph = 10 keV and αi = 0.57° were recorded at each position and the real
displacement was measured using the Heidenhain encoders attached to both lifting axes,
the results are listed in Table 4.3.

Table 4.3 | Vertical de-
tector displacement po-
sitions, nominal values
and values measured
using the Heidenhain
encoders attached to
both lifting axes.

nominal value measured value
/ mm / mm

0.0 0.000
2.0 2.002
4.0 4.009
6.0 6.010
8.0 8.007

The beam footprint at this incidence angle is around 30 mm, which is longer than the
sample length. The uniformity of the GISAXS patterns and the GTR positions within
1 px has been verified by comparing images recorded at different sample stage positions
along both directions parallel to the sample surface. Moreover, a change of the horizontal
beam width from 0.3 mm to 1.0 mm did not cause any detectable changes of the GTR
positions on the detector. The measured displacement values are the mean of both
encoder readings, which had a relative standard deviation of ≤0.2 % in all measurements.
From each image, the relevant section containing the scattering pattern is extracted, i.e.
the full range for dv and from 1530 px to 1820 px for dh. The row-wise sum, i.e. along
dh, of every subimage is calculated, which results in five profiles Sk(dh), one for each
vertical detector position k = (1, . . . , 5) (Fig. 4.19a). For each pair [Sk(dv), Sl(dv)], i.e. 10
combinations, one of the two profiles is shifted with respect to the other along the dv

axis by Δs. The absolute difference between both profiles is calculated and summed
over dv, i.e. ΔSk,l(Δs) = ∑dv |Sk(dv + Δs)− Sl(dv)|. For a more convenient analysis, the
reciprocal of ΔSk,l(Δs) was calculated to yield maxima Δsmin,k,l instead of minima at the
offsets between the two vertical positions k and l, see Fig. 4.19b. The peak positions can
be determined with sub-pixel accuracy by fitting of Lorentzian functions of the form
f (x) = A0/π

1+( x−x0
σ )

2 + A1. The fitted position of a peak at x0 represents the position of

the least squares minimum, the amplitude A0 is used as a weighting factor. The offset
positions Δsmin,k,l of each pair are associated with the absolute length measurement of the
corresponding vertical displacement vk,l. The data points are fitted by a linear function
where each point is weighed by the peak amplitude A0. The slope of the fit function
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Figure 4.19 | Pixel
size determination.
(a) Exemplary vertical
profile Sk(dv) of the
vertical displacement
series. Each point of the
profile represents the
sum of counts within
the dh range from
1530px to 1820px.
(b) Reciprocal[
ΔSk,l(Δs)

]−1 of
the difference between
the profile Sk(dv) and
the shifted profile
Sl(dv + Δs) for all
combinations of vertical
positions k and l (dots).
The reciprocal values
of the ΔSk,l profiles
are used in order to fit
Lorentzian functions
(solid lines) to the peaks
for sub-pixel resolution
of the offset peak
positions.

yields the pixel size

Lpx = (79.2 ± 0.2)μm (4.13)

and the uncertainty is defined by the square root of the fit variance σ2. There might be
still some potential for a further reduction of the uncertainty by a larger dataset with
a wider vertical displacement range, however, this was not possible at the time of the
measurements due to technical constraints.

GTR asymmetry

Before the positions of the GTRs are determined, a detail needs to be discussed. A close
examination of the diffraction lines, especially the ones further away from the central
line as shown in Fig. 4.20, reveals their lack of symmetry. The intensity distribution
and symmetry of the intersection of GTRs with the Ewald sphere in grazing incidence
geometry is also governed by the form factor of the cross-sectional line profile, as
discussed in Section 2.5. Only the structure factor is evaluated by determining the GTR
positions in order to maintain traceability. Hence, the asymmetry, even though not
qualitatively evaluated by a form factor model, is accounted for. The additional scattering
features that can be seen in Fig. 4.17 and Fig. 4.18b are caused by superstructures within
the polymer film and can be disregarded for the pitch determination. It should be
also noted that the observed asymmetry of the diffraction intensity is not caused by an
asymmetric incident beam. The incident beam shape was found to be symmetric in a
short exposure time image of the attenuated direct beam.

The asymmetry of the GTRs causes a slight variation of the distance of a GTR from
the specular axis, depending on the GTR order. This can be assessed by calculating the
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pitches Pi from the individual GTR distances by

Pi =
hc

eEph

[
2 cos Δϕ

(
Lpx dGTR,i

Ls |i|
)]−1

,

with i ∈ {−3,−2,−1,+1,+2,+3},

and P =
1
Ni

∑
i

Pi,

(4.14)

instead of averaging the intensity-weighted centre positions of the GTRs and using
Eq. (4.11). A possibility to quantitatively evaluate the spot asymmetry is to record
scattering images at different azimuthal angles ϕ around the parallel alignment in small
steps, e.g. 0.002°. In this way, the GTR intersects the Ewald sphere at various distances
from the GTR centre with the most pronounced asymmetry close to the sample horizon.
Consequently, the peak intensity of the spot on the detector varies as a function of ϕ.
The position of maximum intensity yields the centre position of the GTR. While this
highlights the importance and the arising complexity of defining the ‘correct’ centre
position of the diffraction maxima, it should be noted that the asymmetry corrections
are usually minor. In the present case, as well as in most other cases of gratings with
well-defined line structures, the asymmetry correction was insignificant, that is, well
within the pitch uncertainty. When calculating P using either Eq. (4.14) or Eq. (4.11), a
relative deviation of only 2 × 10−5 is found, which is two orders of magnitude below the
final relative uncertainty of the pitch uncertainty.

Figure 4.20 | Asymmet-
ric shape of a GISAXS
GTR maximum.
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The goal is to calculate the pitch P from the distances of GTRs from the corresponding
specular axis, i.e. (0) in Fig. 4.17. The distance is determined by approximating the GTR
and the specular axis each by a linear function and calculation of the average distance of
these two lines along the scattering pattern. The GTR distances were evaluated in each of
the five images of the vertical displacement series (the same series that was used for the
pixel size determination, p. 88), the index k denotes the GISAXS image, k = (1, . . . , 5).
As before, the index i denotes the GTR order, i ∈ {−3,−2,−1,+1,+2,+3}.

The boxes around the GTRs and the specular axis were defined on each image as
illustrated in Fig. 4.17 and described in the paragraph on misalignment from parallel
orientation (p. 86). As before, a 10 %-threshold filter was applied to remove irrelevant
weak scattering features and background counts. Within each box, a sub-box with full
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height and a width of 5 px was moved horizontally along dh of the GTR box in steps of
5 px. At every position j of the sub-box, the vertical intensity-weighted centre position
inside the sub-box dv,cp(j) is determined. In this way, a trace of the GTR or specular axis
is created that follows the highest intensity along the rod. The trace is then approximated
by a linear function dv(j) = m j + n with j = (1, 2, . . . , Nj). The distance (dGTR,i)k of
the i-th GTR to the specular axis (mspec, nspec) of GISAXS image k is determined by the
arithmetic mean

(dGTR,i)k =
1
Nj

( Nj

∑
j=1

(mi − mspec) j + (ni − nspec)

)
(4.15)

and the corresponding square root of the variance (σ2
i )k is taken as the uncertainty of

(dGTR,i)k. The resulting five values (dGTR,i)k and (σ2
i )k for each GTR i are then used to

calculate the weighted arithmetic mean dGTR,i and the weighted variance σ2
i by

dGTR,i =
∑5

k=1(σ
−2
i )k (dGTR,i)k

∑5
k=1(σ

−2
i )k

,

σ2
i =

1

∑5
k=1(σ

−2
i )k

.
(4.16)

The resulting values are listed in Table 4.4.

GTR dGTR,i σGTR,i P
i / px / px / nm

−3 534.7 0.9 24.79
−2 355.8 0.1 24.83
−1 178.0 0.1 24.82
+1 178.2 0.1 24.79
+2 354.5 0.1 24.93
+3 533.5 0.3 24.84

Table 4.4 | Weighted
mean distance dGTR,i
and weighted standard
deviation σGTR,i of the i-
th GTR from the specu-
lar axis.

4.3.4 Traceable pitch determination
With the values and uncertainties for the photon energy Eph (Section 3.2), the sample-
detector distance Ls, Eq. (4.12), the pixel size Lpx, Eq. (4.13), and the GTR distances
(Table 4.4), the grating pitch P can be calculated according to Eq. (4.14). Note that the
misalignment term cos Δϕ has been completely neglected as it deviates only by 10−10

from unity. The pitch P is the average of the six pitches Pi of the six GTR distances
(dGTR)i. The combined standard uncertainty u(P) is calculated according to the Guide to
the Expression of Uncertainty in Measurement (GUM)[16] from the sum of absolute squares
of the uncertainty contributions of all constituting input parameters as shown in Table 4.5.
In this way, the pitch of the self-assembled block copolymer grating is determined in a
traceable way as

P = (24.83 ± 0.09) nm. (4.17)
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Table 4.5 | GISAXS pitch uncertainty contributions of the input quantities xi (normal distributions),
contribution uncertainty type (A or B) according to GUM, uncertainty components ui(xi), relative
uncertainty components ui(xi)

xi and estimated combined standard uncertainty uc(P) of the grating pitch
P = 24.83 nm.

input quantity xc type u(xi)
ui(xi)

xi
uc(P) / nm

photon energy Eph B 1 eV 0.1 × 10−3 0.002
sample-detector-distance Ls B 3 mm 1.0 × 10−3 0.025
pixel size Lpx B 0.2 μm 2.9 × 10−3 0.071
GTR distances dGTR A ≤0.87 px 1.6 × 10−3 0.040

Combined standard uncertainty u(P) 0.09

4.4 Summary
In this chapter, GISAXS and XRR have been applied for dimensional investigations of
grating structures in three different size regimes, ranging from large pitches close to 1 μm
down to pitches of only 25 nm. The main goal was to assess the general uncertainties in
GISAXS measurements and, thus, to establish traceability. This is an essential prerequisite
in the evaluation of structural parameter values obtained by GISAXS in general and
can serve as a starting point to validate model-based data anaylsis. The investigated
structures are of immediate relevance for the next-generation lithography industry, for
the characterisation of diffraction elements (Sections 4.1 and 4.2) as well as new materials
for nanopatterning itself (Section 4.3). The investigations help to further develop GISAXS
as an nanometrology tool suitable for such industrial applications.

While the presented PSD analysis methods are different for each size regime, the
fundamental principle is the same: The analysis of the GTR positional periodicities
directly from the GISAXS data, without reverse modelling of a form factor and a structure
factor. This circumvents the need to evaluate the ‘correctness’ of the chosen form factor
model and, thus, makes traceability possible. However, this comes at the cost of restricting
the analysis to structure factor related dimensional parameters.

Standard discrete Fourier transform of GISAXS I(qy) profiles from gratings with large
pitch close to 1 μm proved to be a suitable method to determine the critical dimension,
groove width and pitch. The results were also validated by analysing modelled GISAXS
data where nominal and determined structure sizes show close agreement well within
the peak widths. The photon energy series test data and measurements recorded using
the in-vacuum PILATUS 1M detector from 4.5 keV to 9 keV illustrated the interplay of q
resolution, q range, wavelength, and largest structure size that should be resolved. Even
though the q resolution increases with decreasing photon energy, the general advice
is to rather select the highest possible photon energy that still allows to resolve the
largest scattering features of interest, i.e. the lowest separation distance in q. In this
way, the q range is maximised, which is inversely proportional to the DFT bin size and,
consequently, generates sharper peaks in the PSD.

At intermediate pitches, the number of GTRs that intersect the Ewald sphere reduces.
Moreover, considerable discontinuities appeared in the extracted data due to the module
gaps of the PILATUS 1M detector. Both issues require a PSD calculation that is able
to cope with non-uniformly spaced data. The developed method of Fourier amplitude
fitting using Tikhonov regularisation fulfils these demands and is a straight-forward
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technique to determine CD, G, and P from a single exposure image. This is important for
high-throughput measurements, for example in lithography wafer inspection.

It was possible to establish the traceability of the GISAXS measurements with an
uncertainty below 0.1 nm for the sample system with the smallest nominal pitch of 25 nm.
Traceability was achieved by the uncertainty analysis of the contributing parameters:
sample-detector distance, detector pixel size, photon energy, and distance between the
grating diffraction orders. The predominant uncertainty contributions arose from the
geometric parameters sample-detector distance and pixel size. Once the grating was
aligned by observing the symmetry of the scattering pattern, the remaining very small
angular deviation Δϕ from parallel orientation could be completely neglected in the
uncertainty analysis as its magnitude is several orders below that of the other uncertainty
contributions. The analysis showed that the scattering spots of the GTRs have to be
carefully examined for possible asymmetries, which were also found in the GISAXS
images of the investigated sample. However, the imposed corrections were minor and
two orders of magnitude below the combined standard uncertainty of the pitch in the
present case. The presented basic experimental GISAXS uncertainty may be used as
an input parameter for more complex, but common GISAXS data analysis, e.g. within
the framework of DWBA modelling or for FEM Maxwell solvers. In this way, it might
become possible to establish the traceability of the larger set of structural parameters
obtained from the numerical modelling of GISAXS data.

Self-organised nanostructured BCP thin films, the material of the smallest grating
structures presented here, are not only interesting in lithography and for nanometrology.
With the foundation of a profoundly characterised GISAXS measurement setup together
with the currently unique capabilities of the in-vacuum PILATUS 1M detector of digital
image recording down to photon energies of 1.75 keV at the FCM beamline, advanced
measurement techniques for polymer thin film studies have become available. In the next
chapter, these extended capabilities and techniques are used to gain new insights in the
depth-dependent re-structuring of diblock copolymer films.
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5
Depth-resolved GISAXS using

contrast-matching at the Si K-edge

5.1 Introduction

BCP thin films forming self-organised nanostructures have been very attractive materials
in both science and cutting-edge applications for decades.[2,11,47,81,136] Such structures
offer a wide range of attractive applications, for example, in organic photovoltaics,[142] for
medical applications,[114] as nanostructuring templates of other materials,[148,149,171,180,233]

or even as sensors.[24] Polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) is a commonly
used material[139–141] that is a typical example of the class of block copolymers possessing
a large surface energy difference between the components.[110] It has been reported in
many studies that it forms well-developed self-organised nanostructures[82,202,233] which
can be controlled and changed by varying the environment such as addition of solvent,
concentration change, annealing, electric fields, vapour annealing, etc.[109,110,156,201,240,241]

However, despite the large number of reports on the variation of chemical and physical
process parameters, detailed studies of the structure along the thin film depth using
non-destructive techniques are scarce so far, due to the very limited number of suitable
measurement methods.

Understanding the characteristics of the self-organisation, for example after annealing,
is the key to control the shape of the nanostructures and tailor it to specific needs. This
requires tools to assess the film morphology in lateral and vertical directions in a non-
destructive way. GISAXS is a widely used and sometimes the only applicable technique
for such studies in polymer films.[34,135,158,163,228] Depth resolution can be achieved by
variation of the X-ray incidence angle around the critical angle of total reflection,[238] see
Eq. (2.18). Yet major difficulties arise from the strong scattering contribution of the film
interfaces.[175] Consequently, scattering induced by roughness, reflection from the film
substrate as well as multiple scattering occur and overlay the weak film scattering on the
GISAXS image.[135] The X-ray scattering contrast can be adjusted by varying the photon
energy around an absorption edge of a specific element,[174,230,247] see Section 2.1.2. In this
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way, it is possible to minimise the interface scattering effects by matching the scattering
contrast between the polymer film and the silicon substrate.[103,175,176] A major challenge
of this approach is that it requires GISAXS measurements to be performed around the
K-absorption edge of silicon at 1839 eV, which is impossible to reach for most digital
large-area X-ray detectors. Therefore, non-destructive X-ray investigations on the depth
structure of BCP thin films are so far restricted to the use of image plates,[175,176] which
have excellent imaging properties, but are time-consuming in handling and, consequently,
limit the amount of data that can be acquired. In principle, the same could be achieved
using hard X-rays and, for example, a gold substrate. But the critical angles at high
photon energy are much smaller (Eq. (2.9) and Fig. 2.1), which results in less precise
depth control, a much larger beam footprint, and possibly shadowing by surface undu-
lations or artefacts due to a curved surface within the large illuminated area. However,
combining GISAXS with advanced micro- and nanobeam instrumentation[130,197,198,209]

greatly reduces the problems of over-illumination and surface curvature due to a large
beam footprint. Invasive techniques, e.g. cross-section electron microscopy and plasma
etching, or techniques sensitive only to the surface, e.g. AFM, carry the risk of inducing
morphological changes during preparation or of missing relevant depth information.
An alternative for non-invasive polymer thin film investigations is grazing incidence
small-angle neutron scattering (GISANS). A number of depth resolved GISANS studies
on triblock[162,164,165] and diblock[150] copolymer thin films profit from the widely tunable
scattering contrast by deuteration of hydrogen bonds, but this requires a considerable
alteration of the sample preparation process. As drawbacks, the limited availability of
GISANS, long exposure times, low counting statistics, and low �q resolution have to be
mentioned. In this chapter, the contrast-matching X-ray pendant to the depth-resolved
GISANS studies is presented. While GISAXS does not offer the specific advantages of
neutrons such as deuteration and probing from the substrate side, it principally can be
performed more widely and circumvents most of the mentioned drawbacks.

Here, the structural changes in as spun and annealed PS-b-P2VP thin films on silicon
substrates were studied by depth-resolved GISAXS using contrast matching around
the silicon K-absorption edge at 1839 eV. The scattering images were recorded using
the in-vacuum PILATUS 1M detector at photon energies down to 1770 eV. Prior to
GISAXS, XRR was performed to determine the thickness and density of the film as
well as to observe the contrast matching. AFM on both samples was applied to obtain
complementary information on the surface structure before and after annealing.

The work presented in this section has been published in J. Wernecke, H. Okuda, H.
Ogawa, F. Siewert and M. Krumrey: ‘Depth-Dependent Structural Changes in PS-b-P2VP
Thin Films Induced by Annealing’, Macromolecules 47.16 (2014), pp. 5719–5727.

5.2 Materials and methods
The asymmetric block copolymer polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP)
purchased from Polymer Source* has a polydispersity index of Mw/Mn = 1.07, a PS volume
fraction of 0.5 and molar masses of Mw = 40 500 g mol−1 (PS block) and 41 000 g mol−1

(P2VP block), respectively. The polydispersity index Mw/Mn characterises the uniformity
of the distribution of chain lengths of a polymer, Mw denotes the mass average molecular
mass of a polymer and Mn is the number average molecular mass. The polydispersity

* http://www.polymersource.com
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index of a polymer is unity when all molecules have the same chain length, i.e. molecular
mass. PS-b-P2VP was dissolved in a toluene solution of 2 % mass fraction and spin-coated
at 2000 rpm for 30 s on cleaned commercial Si(100) wafers. The films were then annealed
at 60 ◦C for 24 h under vacuum to remove the residual solvent. The annealed sample
was kept at a temperature of 105.0 ◦C for 2 h, which is just above the glass transition
temperature of the PS-b-P2VP at 102.7 ◦C. The as-cleaned silicon substrate has a native
SiOx oxide with a thickness around 1 nm. No chemical modification of the substrate other
than cleaning in an ultrasonic bath, followed by a hot acid bath and thorough rinsing
was applied to the sample substrates. It has been reported[164] that the substrate surface
treatment influences the morphology of block copolymer thin films. In the present
case, the Si/SiOx interface represents a hydrophilic neutral wall[164] for the PS-b-P2VP
film, which means that the interface interactions of both blocks with the substrate are
similar and result in an expected perpendicular orientation of the microphase separation
structure.

GISAXS measurements were carried out using the PTB small-angle setup in conjunction
with the in-vacuum PILATUS 1M detector and the HZB SAXS instrument as described in
Chapter 3. A typical sample-detector distance of the presented GISAXS measurements is
3200 mm, which was determined by triangulation of the specularly reflected beam on
the sample as demonstrated in Section 4.3.3. Typical total exposure times of the GISAXS
data presented here are in the range of 30 s to 1200 s, depending on the photon energy
and the incidence angle.

AFM, see Section 2.7, provides height resolution on the atomic scale.[14,151] It is thus
a surface sensitive technique that probes real-space lengths, which is complementary
to the X-ray scattering methods. The AFM measurements presented in this work were
carried out by Frank Siewert* from the Institute for Nanometre Optics and Technology at
HZB.[252] The instrument used is a Bruker SIS-ULTRAObjective AFM with a (40 × 40) μm2

scanner on a PICOStation system using active vibration damping. The tips applied for
the measurements are silicon SPM sensor tips for the non-contact mode with a resonance
frequency of 190 kHz and a force constant of 48 J m−2. The tip is shaped like a polygon-
based pyramid with a height of 10 μm to 15 μm and the tip radius is less than 8 nm.
Therefore, the achievable lateral resolution is in the range of about 20 nm. After every
four scans, the tip was exchanged to avoid having the measurement be influenced by tip
wear. In addition to tapping-mode amplitude images of the topography, phase images of
the tip frequency phase shift were recorded. Phase images yield information on the local
stiffness and friction and, thus, on the spatial distribution of different materials.

5.3 Results

5.3.1 XRR measurements
In order to perform depth-resolved GISAXS under the scattering contrast-matching
condition, it is helpful to determine the optical constants, the film thickness, the surface
roughness, and the substrate interface roughness of the film. These values are then used
to calculate the intersection of the refractive indices of the polymer thin film and the Si
substrate, which is the contrast matching energy Ematch. The optical constants are also
needed for GISAXS intensity modelling, for example within the framework of DWBA,
to obtain the amplitude reconstruction of reflected X-rays. XRR measurements were

* contact: frank.siewert@helmholtz-berlin.de
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carried out on the as spun sample at different photon energies from 1770 eV to 3500 eV,
that is, close to the silicon K-edge as well as far away from it as shown in Fig. 5.1a. Since
the X-ray scattering contrast between both blocks of δ(PS)/δ(P2VP) = 1.1 is low, the inner
structure of the film is not visible. Consequently, the film is regarded as a homogeneous
film with an average density, which is also supported by the observation of one critical
angle only. A possible intermediate layer of SiOx between the polymer film and the
substrate is neglected in the model because the index of refraction is very similar to that of
silicon.[34] All reflectance curves were simultaneously fitted with common parameters for
film thickness, surface roughness and substrate interface roughness in accordance with
Eq. (2.37). The best fit values of the parameters resulted in a film thickness of (85 ± 3) nm
and a film density of (1.16 ± 0.03) g cm−3. The determined surface roughness of around
3 nm is about one order of magnitude higher than that of the substrate interface. The
noticeable deviations in the oscillation amplitude close to the contrast matching energy,
see the reflectance curves from 1820 eV to 1835 eV in Fig. 5.1a, are due to the pronounced
change of δ and β of the substrate close to the silicon K-absorption edge and the limited
accuracy of the tabulated values of the optical constants. No Bragg peaks of any possible
horizontal layering become visible in any of the reflectance curves for the as spun and
the annealed sample.

The uncertainties of the fit shown in Fig. 5.1a are not simply the residual errors of each
parameter as this completely neglects the cross-correlations of the parameters. Since the
real cross-correlations of the coupled system cannot be determined, a method is used that
assumes full correlation of all parameters, which yields an upper limit of the uncertainty
intervals. This is done by evaluating the goodness-of-fit parameter χ2 of different fits,
which is the sum of the absolute squares of the residuals divided by the number of
data points minus degree of freedom.[101] Each parameter is set to fixed values within
a reasonable interval and the same fitting algorithm of all XRR profiles is applied for
each value. This results in a χ2 value for each parameter value as shown in Fig. 5.2 for
the roughness of the surface, Fig. 5.2a, substrate interface roughness, Fig. 5.2b, and the
film thickness, Fig. 5.2c. In order to determine the uncertainty interval of each parameter,
the χ2-curves are normalised to the minimum value (position indicated by the black
dots in Fig. 5.2), the parameter values at χ2 = 2 enclose the 1σ uncertainty interval of
the parameter (vertical lines in Fig. 5.2a-c).[101] Note that the minimum positions do not
correspond to the best fit values stated in the text. These are obtained by simultaneously
fitting all parameters to the XRR data.

Displayed in Fig. 5.1b is a magnification of the low qr-region of XRR measurements
around the silicon K-edge. A strong damping of the oscillation amplitude is observed
around a photon energy of Ematch = 1827 eV as shown by the black curve in Fig. 5.1b.
This is due to the minimised scattering contrast at the film-substrate interface.

The film density can be used to calculate the real part component δ and the imaginary
part β of the refractive index of the film around the energy of contrast matching Ematch,
see Eqs. (2.5) and (2.6). Figure 5.3 shows the energy dependence of δ and β of the
PS-b-P2VP thin film and bulk Si substrate as calculated with reference data for Si[96] and
the Henke data[90] for P2VP (the applied molecular formula is C21H21N3). An intersection
of the δ curves of P2VP and Si is found in the region around 1815 eV. The deviation from
the experimentally observed Ematch is due to the steep slope around the absorption edge
and the uncertainty of the film density. The uncertainty of the density, i.e. of the critical
angle, contributes to the uncertainty of δ multiplied by a factor of 2 due to αc =

√
2δ, see

Eq. (2.9), which explains the discrepancy between theoretical and experimental values.
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Figure 5.1 | (a) XRR
data measured at
different energies
close to the contrast
matching energy
(1820 eV to 1845 eV)
and far away from it
(1770 eV and 3500 eV).
The reflectance curves
were simultaneously
fitted (solid lines) using
a single layer model
to obtain the common
parameters of film
thickness, density,
surface roughness, and
substrate interface
roughness, see Sec-
tion 2.3. The curves
have been vertically
offset for clarity. (b)
Magnification of the XRR
data in the low qr range
(vertically offset for
clarity). The black line
indicates the strongest
damping of wiggles due
to contrast matching at
Ematch = 1827 eV.

Figure 5.3 also shows that there is no intersection of the β-curves of both materials,
which is why the full matching of the complex refractive indices is not possible. A
consequence of the unmatched β in XRR as well as in GISAXS is that the oscillations are
attenuated, but still present at low q and less suppressed at higher q values. For a more
detailed discussion of the topic, see the work of Ishiji et al. [103], especially Fig. 6 therein,
and Okuda et al. [175].
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Figure 5.2 | Normalised χ2 goodness-of-fit values as a function of the parameter that was kept fixed
within the intervals of the abscissa axes for each fit. The black dots indicate the minimal χ2 value,
the line at χ2 = 2 encloses the 1σ uncertainty interval. (a) rms surface roughness, (b) rms substrate
interface roughness, (c) film thickness.

Figure 5.3 | The
component of the real
part δ (solid lines) and
the imaginary part β

(dashed lines) of the
complex refractive
indices of silicon and
PS-b -P2VP. The calcula-
tions were made using
reference data for Si[96]
( = 2.3 g cm−3) and
the Henke data[90] for
P2VP (C21H21N3) with
 = 1.16 g cm−3, as
obtained by XRR fitting
(Fig. 5.1a).
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5.3.2 GISAXS contrast matching
Based on the information on the contrast matching energy obtained by XRR, GISAXS
images were recorded using the in-vacuum PILATUS 1M detector. Displayed in Fig. 5.4a
is a GISAXS pattern measured at αi = 0.65° with a photon energy of 2500 eV, which is
far away from the silicon K-edge (shown is the as spun sample, the annealed sample
exhibits the same pattern). Two symmetric diffuse scattering rods are visible at around
qy = ±0.11 nm−1. These are more intense at the Yoneda peak (cf. Section 2.4) at qz =

0.21 nm−1, which appears at αf = αc due to the constructive interference of the dynamic
scattering contributions (Fig. 2.12). The presence of scattering rods, i.e. first order Bragg
peaks, extended along qy in GISAXS is indicative of an in-plane ordering of structures
with a characteristic separation distance D in the PS-b-P2VP film. It is well known from
the literature[2,35,201] that PS-b-P2VP forms mircodomains of vertically extended lamellae
under the present preparation conditions, which possess a characteristic microphase
separation distance due to self-ordering of both blocks. Thus, the Bragg peak qy position
corresponds to a period length of D = 2 π/0.11 nm−1 = 58 nm, which is in full agreement
with values from the literature.[109] Also visible in Fig. 5.4a are Kiessig-like fringes along
qz that are superimposed with the scattering rods of the film nanostructures.

Figure 5.4b was measured at the contrast matching energy Ematch = 1827 eV at
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Figure 5.4 | GISAXS pat-
tern of the as spun
sample measured at (a)
αi = 0.65°, Eph =
2500 eV (300 s expos-
ure time) and (b) 0.65°,
1827 eV (1200 s expos-
ure time). The dashed
black line indicates the
Yoneda line, i.e. the con-
dition of αf =αc (see Sec-
tion 2.4).
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αi = 0.65° and shows no indication of any fringes. Consequently and as expected, the
oscillations at 2500 eV originate from the interference of the incident beam and reflections
from the film-substrate interface and reflect the film thickness and resonant diffuse
scattering (RDS) due to correlated roughness.[94] Thus, RDS is strongly attenuated at
1827 eV because of the minimised scattering contrast at the interface, while the scattering
rods of the film are preserved in the GISAXS pattern.

RDS can be used to study the degree of correlation of film surface and substrate
interface.[158,160,161] The observed period length in qz corresponds to a correlation length
of dcorr = 85 nm, i.e. there is full correlation of the surface and the substrate interface.
This is no contradiction to the different rms roughness values that were determined
by XRR fitting because the correlation does not extend over the full in-plane length
scale spectrum.[160] The damping of the oscillations with increasing qy indicates a loss of
correlation and a cut-off at a minimal in-plane length. The polymer film acts as a band-
pass filter for the interface height fluctuations.[161] Consequently, the short-wavelength
roughness spectrum is more than an order of magnitude below the cut-off length and is
thus statistically independent from the surface-interface correlation.[158]

5.3.3 Depth-resolved GISAXS using contrast matching
Depth-resolved GISAXS measurements at 1827 eV were performed on the as spun and on
the annealed thin films by changing the incidence angle and, thus, the scattering depth
Λ, see Fig. 5.5 and Eq. (2.18). Figure 5.6a and Fig. 5.6b show line cuts along qy through
the Yoneda peak at αf = αc (dashed line in Fig. 5.4b) for all incident angles of the as spun
and the annealed film. In order to quantitatively characterise the depth-dependent film
structure of both films, a similar analysis is carried out as shown in a depth-resolved
GISANS study by Metwalli et al. [150] and in an in-situ GISAXS study of BCP solvent
vapour annealing shown by Gu et al. [78].

Figure 5.5 | Scattering
depth Λ in PS-b -P2VP
at 1827 eV as calculated
with Eq. (2.18).
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The qy profiles were fitted by the function

I(qy) = B1 + B2 qy + q−B3
y + 2

√
ln 2
π

G1 exp

[
−4 ln 2

(
qy − qy0

wfwhm

)2
]

(5.1)

that accounts for the background B1,2, the exponential decay along qy (−B3) and a
Gaussian-shaped function for the Bragg peak at around 0.11 nm−1 (amplitude G1, centre
position qy0 and peak width wfwhm). It should be noted that DWBA modelling[133] using
various form factors, interference functions, and using a perturbation potential δU for
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Figure 5.6 | GISAXS qy profiles through the Yoneda peak of the as spun (a) and annealed (b) sample for
different incidence angles around the critical angle αc = 0.70° (300 s exposure time). The profiles are
vertically offset for clarity. The profiles are fitted by a function (Eq. (5.1)) to characterise the Bragg peak
shape (solid lines in (a) and (b)). Black squares indicate the local minimum and maximum positions of
the peak. Extracted (c) Bragg peak positions, (d) peak width and (e) peak heights of the as spun and
annealed films as a function of incidence angle and with an indication of the scattering depth.
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perpendicular lamellae[34] did not result in meaningful fits, which is probably due to the
absence of well defined structure shapes. AFM data (see Section 5.3.4) also confirmed that
the sample surface just consists of fingerprint-like lamellae, which can be characterised by
the size and shape of the Bragg peak that corresponds to the average separation distance.

Thus, the profiles are adequately characterised by the Bragg peak position qy0, the peak
width wfwhm and the peak height (Fig. 5.6c-e). The Bragg peak position of the as spun
film (blue triangles) remains constant in a range of qy0 = 0.105 nm−1 to 0.107 nm−1, i.e.
corresponding to 59 nm, throughout the entire film thickness. The peak width decreases
slightly with increasing scattering depth, which is due to the fact that it resembles the
degree of ordering within the film.[164] With increasing scattering depth, the scattering
signal is averaged over a larger volume, i.e. from the surface down to the scattering
depth, which implies that the ordering slightly decreases with increasing film depth as
discussed in Section 2.1.2. The peak height, which is the difference of the minimum
of the approximated peak function and the peak maximum (black squares in Fig. 5.6a)
increases slightly up to the critical angle and decreases with increasing scattering depth.
The former is the same dynamic effect that causes the intensity increase at αf = αc, the
Yoneda peak. The latter can be mainly attributed to the reduction of reflectance and
increase of absorption at higher incidence angles above the critical angle.

On the annealed sample (green dots in Fig. 5.6c-e), a significantly different depth-
dependent behaviour is observed. The Figs. 5.6b and Fig. 5.6e clearly show that there
is no Bragg peak at incidence angles below around 0.65°, only a flat plateau is present,
while the peak re-appears around the critical angle and above. The increase of the peak
centre position shown in Fig. 5.6c suggest that there is a slight increase of the separation
distance towards a higher scattering depth. The peak width of the annealed film generally
follows the slope of the curve of the as spun sample, which indicates that the sub-surface
order has not changed after annealing. The peak height is zero in the surface-sensitive
region of αi < αf, increases in the first 30 nm of the film and follows the same trend as
that of the as spun film at greater depth. For better comparison, the Bragg peak heights
of both samples in Fig. 5.6e were normalised to the corresponding peak height at full
film penetration, i.e. at the largest incidence angle. In absolute numbers, the peak height
in the annealed film is lower by a factor of about 5 compared to the as spun film.

5.3.4 AFM results
Different fields with sizes of (1 × 1) μm2, (10 × 10) μm2 as shown in Fig. 5.7, as well as
(35 × 35) μm2 were scanned on both samples and recorded as amplitude images (Fig. 5.7a-
b) and phase images (Fig. 5.7c-d). Especially the phase images show a fingerprint-like
surface distribution of the PS and P2VP blocks as vertical lamellae on the as spun and
on the annealed film. The structures appear less pronounced on the annealed sample
(Fig. 5.7(b,d)), which is also confirmed by a comparison of the average height roughness
σrms. AFM σrms values of 2.1 nm and 1.45 nm are representative for the as spun and
the annealed film, respectively. The radial PSD of the (10 × 10) μm2 amplitude images,
Fig. 5.7e, exhibit a maximum at a spacial frequency of around 0.107 nm−1 corresponding
to a correlation length of 59 nm, which is again due to the spacing of the lamellae. No
formation of islands was found on any of the AFM images up to the maximal scanning
length of 35 μm.
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Figure 5.7 | Representative AFM amplitude images (a,b) and phase images (c,d) of the as spun film
(a,c) and the annealed film (b,d) on measurement fields of (10× 10) μm2 and (1× 1) μm2 (insets in
(a-d)). (e) Radial power spectral densities as a function of spacial frequency k of the as spun film and
the annealed film of the (10× 10) μm2 amplitude images shown in (a) and (b).
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5.4 Proposed depth structure

Depth-resolved GISAXS and AFM measurements of the PS-b-P2VP thin films under the
condition of matched contrast reveal structural changes on the surface and along the film
thickness after annealing. From the combined results of XRR, AFM, and GISAXS data, a
depth structure of the annealed film is proposed as sketched in Fig. 5.8.

Figure 5.8 | Schematic
representation of the
depth structure of the
as spun and annealed
PS-b -P2VP thin films.

as spun film annealed film

Si substrate

PS-b-P2VP

At the surface, the same fingerprint-like lamellar structure is observed by AFM on
the as spun and on the annealed film surface. The maxima of the radial PSD of the
AFM amplitude images fully agree with the qy positions of the GISAXS Bragg peaks and
correspond to the lamellar spacing of 59 nm. However, the in-plane lamellar ordering at
the surface of the annealed sample is significantly reduced. This can be concluded from
the absence of a Bragg peak in depth-resolved GISAXS measurements at incidence angles
below αc, from the reduced rms roughness (lower by a factor of 1.4 compared to the as
spun sample), and from the lower AFM PSD intensity at higher spacial frequencies, i.e.
at shorter correlation lengths. The presence of RDS in non-contrast-matched GISAXS
measurements on both films reveals a pronounced morphology correlation of film surface
and interface at higher in-plane lengths. Consequently, there is no indication of any
additional surface structuring after annealing in GISAXS.

With increasing X-ray scattering depth, i.e. αi > αc, the GISAXS Bragg peak height
significantly increases in the qy profiles of the annealed sample and follows the same
trend as that of the as spun film when probing further down through the film. Hence,
the in-plane ordering of the vertical lamellae is preserved after about 30 nm of film
depth after annealing. The Bragg peak width and the absolute peak heights of the
annealed film follow the slope of the as spun sample peak shapes, but are systematically
lower. A reduced in-plane order at the surface and a preserved in-depth order causes
a reduced total degree of order in the probed scattering volume from the film surface
to the scattering depth, which results in a constant negative offset of the Bragg peak
heights and widths in the annealed film compared to the as spun film. The Bragg peak
centre position seems to decrease slightly with increasing scattering depth. This suggests
that the lamellar separation distance increases, which might be due to strain induced
by the transition close to the film surface. A very similar observation was made[241]

after exposing PS-b-P2VP thin films to a temperature leap of 200 ◦C and subsequent
cooling. Due to the complete suppression of RDS in GISAXS under the contrast-matching
condition, the absence of Bragg peaks along the qz-axis in GISAXS and XRR as well as
due to the presence of only one critical angle in the XRR measurements, there is no
indication of the formation of parallel lamellae towards the substrate interface as, for
example, during solvent vapour annealing.[78,201] However, this is difficult to conclude
from X-ray scattering measurements because of the low scattering contrast between
both monomer units and due to the restriction to probing the film from the free surface
side only. Depth-resolved GISANS investigation with the neutrons impinging from
the substrate side[150,164] would add valuable insights in the film structures close to
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the substrate interface. The discussed results are summed up in a sketch of the depth
structure of the annealed PS-b-P2VP thin film in Fig. 5.8.

In terms of re-orientation processes of the monomer units after thermal treatment, it
seems that the coalescence of microdomains to form horizontal lamellar structures has
not been taken place after 2 h of annealing and mainly resembles a disordered state close
to the film surface. It is suggested that the annealed sample is being frozen within the
transition process from vertical to horizontal lamellar ordering, which takes much longer
than the applied annealing time. The glass transition temperature is above 100 ◦C, which
would mean that the transition process practically comes to rest at room temperature.
The depth profiles imply that the transition starts at the surface within the topmost layer
down to about half of the inter-lamellar separation distance. This could be explained
by a higher mobility of the PS-b-P2VP microdomains at the surface in comparison to a
greater film depth.

It has to be noted that AFM measurements alone would not have been sufficient to
observe the full range of structural changes. Depth-resolved GISAXS is needed to observe
the preservation of vertical order in greater depths of the film.

5.5 Summary
The presented contrast matching technique is not restricted to PS-b-P2VP, but can also be
generally applied to studies of nanostructured layers of light materials, such as polymers
on silicon, the most commonly used substrate material. A benefit of contrast matching is
the minimisation of interface scattering effects, which overlay the weak scattering features
of the film structure. GISAXS contrast matching can be seen, to some extend, as the X-ray
pendant of depth-sensitive GISANS studies with contrast variation by deuteration.

Depth-sensitive GISAXS measurements at the contrast matching energy of 1827 eV on
PS-b-P2VP thin films showed structural changes along the film depth after the annealing
process. The as spun film exhibited fingerprint-like vertical lamellae with a separation
distance of 59 nm throughout the entire film thickness of 85 nm. The annealed film
showed a significantly reduced ordering towards the surface, within a depth of about
30 nm, while the order is preserved towards the bottom of the film.

Contrast-matched GISAXS and AFM measurements were used to clarify the state of
in-plane ordering in the annealed film. Neither technique showed an indication of a
significant formation of horizontal lamellae throughout the film thickness. It is suggested
that the transition from vertical to horizontal ordering is not completed after 2 h of
annealing and the transition process is frozen at room temperature. It was found that
the transition starts in the topmost film layer, which suggests a higher mobility of the
coalescing microdomains at the film surface.
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organic thin film layers using XRR

XRR is a well established and widely used technique for measurements of the absolute
thickness of thin film layers and layer systems on the nanometre scale. It also provides
the interface roughness and the vertical electron density profile. However, organic
layers with thicknesses above 10 nm have rarely been investigated using XRR. Within
the framework of the EMRP IND15 ‘SurfChem’ project,* reference materials are being
developed for quantitative layer thickness determination of organic nanolayers. To
establish the reference value for the layer thickness, a traceable measurement technique
such as XRR is required. In contrast to the previous chapter, where an X-ray energy
close to the silicon K-absorption edge was selected to minimise the contrast between
substrate and polymer film, the goal here is to enhance the otherwise weak scattering
contrast to reduce the uncertainties in XRR analysis.[126] This concept has also been
applied previously to determine the individual layer thicknesses of an SiO2 layer covered
by a carbonaceous contamination layer, even on strongly curved surfaces.[129]

X-ray reflectometry data, regardless of the X-ray source used for the measurements,
are most frequently analysed by modelling of the experimental data, for example, by
using the Parrat formalism[182] (see Section 2.3 and Eq. (2.36)). While this approach
is very successful for well defined sample systems with known optical constants, it
becomes problematic in the case of samples with poorly known layer densities or limited
confidence in the appropriateness of the model. This is particularly true for organic thin
films, as the material density depends to a large extent on the preparation process and
environment. A method to overcome the lack of an appropriate model is to analyse
the frequency of the X-ray reflectance data,[41,204,205] analogous to the GISAXS analysis
presented in Section 4.1. As expressed in Eq. (2.38), the measured reflectance R can
be associated with the Fourier transform of the derivative of the electron density de/dz,
multiplied by the Fresnel reflectance RF, as described in Section 2.3. Thus, R⁄RF is by
definition the PSD of de/dz. By calculating the PSD spectrum of a measured XRR profile
divided by its Fresnel reflectance, the thicknesses of the layers in the sample system

* http://www.emrp-surfchem.bam.de/en/home/index.htm

109



Chapter 6 DIMENSIONAL NANOMETROLOGY OF ORGANIC THIN FILM LAYERS USING XRR

can be deduced from the appearance of peaks at characteristic correlation lengths. The
validity of such approach is limited to kinematic scattering (absence of anomalous,
anisotropic, and multiple scattering; cf. Section 2.3) and to multilayer systems with a
limited number of different layers that still allow to relate the PSD peaks to individual
layers or groups of layers. Within this framework, frequency analysis is a robust and
straightforward way to determine layer thicknesses in multilayer systems without the
need of the density profile. Here, XRR and Fourier frequency analysis are developed
and used to determine the individual thicknesses of organic layers and bilayers on top of
an SiO2 layer on Si substrates. Parts of this chapter have been published in J. Wernecke,
A. G. Shard and M. Krumrey: ‘Traceable thickness determination of organic nanolayers
by X-ray reflectometry’, Surf. Interface Anal. 46.10-11 (2014), pp. 911–914.

6.1 Materials and methods
The organic layer systems investigated are Irganox 1010 (C73H108O12) and Fmoc-penta-
fluoro-L-phenylalanine (C24H16F5NO4) layers, named Fmoc in the following, with nom-
inal thicknesses from 20 nm to 100 nm. The samples were prepared by the National
Physical Laboratory (NPL).* The material was deposited by thermal evaporation using
an Edwards AUTO306 vacuum coater on silicon wafer substrates. The wafers possessed
a SiO2 layer of a nominal thickness of 20 nm. Four different systems with the same total
organic layer thickness were examined (all thicknesses are nominal values): A single
Irganox layer of 100 nm (sample A), 50 nm Irganox on top of 50 nm Fmoc (sample B),
75 nm Irganox on 25 nm Fmoc (sample C), and 25 nm Irganox on 75 nm Fmoc (sample
D). Ellipsometry measurements (see Section 2.7.3) were carried out at the NPL using a
Woollam M2000DI spectroscopic ellipsometer to verify the homogeneity along the about
10 cm long and 1 cm wide samples. The variation in thickness of the organic coatings,
caused by the evaporation geometry, was typically 1 % across the central 2 cm of the
sample.†

The XRR measurements were performed at the FCM beamline of the PTB at BESSY II.
The samples were mounted in the measurement chamber, the reflected and direct beam
intensity was measured using a highly linear photodiode on the 2θ-axis, see Section 3.2.
In principle, different photon energies near absorption edges of elements contained
in the film layers could be used in order to maximise the contrast between the layers
(Section 2.1.2): Measurements at the carbon K-edge are generally problematic due to
the carbonaceous contamination of the optical elements in all synchrotron radiation
beamlines. XRR tests were performed around the K-absorption edges of oxygen (present
in all layers), fluorine (present in Fmoc), and at 1841 eV (between the absorption edges
of silicon and silicon dioxide). As the observed oscillations of all layer systems were
most pronounced at 1841 eV, this energy was chosen for all measurements. The reflected
intensity was measured as a function of grazing incidence angle αi and normalised by
the intensity of the incident X-ray beam.

For the analysis, the critical angle of total reflection αc, Eq. (2.8), is determined from
the position of the first relevant maximum of the measured reflectance multiplied by q4

r .
The Fresnel reflectance RF is then calculated according to Eq. (2.33).

Displayed in Fig. 6.1 are the measured reflectance curves and the deduced Fresnel
reflectances of samples A and B, respectively. In order to prepare the XRR profiles for

* contact: Alex G. Shard (alex.shard@npl.co.uk) † A. Shard, private communication.
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Fourier transformation (Section 2.6), the Fresnel reflectance, Eq. (2.33), is fitted to the
data (red line in Fig. 6.1) by least-squares optimisation of the critical angle αc. Fitting of
the critical angle of all reflectance curves shown in Section 6.2 results in a mean value
of 0.694° with a standard deviation of 0.014°. The measured reflectance profile is then
divided by the Fresnel reflectance to obtain only the oscillatory part of the signal. This
profile is multiplied by a Hann window function,[87] Eq. (2.49), to minimise the aliasing
of the Fourier transform due to the finite signal length. The resulting profile is then
transformed by a standard Fast Fourier transform algorithm, Eq. (2.47). The absolute
square of the complex Fourier amplitude yields the PSD of the signal in accordance with
Eq. (2.48). As before, the peaks in the PSD spectra correspond to characteristic vertical
correlation lengths present in the XRR data, which is, in the present case, indicative of
the thicknesses of individual layers and groups of layers.
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Figure 6.1 | XRR profiles of (a) sample A and (b) B measured at a photon energy of 1841 eV. Also
displayed are the schemes of the layer systems and the Fresnel reflectances (red lines), calculated
from the critical angle αc as determined from the reflectance curves.

6.2 Results of the PSD peak analysis
Displayed in Fig. 6.2a–d are the PSD spectra of the samples A–D. The spectra of different
layer systems are clearly distinct from one another. With some knowledge about the
stacking order of the organic layers, the individual layer thicknesses can be obtained
from the appearance of peaks corresponding to individual layers and groups of layers.

All PSD spectra exhibit a peak around 20.5 nm, which corresponds to the thickness
of the SiO2 layer beneath the organic layer system, on top of the silicon substrate. The
PSD spectrum of sample A as shown in Fig. 6.2a exhibits a peak at 107.0 nm, which
corresponds to the Irganox layer thickness. The peak at 127.5 nm can be associated to the
combined layer of Irganox and SiO2 and is in agreement with the sum of the thicknesses
of the individual layers within 0.1 nm.

The organic layer system of sample B, Fig. 6.2b, has the same total thickness of
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Figure 6.2 | PSDs of the organic layer systems A-D (a-d) with a total layer thickness of 100nm nominal
value on SiO2 (see insets for individual layer structure of the samples). Peaks in the PSD indicate
characteristic correlation lengths, which correspond to single and compound layer thicknesses.

approximately 100 nm, but consists of two separate layers of Irganox and Fmoc, each
with a nominal thickness of about 50 nm. Consequently, additional peaks at 51.3 nm and
72.8 nm appear in the PSD. These peaks originate from the individual organic layers and
a grouped layer of Fmoc and SiO2. Table 6.1 summarises the individual layer thicknesses
determined. The peak at 51.3 nm is a superposition of the Fmoc and the Irganox layer
peaks as both have the same nominal thickness. Thus, this peak cannot be attributed
unambiguously to one of the two layers, but both values must be close to 51.3 nm. By
subtracting the SiO2 layer peak at 20.5 nm from the peak at 72.8 nm, the thickness of Fmoc
is determined as 52.3 nm. The thickness of the Irganox layer can be obtained from the
peak at 102.9 nm by subtracting the Fmoc thickness of 52.3 nm or, alternatively, from the
sum peak at 123.2 nm by subtracting the thickness of both other layers (nm). This results
in values of the Irganox thickness of 50.6 nm and 50.4 nm, respectively. These values
are in agreement within 0.2 nm, which is well within the PSD peak position uncertainty.
The different thickness values stated in Table 6.1 for Fmoc and Irganox, respectively, are
averaged and taken as the mean layer thicknesses as listed in Table 6.2

Sample C consists of a thick Irganox layer on top of a thin Fmoc layer, as illustrated by
the inset of Fig. 6.2c. The Irganox layer thickness of 77.4 nm is obtained directly from the
corresponding PSD peak. The Fmoc layer thickness of 25.0 nm is determined from the
peak at 45.1 nm in the same way as described for sample B by subtracting the SiO2 layer
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PSD peak / nm
corresponding single
layer thickness / nm

SiO2 Fmoc Irganox

20.5 20.5 – –
51.3 – ≈51.3 ≈51.3
72.8 20.5 52.3 –

102.9 – 52.3 50.6
123.2 20.5 52.3 50.4

Table 6.1 | PSD peak
positions of reflectance
data of sample B and
the subsequently de-
rived individual layer
thickness of SiO2, Fmoc
and Irganox. Values
written in italics are
obtained by combining
other peaks of the same
PSD.

thickness (20.1 nm).
In the case of sample D, Fig. 6.2d, the layer thicknesses of the topmost Irganox layer

and the Fmoc layer beneath are reversed in comparison to sample C. Consequently, the
PSD peak at 25.8 nm can be attributed to the Irganox layer, while the peaks at 93.6 nm
and 98.3 nm correspond to a combination of Fmoc and SiO2 as well as Irganox and Fmoc
layer thicknesses, respectively. The resulting average Fmoc layer thickness of 73.6 nm
in combination with the layer thicknesses of SiO2 (20.0 nm) and Irganox (25.8 nm) is,
again, in agreement within 0.2 nm with the sum peak at 119.2 nm corresponding to the
combined thickness of all three layers.

The XRR results for all samples are summarised in Table 6.2 along with the results of
the ellipsometry measurements, which were measured before and after each evaporation
step. The data from ellipsometry are very close to the traceable XRR results. It is
interesting to note that ellipsometry consistently under-estimates the XRR results by
about 2 % for the organic materials. However, it is known[32,33] that ellipsometry possesses
a high precision, but a low accuracy in itself and needs to be offset by an absolute method
such as XRR, as mentioned in Section 2.7.3.

Sample
Layer measured thickness / nm

(top→ bottom) XRR ellipsometry

A
Irganox 107.0 104.5
SiO2 20.6 20.9

B
Irganox 50.5 49.2
Fmoc 52.3 51.2
SiO2 20.5 21.2

C
Irganox 77.4 75.7
Fmoc 25.0 24.9
SiO2 20.1 20.9

D
Irganox 25.8 25.2
Fmoc 73.6 72.8
SiO2 20.0 21.0

Table 6.2 | Layer thick-
nesses determined by
PSD analysis of the XRR
data and from ellipso-
metric measurements
performed before and
after each evaporation
step.
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6.3 Traceability and Uncertainties
The correlation length scale is directly obtained from the vertical component of the
scattering vector qr =

4 π Eph
h c sin αi, Eq. (2.28), and depends only on the photon energy

Eph and on the grazing incidence angle αi. The photon energy scale uncertainty is
listed in Table 3.2, while the angular scale of the goniometer is controlled by using a
calibrated 12-sided polygon and an electronic autocollimator.[67] Both quantities have
relative uncertainties below 10−3, see Section 3.2. To quantify the main uncertainty
contribution due the Fourier analysis itself, the results for the layer thicknesses can be
compared. The thickness of the SiO2 layer should be identical for all samples, but values
between 20.0 nm and 20.6 nm were obtained, corresponding to variations of ±1.5 %.
Additionally, reflectance curves have been calculated in the framework of dynamic
scattering theory using IMD[257] and then treated by Fourier analysis. The resulting layer
thickness differed also by up to 1.5 %, so that this value is a realistic estimate for the
relative uncertainty. An example for the individual uncertainty contributions and the
estimated combined standard uncertainty for the determined Irganox layer thickness of
d = (107.0 ± 1.5) nm in sample A is displayed in Table 6.3.

Table 6.3 | Uncer-
tainty budget of the
Irganox layer thick-
ness d = 107.0 nm
on sample A. Listed
are the uncertainty
contributions u(xi)
(normal-distributed) of
each input quantity xi,
the uncertainty contri-
bution type A or type B
according to GUM,[16]
the uncertainty com-
ponents ui(xi), and the
estimated combined
standard uncertainty
uc(d).

input quantity xi type ui(xi) ui(d) / nm

photon energy Eph B 0.4 eV 0.02
incidence angle αi B <0.005° 0.07
PSD peak position A 1.4 nm 1.4

combined standard uncertainty uc(d): 1.5

While the layer thicknesses can be obtained by pure Fourier analysis without modelling,
surface and interface roughness are not accessible directly. However, the layer thicknesses
from the Fourier analysis can serve as a starting point for modelling to obtain roughnesses
and optical constants.

6.4 Comparison and validation of PSD peak positions
with model data

6.4.1 Refraction correction

The PSD analysis is now applied to model data calculated with IMD[257] according to
Eq. (2.37) to compare and validate the PSD peak positions with the nominal model input
parameters. The structure used for modelling is a single layer of palladium with the
thickness dPd, the surface rms roughness σPd, the mass density ρPd, and the components
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of the refractive index δPd as well as βPb on silicon substrate. Silicon has an interface rms
roughness σSi and a mass density ρSi. The structure is restricted to a single layer on a
substrate (as in Fig. 2.11) because otherwise, the number of different parameters and
cross-correlations would be too large for a meaningful analysis. Each of the structural
parameters of Si and Pd mentioned above is varied within a certain range as listed in
Table 6.4, an XRR curve is calculated for every set of parameters. During a variation
series of one of the input parameters, the others are kept fixed at the default value as
stated in Table 6.4, unless stated otherwise. The other parameters in Table 6.4, which
are the photon energy Eph, the number of data points N of an XRR profile, the step
size of the incidence angle αi between neighbouring reflectance values, the addition
of zeros to the reflectance data array (zero padding), and for the width of the Fourier
window γ, Eq. (2.50), are also evaluated in their influence on dPSD, which is presented in
Section 6.4.2.

Every calculated reflectance curve is processed by the same PSD analysis method as in
Section 6.2 to generate the corresponding PSD with the characteristic correlation length
peak at dPSD. The relative deviation ( dPSD

dPd
− 1)× 100 % of the nominal model thickness

dPd and the PSD peak position of the layer thickness dPSD is a measure for the accuracy
of the PSD analysis method. Figure 6.3 shows a typical XRR curve of a 100.4 nm Pd layer
on silicon substrate, calculated using IMD, and the corresponding PSD. The spacing
between the points in the PSD indicates the bin size of the Fourier spectrum of 2.4 nm
due to the finite number of data points N of the reflectance curve.

Table 6.4 | Variation ranges and default values for input parameters of reflectance model curves
calculated with IMD. The model is a layer of palladium with a thickness dPd, an rms roughness σPd, a
mass density ρPd, and refractive index components δPd and βPd on silicon substrate. Silicon has an
rms roughness σSi and a mass density ρSi. Also listed are the variation ranges of the number of data
points of the reflectance curve N, the number of zeros added to the end of the reflectance data array
(zero padding, see Section 6.4.2), the photon energy Eph, and the step size of the incidence angle αi of
the calculated XRR curve. γ indicates the width of the Kaiser window , Eq. (2.50), of the PSD analysis
(see Section 6.4.2).

input parameter default value variation range

min max

dPd / nm – 3.2 173.9
ρPd / g cm−3 12.0 1.5 14.5
σPd / nm 0.3 0.01 1.2
δPd at 5875 eV 6.31 × 10−5 2 × 10−5 2 × 10−4

βPd at 5875 eV 9.41 × 10−6 2.8 × 10−6 2.8 × 10−5

ρSi / g cm−3 2.3 – –
σSi / nm 0.3 0.01 0.7

Eph/ eV 5875 1841 5875
number of data points N 1000 250 2500
αi step size 0.01 0.005 0.05
zero padding 20 × N 0 40 × N
window width γ 8 0 30

First, a series of XRR curves for different layer thickness dPd from 3.2 nm to 173.9 nm
is generated and analysed by PSD analysis. The relative thickness deviation of PSD-
determined thickness dPSD and nominal thickness dPd shown by black dots in Fig. 6.4a
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Figure 6.3 | (a) XRR profile calculated by dynamic theory, Eq. (2.37), with IMD[257] for a layer of
palladium (Pd) with a thickness of dPd = 100.4 nm on a silicon substrate. (b) PSD of the XRR profile. The
spacing between the points in the PSD corresponds to the bin size of 2.4 nm of the Fourier transform.
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Figure 6.4 | Relative deviation of thickness determined by PSD analysis dPSD from nominal model
thickness dPd (Eph = 5875 eV). (a) Variation of dPd, relative deviation without (black dots) and with (grey
dots) refraction correction (see text). (b) Variation of the nominal density of Pd at a given thickness of
153.8 nm.

exhibits a systematic, approximately constant relative deviation of dPSD of 1.3 % for all
but the smallest thickness values.

A variation of the density of the layer ρPd, shown exemplary in Fig. 6.4b for dPd =

153.8 nm, reveals an increase in the relative thickness deviation with increasing layer
density, i.e. with a increasing density contrast between layer and substrate. This indicates
that the observed deviation between dPSD and the nominal model value dPd is due to
refraction in the layer as illustrated in Fig. 2.8. Thus, the influence of a variation of
both refractive index components, Eq. (2.4), of the Pd layer, δPd and βPd, respectively, on
the thickness deviation is examined. Figure 6.5 shows the relative thickness deviation
of dPSD as a function of δPd (black dots) and βPd (grey dots). The default value of the
IMD database (black and grey square in Figure 6.5) for δPd and βPd, respectively, is
used during the variation of the other parameter. The variation in βPd has only a minor
influence, while the relative thickness deviation increases nearly linearly with increasing
δPd. Consequently, a refraction correction in analogy to Eq. (2.31) should be applied to
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the αi scale of the calculated reflectance curves by the replacement

R(αi) −→ R
(√

α2
i − α2

c

)
. (6.1)

The square of the critical angle αc is proportional to δ, see Eq. (2.9), hence Eq. (6.1) fully
accounts for the linear dependence of the thickness deviation and δPd observed in Fig. 6.5.
The critical αc is determined directly from the reflectance data by fitting the Fresnel
reflectance, Eq. (2.33), to the data as described in Section 6.2. Applying the refraction
correction Eq. (6.1) to the calculated XRR profiles of the dPd variation series shown in
Fig. 6.4a results in a reduction of the relative deviation of the thickness determined with
PSD analysis dPSD from about 1.3 % (black dots in Fig. 6.4a) to about 0.2 % (grey dots).
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The question remains if the results on the organic multilayer thicknesses determined
in Section 6.2 are still correct in the light of the presented model comparison. Palladium
with a bulk density of 12 g cm−3 has a high critical angle, which results in a comparably
large effect of the refraction correction. The organic multilayers are, however, mainly
carbon layers with a low density around 1 g cm−3. It has been demonstrated in Fig. 6.4b
that the thickness deviation decreases with decreasing layer density. In order to evaluate
the effect of refraction on a sample system that is similar to the investigated organic layer
systems, additional reflectance curves are calculated with IMD.

The model used is a carbon layer with a thickness dC of 47.8 nm and mass density of
ρC = 1.2 g cm−3 on top of a SiO2 layer (dSiO2

= 20.5 nm) on a silicon substrate, analogous
to sample A in the inset of Fig. 6.2a. The XRR curves calculated at Eph =1841 eV are
analysed in the same way as before. Without refraction correction, the obtained PSD
peak positions are 21.0 nm for SiO2 and 48.6 nm for carbon, respectively. Accounting for
refraction yields PSD peaks at 20.1 nm and 46.8 nm for the oxide layer and the carbon
layer, respectively. Both carbon layer thickness values differ by around 1.0 nm from the
nominal thickness of 47.8 nm, which is well within the uncertainty contribution of the
peak position of 1.4 nm as stated in Table 6.3. It seems that the under-estimation of the
layer thickness by the refraction correction and the over-estimation without it have a
similar magnitude under the investigated conditions of a low layer density. The analysis
of the simulated reflectance curves illustrates that it is not straight forward to implement
a refraction correction for a multilayer system and doing so does not necessarily yield
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more accurate results. Consequently, the implementation of a refraction correction is not
purposeful for the investigated organic multilayer systems. The determined uncertainty
value of the PSD peak position also covers possible deviations induced by refraction,
hence, the thickness values displayed in Table 6.2 remain accurate within the uncertainty
range.

6.4.2 Recommended settings
The influence on the relative thickness deviation has been studied in the same way for the
other parameters listed in Table 6.4, specifically for the interface rms roughness of silicon
σSi and of palladium σPd, for the number and of data points, for the αi step size, for the
zero padding of the transformed data profile (see below), and the width of the Fourier
window function. The latter is studied by using a Kaiser window, Eq. (2.50), with a
variable width γ instead of a Hann window, Eq. (2.49), used in Sections 6.2 and 6.4.1. At
γ = 6, the Kaiser window closely resembles the Hann window as illustrated in Fig. 2.15.
Below is a summary of the main findings and some recommendations for settings that
resulted in a minimisation of the relative thickness deviation ( dPSD

dPd
− 1)× 100 % of the

nominal model thickness dPd and the PSD peak position of the layer thickness dPSD as
described in Section 6.4.1.

Substrate and layer interface roughness

The deviation dPSD
dPd

increases with increasing interface roughness due to damping and
smearing of the oscillations in the reflectance curve. A meaningful PSD analysis is not
possible when less than � 4 full oscillations are present in a reflectance curve such as
Fig. 6.3 due to high interface roughness.

Number and range of data points

The αi range measured should at least cover 4 to 5 full oscillations of the reflectance curve
for a meaningful PSD analysis. dPSD

dPd
decreases with increasing number of oscillations in

the profile and it remains constant from about 20 period lengths covered by the XRR
range. The data point step size in αi, i.e. the αi resolution, should at least facilitate 4 to 5
points for the smallest oscillation period length, i.e. the largest correlation length. Much
lower step sizes have no significant influence.

Zero padding

Zero padding means to add a number of zeros to the beginning or to the end of the
reflectance data points, i.e. to make the reflectance data array longer without adding any
information. Padding of the data profile with zeros makes the shape of the resulting
PSD peaks smoother, but does not improve the resolution, which is determined solely
by the probed αi range. Increasing the amount of zero padding seems to shift the peaks
systematically to slightly higher peak positions in comparison to unpadded PSD peaks,
but stays well within the PSD bin size for the model system shown in Fig. 6.3. The
observed peak shift with increasing zero padding ranges from 0.2 nm to a maximum
of 1.0 nm, while the PSD bin size is 2.4 nm. Increasing the number of attached zeros
beyond around 30 times the number of data points does not decrease the relative
thickness deviation dPSD

dPd
any more. A recommended number of zero values attached to
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the reflectance data is about 15 to 20 times the number of data points, which offers a
reasonable compromise between computation time and thickness deviation.

Kaiser window width γ

The thickness deviations at γ � 1 are very diverse and highly depend on the first and
last value of the profile to be transformed due to the periodic continuation in Fourier
analysis. There is no significant influence on the relative deviation at larger values until
the window gets too narrow for γ � 20. A recommended γ range is roughly 5 to 10,
i.e. a value of 6 that resembles very closely a Hann window would also be an adequate
choice.

6.5 Summary
Synchrotron radiation XRR and Fourier analysis enable the measurement of the thickness
of organic layer systems without prior knowledge of optical constants or densities of the
individual thin film layers. By using the PSD analysis of reflectance curves measured
at a photon energy of 1841 eV close to the Si K-absorption edge for maximal scattering
contrast, it can be clearly distinguished between the Irganox 1010 layer and the Fmoc
layer in spite of the low scattering contrast at the common interface. The PSD peaks
of XRR curves of the different organic layer systems correspond to the thicknesses of
individual layers or groups of layers with a common interface. Although the stacking
order is not clear from the PSD spectrum, the electron density depth profile implies that
individual layer peaks only appear for the topmost organic layer and for the SiO2 layer,
but not for buried organic layers with one or two interfaces to another organic layer
due to the low scattering contrast. However, in combination with a general knowledge
of the layer stacking order, it is also possible to determine the thickness of the buried
organic layer and to clearly distinguish the different combinations of organic layers with
a total thickness of about 100 nm. A comparison with model data of a single high-density
layer on a silicon substrate shows that the relative deviation of PSD peak position and
model thickness can be reduced by a factor of 3 to 5 for this system by introducing a
refraction correction. A comparison of modelled XRR curves of a similar, yet simpler,
system at 1841 eV analysed with and without refraction correction showed a similar
absolute thickness deviation of around 1 nm in positive (without correction) and negative
(with correction) direction. These deviations are, however, well within the uncertainty of
the PSD peak position of 1.4 nm and are thus accounted for in the uncertainty budget in
Table 6.3.

Hence, Fourier analysis of XRR data provides a robust method to determine thin film
layer thicknesses and requires only very few model assumptions. The obtained thickness
values can be used as traceable layer thickness data for reference materials, which are
required to qualify other quantitative methods, e.g. for chemical surface analysis.
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7
Summary and Outlook

The purpose and goal of this work was to contribute to the fields in nanotechnology
advancement as stated in the introduction:

(i) How can the measurement of nano-dimensional size parameters, in the specific
case of grazing incidence small-angle X-ray scattering (GISAXS) measurements, be
evaluated in a metrologic manner by establishing traceability?

(ii) How can the instrumentation for GISAXS measurements be extended to yield
further insight into recent nanotechnological applications, i.e. nanostructured
polymer thin films?

Regarding the first question on nanometrology, surface grating structures with structure
sizes from almost 1 μm down to 25 nm were investigated using GISAXS and analysed
by direct analysis methods. The term ‘direct analysis’ refers to the retrieval of structural
parameters directly from the measurement data, that is, without the selection of suitable
form factors and structure factors for numerical simulations. Such a direct analysis
method restricts the analysis mainly to an evaluation of the structure factor and thus
of the positions of scattering features. In this way, only a limited set of dimensional
features, namely, the grating pitch, the critical dimension, the groove width, and the
line height can be accessed. But it opens up the possibility of the traceability of GISAXS
measurements, as it is independent from the selection of models for the form factor
and the structure factor. Consequently, the ‘correctness’ of the model itself does not
have to be evaluated in its influence on the uncertainty from within the model. The
uncertainty is solely determined by the uncertainty contributions of the experimental
input parameters. The different implementations of the direct analysis demonstrated
are all based on the evaluation of the characteristic frequencies. These are present in
GISAXS intensity patterns along the semi-circular intersection of the Ewald sphere and
the grating truncation rods (GTRs) of the grating. For large pitches close to 1 μm, this is
realised by computing the discrete Fourier transform (DFT) of the profile and evaluating
the power spectral density (PSD). Scattering images of gratings with intermediate pitches
between 250 nm and 50 nm were also evaluated by the PSD of the Fourier amplitudes.
However, especially the non-uniformly spaced data and the reduced number of GTRs
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along the intersection required a different approach to that of DFT. Instead, the Fourier
amplitudes of a finite number of Fourier base vector coefficients were fitted to the data
profile in conjunction with the Tikhonov regularisation. Small pitches below 50 nm were
analysed by determining the distances between GTRs on the detector image because
of the low number of GTRs along the Ewald sphere intersection. Traceability of a
GISAXS measurement was established in determining the value and uncertainty of a self-
assembled polymer grating pitch P = (24.83 ± 0.09) nm, i.e. with a relative uncertainty
below 0.4 %, by tracing all contributing parameters: the sample-detector distance, the
detector pixel size, the photon energy, and the separation distance between the GTRs.
It was found that the predominant contributions to the uncertainty budget arise from
the sample-detector distance and the pixel size, both in the range of 10−3 in their relative
uncertainty contributions. In any case, a traceable dimensional parameter determined by
such direct GISAXS data analysis can serve as a reference value that must be reproduced
by any other analysis method such as numerical modelling. In this way, traceable
direct analysis provides a means to validate and compare other analysis methods in a
general context, not just for grating structures. Moreover, it provides a value for the
achievable measurement accuracy that can be expected in a GISAXS measurement, which
is important for the interpretation of any GISAXS data analysis result.

As an outlook for future activities in the field of dimensional nanometrology, full
modelling of the scattering intensities in semi-kinematic and dynamic theories, most
notably by using distorted wave Born approximation (DWBA) and Maxwell solvers,
could be investigated. Full modelling provides a larger set of dimensional parameters
such as the sidewall angle, the corner rounding at top and bottom of the lines, as well as
the line cross-section shape. Moreover, the parameters of the form factor and structure
factor model can be varied in a well-defined way in order to evaluate the sensitivities
of the different scattering features in the GISAXS image. This should yield additional
information on the origin of these diffuse scattering features and especially on the
question as to whether any of these features of a single-shot GISAXS image can be used
to determine additional grating parameters. Another challenge and prospective field
of activity is the realisation of traceability of one or several modelling-based analysis
methods, e.g. Maxwell solver or DWBA. This would allow for the comparison of different
methods of analysis and for the validation of the analysis results of the models against
the reference values of direct analysis. The mid-term goal of such an analysis would be
to realise a metrologic comparison and cross-validation of different direct and indirect
tools of dimensional nanometrology (atomic force microscopy, electron microscopy,
scatterometry, GISAXS) on common sample systems. A very desirable achievement
would be a common ‘golden’ reference standard that can be used by all methods for
calibration. From the instrumentation point of view, it could be beneficial to use a
μm-sized X-ray beam. This would reduce the beam footprint drastically, which allows
for smaller samples, i.e. of lithographic structures, and a reduced uncertainty of the
sample-detector distance measurement.

Also related to the first point of contributing to dimensional nanometrology are the
presented traceable X-ray reflectometry (XRR) thickness measurements of polymer layer
systems. The samples were challenging because of the low scattering contrast between
the different layers and the poorly known optical constants of the polymeric material. The
investigation showed that it is possible to obtain traceable thickness values of different
layer systems by maximising the scattering contrast at a photon energy of 1841 eV and by
a direct analysis of the Fourier PSD of the reflectance curves. An analysis of calculated
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XRR model curves using the PSD method to evaluate the influence of the direct analysis
process showed that a refraction correction is useful in many cases. The correction can be
implemented by determining the critical angle directly from the XRR data.

The other aspect of the stated goals of this work is the availability and application
of extended instrumentation that allows GISAXS imaging in the tender X-ray regime
below 5 keV. The in-vacuum PILATUS 1M detector developed is able to cover the
full photon energy range from 1.75 keV to 10 keV of the four-crystal monochromator
(FCM) beamline and has been in routine operation since July 2012. Geometric and
radiometric characterisation of the detector showed an excellent quantum efficiency of
> 80 % above 3.4 keV and a quantum efficiency sufficient for imaging down to 1.75 keV.
The extension of the accessible photon energy range down to the lower limit of the
beamline offers advantages in several ways: At a given sample-detector distance, the
q resolution and the q range on the detector can be varied by a factor of more than 5
by a variation of the photon energy. The SAXS instrument allows a variation of the
sample-detector distance by an additional factor of 2.5 without breaking the vacuum.
In this way, it is possible to tune the accessible maximal correlation size, i.e. highest
q resolution, and minimal size, i.e highest q range, during the experiment by more than
a factor of 12. This is, to a certain degree, a compact alternative to an ultra-small angle
scattering setup, where the sample-detector distance is usually around 10 m and above.
The second, probably more obvious, advantage of scattering measurements in the tender
X-ray regime is access to the K-absorption edges of light elements such as silicon, sulphur,
phosphorus, chlorine, and calcium. Such elements are present in many topical materials
in semiconductor lithography, organic photovoltaics, functional polymer thin films, and
bio-films, to mention but a few examples. This opens up the possibility for anomalous
scattering techniques to enhance the element-specific scattering contrast or to selectively
minimise the contrast between different constituents. Thus, structural information on
the distribution, changes and morphology of the components of blend materials become
available, which yields new insights into the fabrication, function, and manipulation of
nanostructured materials.

An example of the extended GISAXS measurement capabilities in the tender X-ray
regime was demonstrated and published on the topic of depth-resolved GISAXS meas-
urements at the silicon K-edge on as spun and annealed block copolymer thin films
(PS-b-P2VP). GISAXS measurements at 1827 eV enabled to match the scattering contrast
between the polymer film and the underlying silicon substrate to minimise the contribu-
tion of substrate interface scattering. It was shown that such GISAXS contrast-matching
allowed studies of nanostructures along the depth of the film without the superposition of
unwanted substrate interface reflection and multiple scattering of reflected waves. Using
this technique, it was possible to resolve the onset and progress of structural changes due
to thermal annealing in PS-b-P2VP thin films along the depth of the film. As opposed to
the untreated sample, the annealed film showed a significant decrease of ordering of the
vertical fingerprint-like lamellae at the film surface. However, increasing the penetration
depth of the incident X-ray beam revealed that the ordering is preserved below a depth
of around 30 nm down to the substrate interface as in the untreated film. At the same
time, no indication of a significant formation of horizontal lamellae was found at any
depth, which is expected to occur at later stages of annealing. These depth-dependent
structural properties would not be visible in a surface-sensitive technique such as atomic
force microscopy (AFM) and are very difficult to obtain in any other way due to a lack
of suitable non-destructive measurement methods. The only other technique capable of
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SUMMARY AND OUTLOOK

performing similar measurements is grazing incidence small-angle neutron scattering
(GISANS). GISANS offers some appealing advantages, such as tunable scattering contrast
of the different components of the blend polymer film, but is limited in the achievable
q resolution, the exposure times are long (hours to days), and the counting statistics
are low. Hence, the demonstrated method of depth-sensitive GISAXS using contrast
matching is a useful addition and sometimes an alternative to very elaborate GISANS
studies for a wide range of nanostructured polymer layers.

As an outlook, it would be interesting to continue the activities of scattering techniques
in the tender X-ray regime on technologically and scientifically relevant sample systems.
In terms of the PS-b-P2VP thin films investigated, an option could be to equip the sample
chamber of the FCM beamline with a simple heating stage to perform in-situ GISAXS
measurements with depth resolution and contrast matching during annealing. In this
way, it might be possible to observe the different stages of ordering, for example, from
vertical to horizontal lamellae, as a function of film depth and thermal annealing con-
ditions. The demonstration of the possibilities of GISAXS experiments in the tender
X-ray regime initiated a number of ongoing and prospective collaborations with groups
from TU Munich, the Lawrence Berkeley National Laboratory, the University of Kyoto,
and Stanford University in different areas of applications such as organic photovolta-
ics, thermoelectric polymer films, and fuel cell membranes. It seems attractive to take
advantage of the currently quite exclusive measurement capabilities of the in-vacuum PI-
LATUS 1M to contribute to these up-to-date fields of application-driven material research.
Such collaborations also allow to contribute the expertise of the Physikalisch-Technische
Bundesanstalt (PTB) in metrology in general and in dimensional nanometrology in par-
ticular to topical research activities as well as to provide a high visibility of the PTB in
the field of expertise.
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