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Nanoscience and nanotechnology are tremendously increasing fields of research that aim at producing,
characterizing and understanding nanoobjects and assemblies of nanoobjects. Their new physical or
chemical properties, which arise from confinement effects, intimately depend on their morphological
properties, i.e. their shapes, their sizes and their spatial organization. This calls for dedicated
morphological characterization tools, amongwhich is the Grazing Incidence Small Angle X-Ray Scattering
(GISAXS). This reciprocal space technique has emerged in the last two decades as a powerful tool that
allows investigating in a non-destructive way the morphological properties from one to billions of
nanoparticles, either on a surface, or embedded in a matrix, with sizes ranging from 1 nm to several
microns. The advantages of the technique are that it is non-destructive; it yields statistical information
averaged on a large number of nanoparticles; it allows probing both the surface or deep below it, by
changing the incident angle of the X-ray beam; it can be used in very different sample environments, in
particular in situ in the course of a given process such as growth, annealing, gas exposure; and it may be
given chemical sensitivity by use of anomalous scattering.
This report presents a review of the GISAXS technique, from experimental issues to the theories

underlying the data analysis, with a wealth of examples. The physical morphological information
contained inGISAXSdata and its analysis are presented in simple terms, introducing the notions of particle
form factor and interference function, together with the different cases encountered according to the
size/shape dispersion. The theoretical background of X-ray diffuse scattering under grazing incidence is
presented in a general way, and then applied to the particular case of grazing incidence small angle X-ray
scattering from assemblies of particles either on a substrate, or buried below it.
Most of the GISAXSmeasurements published to date are reported, covering the fields of ex situ studies

of embedded metallic nanoparticles, granular multilayered systems, implanted systems, embedded or
stackedor deposited semi-conductor nanostructures, porousmaterials and copolymer thin films. A special
emphasis is brought on in situ experiments, performed either in ultra-high vacuum during nanoparticle
growth by molecular beam epitaxy, or in gas-reactors during catalytic reactions. This covers a very
broad field, from (i) the 3D island (Volmer–Weber) growth of metals on oxides surfaces to (ii) the
organized growth of metals on surfaces that are nanopatterned either by surface reconstruction or by
underlying dislocation networks or by deposit-induced nanofacetting, to (iii) the in situ investigation
of the self-organized Stranski–Krastanow hetero-epitaxial growth of semi-conductor quantum dots on
semi-conductor surfaces, or (iv) the in situ surface nanopatterning by ion bombardment. Many examples
are discussed in detail, to illustrate the large diversity of systems andmorphologies that can be addressed
as well as the different analysis issues and the conclusions of the technique in terms of growth mode.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Nanomaterials are widely seen as having a huge potential to
bring benefits to many areas of research and application, and are
attracting rapidly increasing investments in many parts of the
world. Nanomaterials are defined as having at least one dimension
in the nanometer range (1–100 nm). Their properties differ
significantly from those at a larger scale for twomain reasons. First,
quantum effects dominate the behavior of matter at the nanoscale
affecting the structural, optical, electrical and magnetic properties
of materials. Second, nanomaterials have a relatively larger surface
area when compared to the same mass of macroscopic material.
This canmake themmuchmore chemically reactive (in some cases
materials that are inert in their larger form are reactive when
produced in their nanoscale form), and affect their strength or
electrical properties. Nanoscience and nanotechnologies are not
new. For many decades, chemists have been making polymers
made up of nanoscale subunits, and nanotechnologies have been
used to create tiny features on computer chips for the past
20 years. However, advances in the characterization tools have
allowed materials to be examined with great precision and
enabled the expansion and development of this field. Nowadays,
nanomaterials concern not only conventional domains such as
physics and chemistry, but also earth and life sciences. Recent
industrial developments are clearly targeted toward introducing
nanostructures into everyday life [1]. For instance the ongoing
trend of miniaturization in electronics is reaching the nanometer
scale, where the performance such as tunneling, band structure
or photon emission are determined by confinement effects (size,
morphology, strain, atomic structure and composition). The past
years have thus been marked by the elaboration and study of
materials on nanometric scale, such as 2D layers or multilayers,
and more recently 1D nanowires, or 0D nanoparticles, such as
quantum dots, or buried aggregates. Indeed, the properties of
interest can be tuned by confining phenomena in objects where
at least one dimension is smaller than a typical bulk length scale
(screening length, exciton radius, magnetic domain size etc. . . ).
For instance, (i) the reactivity and selectivity of catalysts made
of supported metallic nanoparticles are driven by the nature of
the exposed surfaces and by the particle electronic structure,
which in turn depend on the particle size, shape and internal
structure [2,3]; (ii) magnetic storage properties can be modulated
and increased provided that controlled single domain magnetic
nanoparticles can be elaborated [4,5]; (iii) in the field of semi-
conductors, the novel transport or opto-electronics properties in
coherently strained semiconductor nanoparticles, the so-called
‘‘quantum dots’’ (QDs) [6,7], are tuned by playing on the particle
size, strain and composition [1].
These few examples are illustrative of the need for character-

izing and controlling the growth and morphology of nanoobjects.
In particular, a better understanding of the growth mechanisms
of nanoparticles is a prerequisite for their application on a large
extent. This point is especially relevant in semiconductor devices.
Their properties are highly dependent on the size, shape, strain,
composition (interdiffusion), interface structure, roughness, de-
fects and spatial organization on the substrate. Any change of these
morphological parameters over the assembly of particles gives rise
to a broadening of the distribution of properties. It is therefore es-
sential to characterize these quantities precisely as a function of
the growth parameters such as substrate quality, temperature and
deposition rate. This points to the importance of controlling the
growth of a large collection of nanoparticles by monitoring in situ
and in real time the relevant parameters. From a more fundamen-
tal point of view, the growth mechanisms themselves must be in-
vestigated, in order to deduce the kinetic coefficients and energy
barriers involved in the growth process [8].
In this context, the morphological and structural properties of
nanomaterials are usually addressed by a wealth of techniques
such as laboratory X-ray diffraction (XRD), Transmission Electron
Microscopy (TEM), High resolution Scanning Electron Microscopy
(SEM), Scanning Tunneling Microscopy (STM) or Atomic Force
Microscopy (AFM), and synchrotron radiation based X-ray tech-
niques. All these techniques have advantages and drawbacks and
are thus complementary to each other. If, for particles on top of
a surface, Near Field Microscopy (NFM) techniques most often
provide the required morphological information, they also have
some limitations, such as limited statistics, convolution with the
tip shape, difficulty to use on bulk insulating substrates and to use
in situ during growth because of shadowing effects and tempera-
ture drift. Therefore long acquisition times and interruption of the
growth process are needed. For particles embedded in a matrix,
below a surface, the NFM techniques are useless, and most other
techniques are destructive.
Complementary information can be obtained in reciprocal

space using X-ray scattering. For a long time, the small interaction
of hard X-rays with matter hampered its straightforward use for
surface or interface studies. However, since pioneering works in
the 80th [9,10], the combined use of high brilliance synchrotron
radiation and grazing incidence geometry allowed to reach surface
sensitivity with a reasonable signal to noise ratio. Compared to
microscopy, Grazing Incidence X-Ray Scattering or Diffraction
(GIXS or GIXD) [11–15] and its small angle subset, Grazing
Incidence Small-Angle X-Ray Scattering (GISAXS) [16] has several
advantages:

(i) The technique is fully non-destructive provided that the
sample bears hard X-ray exposure;

(ii) The measurement is averaged over all the sample surface,
giving statistical information over several square millimeters
at variance to microscopy;

(iii) By varying the probed depth with the incident angle, X-rays
offer the ability to probe from surface to buried interfaces as
well as the bulk of the sample;

(iv) The technique can be applied in various types of environment
from ultra-high vacuum to gas atmospheres, even during
chemical reactions, in situ and in quasi real-time when kinetic
phenomena are involved like during growth or a catalytic
reaction; the measurements themselves usually require no
special sample environment or preparation;

(v) The Grazing Incidence Small Angle Scattering (GISAXS)
technique, which provides morphological information from
the nanometer to micrometer length scales can be combined,
on the same samples, with the grazing incidence wide angle
X-ray scattering or diffraction (GIXS) technique which is
sensitive to the atomic arrangement and strain state;

(vi) The chemical contrast of a given element can be enhanced
by performing anomalous scattering close to a specific
absorption edge, thus yielding compositional information.

As with most techniques, X-ray scattering also has some
drawbacks:

(i) The use of synchrotron radiation is nearly mandatory because
the collected signal scales with the amount of material, which
can be rather small (of the order of the monolayer).

(ii) The interesting information e.g. the morphology is obtained
in reciprocal space, and thus has to be ‘‘translated’’ in the
real world. As only scattered intensities can be measured,
the phase information is lost, which means that some model
assumptions are most often mandatory to fit the data. This
problem can be overcome if the coherence of the synchrotron
radiation is employed. The technique of coherent X-ray
diffraction imaging is on the rise and allows for a model-free
reconstruction of small crystals and nanostructures, mainly in
diffraction configuration.
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Fig. 1. Number of published and cited scientific papers with the keyword ‘‘GISAXS’’ per year. The dispatching on scientific fields is given below. From ISI Web of Knowledge.
(iii) It is difficult to characterize a single nanoobject because of
the beam size, divergence, and limitations of X-ray optics
(although this field, called coherent X-ray diffraction, is going
to develop). The statistical average over the coherent domains
can be seen as an advantage since the beam samples the
growing particles in the same way as for the macroscopic
properties of interest, and gives an image of the ‘‘mean island’’.

Since the first experiments [16–18], the Grazing Incidence
Small Angle X-Ray Scattering (GISAXS) technique has emerged in
the last decade as a powerful tool to analyze the morphology and
distribution of either islands on a substrate or buried particles,
in parallel with the wide angle X-ray scattering techniques under
grazing incidence, which provide unique average information
on their atomic structure, strain and composition. The ability
of GISAXS to characterize granular multilayered systems [19],
implanted systems [20], as well as semiconductor quantum dots
obtained by molecular beam epitaxy (MBE) or liquid phase
epitaxy (LPE) is now well established [21–24]. Quite recently,
new technical developments [25,26] allowed this technique to
be applied to topics which are relevant for surface science, by
performing it in situ, during particle growth. By combining an
ultra-high vacuum environment and 2D-detection at small angles
and by paying a special attention to the signal to noise ratio and
measurement dynamics far away in reciprocal space, quantitative
studies of various aspects of thin film growth, from sub-monolayer
to percolation, or of surface nanostructuring became possible. High
quality data and careful data analysis using the Distorted Wave
Born Approximation with suitable programs [27,28] allow one to
get in one experiment statically averaged information relevant to
the growth processwhich, otherwise, would have implied lengthly
ex situ measurements. For instance, it has been demonstrated
that the technique is relevant to cope with issues such as
the particle equilibrium shape for Pd/MgO(001) [2,13,25,29] or
the self-organized growth of Co clusters on the herringbone
reconstruction of the Au(111) surface [30,31,25,32]. Using the
capability of X-rays to handle gas atmosphere, the technique
starts now to be used to bridge the pressure gap for the study
of catalytic nanoparticles at relevant pressure conditions [33,34].
In parallel with the measurements, the technique has benefited
from theoretical developments to handle scattering at grazing
incidence [35–37].
GISAXS is nowadays becoming a very common technique to

characterize nanoparticles, as evidenced by the exponentially
growing number of publications (see Fig. 1). A clear trend toward in
situ studies or routine characterization of samples clearly emerges
in the literature in a broad range of fields ranging from physics and
chemistry tomaterial science and even biology. The present report
gives an overview of the current state-of-the-art of the technique
with an emphasis on hard condensed matter studies. The in situ
and ex situ capabilities of the technique to analyze themorphology
of nanostructures from the nanometer to micrometer scales is
illustrated through a wealth of cases stressing on the knowledge
brought to the surface scientist on processes at surfaces.
This report is organized as follows. Section 2 is devoted to a

basic presentation of the reciprocal space of nanostructures and
its exploration with the Grazing Incidence X-Ray Scattering tech-
niques at wide and small angles, as well as by X-ray specular and
off-specular X-ray reflectivity. Section 3 presents a few experimen-
tal considerations, especially to perform GISAXS measurements in
situ, in ultra-high vacuum (UHV), during the elaboration of nanos-
tructures or during catalytic reactions. Section 4 introduces the ba-
sic features of the GISAXS interpretation for nanoparticles, with a
simplified presentation of the different problems in the descrip-
tion and analysis of GISAXS data. In Section 5, the theoretical bases
of X-ray interaction and propagation at surfaces are given in a self
consistent way. An emphasis is put on the refraction–reflection ef-
fects that are predominant when the beams are grazing with re-
spect to the surface. Scattering processes are introduced in the
framework of the classical Born Approximation and the popular
Distorted Wave Born Approximation which allows to account for
multiple scattering effects in grazing geometry. Several interface
cases are explored aswell as the limitations of the approximations.
Section 6 is devoted to theoretical scattering from nanoparticles
going from isolated objects to dense assemblies. An emphasis is
put on the description of multiple scattering effects as well as the
role of correlations. Examples of extensive GISAXS pattern analysis
given in Section 7 illustrate the concepts developed in the two pre-
vious sections. Section 8 is a bibliographic review of ex situ GISAXS
experiments stressing on hard condensed matter examples such
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Fig. 2. Grazing incidence X-ray scattering geometry, at small angles (GISAXS and
XRR), and large angles (GIWAXS or GIXD or GID and SXRD). The incident beam, of
wavector ki , makes a small incident angle αi with respect to the sample surface.
GISAXS and XRR probe the scattered intensity close to the specularly reflected
beam. For GISAXS, a 2D detector is used, with a beam stop hiding the direct and
specular beam, as well as the specular rod. The intensity is recorded as a function of
the two angles, 2θf and αf , describing the in-plane and out-of plane angles between
the incident and scattered wavectors, respectively. These angles are related to the
wavevector transfer coordinates, qx , qy and qz according to Eq. (1). The sample can
be rotated by an angle ω around its surface normal. SXRD and GIXD correspond to
large values of the scattering angle 2θ between ki and kf , and hence large values of
the in-plane, 2θf , and out-off-plane, αf , scattering angles. The direction of the exit
wavectorkf is defined by slits parallelwith and perpendicular to the surface, behind
which lies the detector, which can be punctual or linear, or even two-dimensional.

as metallic nanoparticles and semiconductors nanostructures.
Section 9 focuses on in situ GISAXS experiments during growth,
mainly from the group of the authors. Works on metal/oxide in-
terfaces, Ge/Si system, self-organized growth on Au reconstruc-
tions or patterned surfaces by buried dislocation networks and
nanofacetting of W surface are presented. Finally, the review ends
up with an outlook of the present and future capabilities and de-
velopments of the technique. A beginner in the field might first
want to skip the theoretical chapters 5 and 6, which will be use-
ful for those intending to understand the theory in depth, with the
goal of a complete quantitative analysis of their data, as accurate as
possible.

2. X-ray techniques to probe density fluctuations near surfaces
and buried interfaces

2.1. The basis of grazing incidence X-ray techniques on nanostruc-
tures

2.1.1. The scattering geometry
X-ray scattering allows probing nanostructures by exploring

the so-called reciprocal space, or the Fourier space. The principle
of X-ray scattering from nanostructures is identical to traditional
X-ray diffraction, except that, (i) synchrotron X-ray radiation is
usually needed because the investigated volume ofmatter is small;
and (ii) the incident X-ray wave vector ki is kept at a grazing
anglewith respect to the sample surface tominimize the unwanted
background scattering (both elastic and inelastic) emanating from
the bulk, and to enhance the near-surface scattering. Fig. 2 shows
a schematic drawing of such measurements in grazing incident
scattering geometry, for which the incident angle αi is generally
small and kept constant, most of the time close to the angle of
total external reflection αc . The scattered beam, of wave vector kf ,
makes the scattering angle 2θ with respect to the incident wave
vector. It is detected at a direction defined by slits, and makes
an angle αf with respect to the sample surface and an in-plane
angle 2θf with respect to the transmitted beam. The wavevector
transfer is defined as q = kf − ki, and is often decomposed
into two components, q‖ and q⊥, respectively parallel with and
perpendicular to the surface. The absolute value of q⊥ is a function
of αi and αf : |q⊥| = qz = k0[sin(αf )+ sin(αi)], where k0 =

∣∣kf ∣∣ =
|ki| = 2π/λ is the elastically conserved wave vector modulus. λ is
the X-ray wavelength. In GISAXS as well as in GIXS, the angular
coordinates are related to the wavevector transfer coordinates
according to:

qx = k0[cos(2θf ) cos(αf )− cos(αi)]
qy = k0[sin(2θf ) cos(αf )]
qz = k0[sin(αf )+ sin(αi)]

k0 = 2π/λ. (1)

When all angles are small, the wavevector transfer is also small,
typically between 0 and 1 nm−1, and hence large dimensions are
probed in real space. The corresponding techniques [38,14,15]
are (i) X-Ray Reflectivity (XRR), in the specular geometry to
probe the density profile perpendicular to the surface and in
the off-specular geometry to probe large lateral electron density
correlations (along qx), and (ii) Grazing Incidence Small Angle X-
Ray Scattering (GISAXS), which is used to probe the morphology
parallel with the surface (along qy) and perpendicular to it (along
qz), at intermediate length scales (typically between a few nm and
a few hundreds of nm).
Wide angle scattering allows probing the order at the atomic

scale, with two corresponding techniques: Grazing Incidence
(Wide Angle) X-Ray Scattering (GIXS or GIWAXS), also often re-
ferred to GIXD or GIXRD or GID for Grazing Incidence X-ray Diffrac-
tion, which is the typical technique to probe the crystallographic
lattice of nanostructures, and Surface X-Ray Diffraction (SXRD),
which is basically the same, but applied to atomic structure deter-
mination (i.e. atomic positions) at surfaces and interfaces. When
αi and αf are very small, q ' q‖, the scattering plane is nearly
parallel with the surface, and diffracting lattice planes are perpen-
dicular to it. The scattering geometry being defined by the incident
beam and detector directions, one has only to rotate the sample
around its surface normal to bring these lattice planes into diffrac-
tion condition. In thatway, the long-range periodicity parallel with
the surface is probed. It is often useful to measure the scattered in-
tensity as a function of q⊥, which is achieved by increasingαf while
keeping the grazing incidence.
Because the incident angle is small, it is necessary to consider

the effects of refraction at the surface [39,35,36]. This point will be
treated in depth in the theoretical section about propagation of X-
rays at interfaces Section 5.2. However, it isworth recalling that the
refractive index, n, of matter for X-rays is slightly less than unity:
n = 1 − δ − iβ with δ, β > 0, so that, because of refraction, the
transmitted beam bends toward the surface. When αi is smaller
than a critical value αc , the beam is totally reflected, and only an
evanescent wave, which decays over tens of angstroms, is present
below the surface. When αi is larger than the critical angle for total
external reflection, the transmitted wave propagates into the bulk.
Typical orders of magnitude are: δ ' 10−5 and β ' 10−6, so that
αc '

√
2δ ' 0.1◦ to 0.5◦. Identical refractive effects occur as a

function of the exit angle αf .
The perpendicular components of the incident and emergent

wave vectors are modified upon crossing the surface and become
complex due to refraction and absorption. The scattering depth is
thus strongly affected by refraction when αi or αf are close to αc .
Fig. 3 shows the variation of the scattering depth as function of
αi/αc for different values ofαf /αc .Whenαi � αc andαf � αc , the
scattering depth is of the order of a few nanometers. It rapidly in-
creases to hundreds of nanometers when αi and αf are larger than
αc , through a transition region where Λ ' 10 nm. The incident
and exit angles thus allow controlling the depth contributing to a
given measurement, which can be varied from about 1 to 100 nm.
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Fig. 4. Intensity transmission coefficient for a Pt surface as function of the incident
angle over the critical angle. The wavelength is 0.15 nm, and the transmission is
calculated with and without absorption.

The reflection R and transmission T coefficients for the intensity
are also strongly affected by refraction. The variation of the trans-
mission coefficient as function ofαi,f is reported in Fig. 4. Below αc ,
Ri,f = 1 is the regime of total external reflection. At αc , the inten-
sity transmission coefficient T is maximum (T = 4). This property
is sometimes used by fixing αi and/or αf at αc , in order to enhance
the surface scattering.

2.1.2. Reciprocal space of nanostructures on a surface
The intensitymeasured by X-ray scattering techniques depends

on the angular coordinates αi, αf and 2θf . This allows building the
intensity distribution in reciprocal space as depicted in Eq. (1). A
schematic representation of a typical reciprocal space map (that of
germanium nanostructures on top of a Si(001) surface) is shown
in Fig. 5. The expressions of the intensity scattered by three-
dimensional crystals, 2D crystals, surfaces of bulk crystals, and
nanostructures deposited on a substrate can be found in standard
text-books [40–42,38,15,14] or review articles [11,12,43,44,13,45,
46]. The most important feature is that, since the interaction of
hard X-rays with matter is weak (see Section 5.2.2), the kinemati-
cal approximation of single scattering, the so-called Born approxi-
mation (BA), or its application for grazing incidence geometry, the
DistortedWave Born Approximation (DWBA) (see Section 5.3), are
valid in most cases, except for perfect crystals near Bragg scat-
tering [41]. Fig. 5 qualitatively shows the intensity scattered by
nanostructures (or an epilayer) on top of a substrate, as a function
of the in-plane and out-of-plane wavevector transfers. The semi-
infinite crystal yields CTRs [11,12], and the nanostructures yield
wide Bragg reflections. They may be peaked at different q⊥ (or q‖)
values if the out-of (in-) plane lattice vector differs from one to the
other. This allows independent analysis of the out-of-plane and in-
plane structural properties of the nanostructures, such as strain,
Fig. 5. (left side) Schematic representation of the reciprocal space of a three-
dimensional crystal of the diamond (Si,Ge) structure, truncated by a (001) surface,
giving rise to the crystal truncation rods (CTRs in red) with maximum intensity at
the bulk Bragg positions (red disks) and quickly varying in between. In green the
contribution from a strained two-dimensional, two-fold reconstructed epilayer is
shown, yielding flat scattering rods (green shaded vertical rods) at the sameposition
as bulk CTRs, since it is assumed that its lattice parameter parallelwith the surface is
fully strained to the one of the substrate. The scattering rod in half position is due to
the (2× 1) surface reconstruction. In case of three-dimensional islands, diffraction
peaks that are closer to the origin with respect to the substrate peaks are expected,
as the overlayer is supposed to have a larger lattice parameter (note that the spacing
between substrate and overlayer Bragg peaks has been enlarged for the purpose of
representation). This reciprocal space pattern is typical for the Stranski–Krastanow
growth of Ge islands on Si(001) for instance. Typical scans are represented by blue
arrows. (right side) The corresponding intensity distribution in the (001) surface
plane.

composition and shape, without interference with the substrate.
The strain relaxation in the nanostructures parallel with and per-
pendicular to the surface can be analyzed separately by perform-
ing respectively q‖ scans (such as scan A of Fig. 5) around in-plane
Bragg peaks andq⊥ scans (such as scans B or C of Fig. 5) around out-
of-plane Bragg peaks. If the nanostructures are constrained to the
substrate lattice parameter parallel with the interfacial plane, the
nanostructures peaks appear at the same q‖ position as the sub-
strate CTRs and interferences occur between the waves scattered
by the substrate and the nanostructures. Analysis of these interfer-
ences can provide information on the interface structure between
the substrate and the nanostructures.

2.2. The different geometries of surface X-ray scattering techniques at
small angles

2.2.1. Grazing Incidence Small Angle X-Ray Scattering (GISAXS)
GISAXS (Fig. 6) is a special case of GIXS, for which all angles

considered are small, i.e. less than a few degrees. At these small
angles, the curvature of the Ewald’s sphere can be, most of the
time, neglected (qx ' 0) and the reciprocal space scales with the
angular coordinates qy ' k0 sin(2θf ) ' k02θf and qz ' k0αf ,
respectively parallel with and perpendicular to the surface. The
intensity is measured very close to the origin of the reciprocal
space, and hence qy,z span a small range, of a few nm−1. If
nanometer-size in-homogeneities of the electron density such as
islands, roughness or electronic contrast variation are present on
the surface, they scatter the incident, reflected and transmitted
beams in away that depends on theirmorphology and topography.
The sample can be rotated around its surface normal by an angle
ω, defining the orientation of the incident X-ray beamwith respect
to the in-plane crystallographic directions, which is necessary to
investigate anisotropic islands. A T-shape beam-stop absorbs the
direct and reflected beam before they hit the detector. Note that,
as shown in Fig. 7, the origin of the out-of plane exit angle αf is
exactly between the direct and specularly reflected beams. Because
these two beams are often hidden by a beamstop, determining
the origin may not be trivial. Because of refraction and reflection
effects [35,36] the maximum of the off-specular diffuse scattering
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Fig. 6. Principle of GISAXS: ki and kf are the incident and scattered wavevectors,
respectively, yielding the wavevector transfer (i.e. the reciprocal space vector) q =
kf − ki . The angles αi , αf and 2θf are related to the components of the wavevector
transfer either parallel with (qx and qy) or perpendicular (qz ) to the sample
surface by qx = k0[cos(2θf ) cos(αf ) − cos(αi)], qy = k0[sin(2θf ) cos(αf )], qz =
k0[sin(αf )+ sin(αi)]with k0 = 2π/λ. Close to the origin in reciprocal space, since
the in-plane and out-of-plane scattering angles, 2θf and αf , are small, they scale
approximately with the components qy and qz of q. The sample can be rotated
around its surface normal by an angle ω, which defines the orientation of the
incident X-ray beam with respect to the in-plane crystallographic directions. A
beam stop protects the bidimensional detector from the direct and reflected beams.

Sample

0

αi

αi
αi

αi

αi

αf

Fig. 7. Out-of-plane angles in GISAXS with definition of the zero of αf : it bisects
the direct and specularly reflected beams.

intensity, also called Yoneda peak, is located at the critical angle for
total external reflection, noted αc . In order to properly define the
origin of reciprocal space, itmight bewise to record an image of the
direct and specularly reflected beams, without beamstop but for a
strongly attenuated incident beam as several orders of magnitude
in intensity separate the diffuse scattering from the transmitted
and reflected beams.

2.2.2. Specular X-ray reflectivity (XRR)
Specular X-ray reflectivity [14,47,48] is also a special case in

which the in-plane scattering angle 2θf is null. Only the perpendic-
ular wavevector transfer is changed, with the additional condition
that the incident and exit angleswith respect to the surface be kept
equal: αi = αf ≡ θ (Fig. 8). The perpendicular wavevector transfer
is then given by: q⊥ = qz = 2k0 sin(θ). Only the intensity along
the qz direction is explored. Since q‖ = 0, XRR is insensitive to any
lateral contrast in electron density: only the perpendicular elec-
tron density profile, averaged parallel with the surface, is probed.
XRR is very useful to determine the average thickness of layers on
substrates, continuous or in the form of nanoparticles. The inter-
ference between the waves scattered by the substrate/layer, lay-
ers/layers and layer/vacuum (or air) interfaces yield maxima and
minima that are related to their average thickness; they are known
as the Kiessig fringes [49]. XRR is also very useful to analyze the
roughness and interdiffusion profiles at these interfaces as they
strongly increase the decay of intensity above the critical angle as
compared to flat interfaces [14] (see Section 5.2).

2.2.3. Off-specular X-ray reflectivity
Off-specular reflectivity measurements are performed in the

so-called coplanar geometry [15,14] for which the incoming, the
outgoing wavevectors and the surface normal belong to the same
plane. Starting with the geometry of the specular reflectivity, i.e.
Fig. 8. Principle of specular XRR: the incident and exit angles are symmetrically
raised, thus probing the reciprocal space perpendicular to the surface, along qz =
q⊥ .

Fig. 9. Principle of off-specular reflectivity: the sum αi+αf is kept constant, while
the difference αf − αi is scanned, thus probing the reciprocal space parallel to the
surface, along the qx direction. Only small values of qx are probed, in comparison
with the qy values probed in GISAXS with similar angle values.

equal incident and exit angle, several scans are possible. Among
others, the rocking scan consists in varying the incident angle
(renamed θ as for reflectivity), while keeping constant the scat-
tering angle 2θ = αi + αf , which is by definition the angle be-
tween kf and ki (Fig. 9). This scan is often performed by simply
rocking the sample surface itself at constant beam and detector
positions. In this way, to first order, the perpendicular wavevector
transfer (q⊥ ' k0(αi+αf ) = k02θ ) is kept constant, which selects
a given amplitude of the surface or interface height–height corre-
lation function, while the in-plane momentum transfer is varied
according to qx = k0[cos(αf ) − cos(αi)] at qy = 0. Off-specular
reflectivity thus allows probing fluctuations of the electron density
parallelwith the surface, as doesGISAXS. Although both probe sim-
ilar fluctuations parallel with the surface, GISAXS and off-specular
XRR are very complementary because in GISAXS, q‖ = qy is of first
order with respect to the (small) angle 2θf , while in off-specular
XRR, q‖ = qx is of second order with respect to the out-of plane
small angles. As a consequence, off-specular XRR is much better
adapted to probe electron density fluctuations over long dis-
tances parallel with the surface (100 nm–1 µm), and GISAXS bet-
ter adapted for smaller distances (1 nm–100 nm). At variance to
GISAXS cut of intensity at constant incident αi and αf exit angles,
the probed depth (see Section 5.2.6) is not kept constant in off-
specular scans [50]. Moreover, the accessible range of reciprocal
space is restricted by the sample horizon in the coplanar geome-
try [15,14].

2.2.4. Advantages and drawbacks of X-ray techniques
The most widely used techniques to study the fluctuations of

electron density on or below surfaces are imaging techniques such
as Transmission Electron Microscopy (TEM), Scanning Electron
Microscopy (SEM), and near field microscopies like Scanning
Tunneling Microscopy (STM) and Atomic Force Microscopy (AFM).
However, if these techniques can provide some of the required
information, real space observations often suffer from slowness,
sampling limits, and artifacts, such as those due to the inevitable
convolution with the tip in the cases of STM and AFM, or
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the modifications induced by the necessary sample preparation
(TEM, SEM). In addition, they are either difficult (AFM, STM,
SEM) or impossible (TEM) to use in situ, e.g. in UHV during the
growth of nanoparticles or on insulating substrates like oxides.
These limitations can be overcome by techniques based on X-ray
scattering. X-rays are adapted to any kind of materials without
suffering from charging effects; they provide depth sensitivity,
thus allowing to probe buried interfaces; they provide a statistical
averaging over the whole sample area, thus sampling the same
way as macroscopic characterization techniques; they can be
used at any pressure or temperature, and in any king of sample
environment in particular inUHV, during growth and sometimes in
real time. Chemical sensitivity can be achieved by tuning the X-ray
wavelength across an absorption edge to vary the atomic structure
factor of a chosen element. The main drawbacks of X-rays are the
nearly unavoidable use of synchrotron radiation to get a reasonable
counting time on nanostructures and data analysis that relies on
modeling of reciprocal space measurements.

2.2.5. Brief history of GISAXS applied to hard condensed matter
Grazing incidence small angle X-ray scattering (GISAXS), has

emerged as a powerful tool to analyze the morphology and
distribution of either islands on a substrate or buried nanoparticles.
In 1989, the first GISAXS experiments were performed with a
rotating anode by J. Levine et al. on Au deposits on glass [16,17,51].
Naudon et al. developed also GISAXS at LURE (Laboratoire pour
l’Utilisation du Rayonnement Electromagnétique, France) in order
to study clustering near surfaces [52,18,53–56]. The first in
situ experiments concerned the growth of metallic islands [57].
GISAXS allowed also studying the surface roughness [58,59], the
lateral correlations, sizes and shapes of semiconductor dots [60–
62,22,63], discontinuous multilayers [19], self-organized dot
superlattices [62,64] or wires [65]. Recent developments consisted
in GISAXS measurements performed in UHV, in situ, during
MBE, and with no scattering element between the undulator
synchrotron X-ray source and the detector, thus yielding a very
high sensitivity and background-free data [25].

2.2.6. In situ GISAXS and GIXS, in UHV, during growth
In general, the structure and morphology of nanostructures (or

an epilayer) on a substrate depend on many parameters, such as
the initial structure of the substrate surface itself, the structure
of the deposited material, the surface and interface energies,
the lattice parameter misfit and the growth kinetics. The above
GIXS technique (GIXS being taken as a generic name for GIXS,
GIXD, GISAXS, XRR specular and off-specular, SXRD . . . ) is one
of the very scarce tools that can be used in situ, for instance in
UHV, to follow the evolution of the structure and morphology
during growth, from sub-monolayer deposits to fairly thick films
(up to µm in thickness). In principle, the factors influencing the
overlayer growth, such as the defect density of the substrate,
the temperature during growth and the incoming fluxes can
be systematically varied. The structure of the substrate, either
reconstructed or not, should be investigated first. Its average
roughness can be deduced from analysis of the CTRs integrated
intensities, and the surface domain size and average terrace width
deduced from CTRs line-shape analysis. Systematic measurements
during growth may then provide the evolution of the structure
and morphology with the overlayer thickness; such as the
interfacial distance between both materials in heteroepitaxy; the
average in-plane and out-of-plane lattice parameters and strain
distributions, the mosaic spread and the domain size parallel
with and perpendicular to the interface. In the case of a three-
dimensional growth, the domain size is directly related to the
size of the nanostructures. The shape and size of these growing
nanostructures can be measured in situ by grazing incidence small
angle X-ray scattering (GISAXS) experiments. GIXS can also be
used to analyze different growth defects such as stacking faults,
twins and dislocation nucleation. Indeed, stacking faults are planar
defects, and thus yield rods of scattering perpendicular to the
plane of the fault. Twinned crystals yield Bragg peaks that are
related by mirror symmetry to those of the untwinned stacking.
Finally, the nucleation of dislocations in the growing film leads to
inhomogeneous deformations thatmay be detected through radial
q scans. These kinds of studies require the sample to be in Ultra
High Vacuum (UHV), so that the necessary vacuum hardware has
to be combinedwith an X-ray diffractometer. Themain difficulty is
to associate the necessary precisemovements of the sample with a
UHV environment. Several diffractometers devoted to performing
in-situ GIXS have recently been built with these requirements in
many synchrotron facilities around the world.

3. Experimental considerations

3.1. Background minimization

Because the signal is very close to the direct beam, a major
constraint in GISAXS (like for any small angle X-ray scattering
measurement) is to decrease as much as possible the background
arising from the sample itself, from the beam divergence, from
all the optical elements of the beamline, from beryllium windows
placed in the beam path, and of course from air. This requires
a bright beam with a very low divergence, high quality optical
elements and several pairs of slits to define the beam and
remove unwanted low-angle scattering. More importantly, when
performing surface X-ray scattering in ultra-high vacuum (UHV)
to study the growth by e.g. molecular beam epitaxy (MBE), a
beryllium window is usually present to enter into and exit the
UHV chamber. A Be window is also present at the end of the
beamline and the X-ray beam passes through a small path of
air between the beamline and the chamber. These Be windows
and air-path generate large background scattering at small angles,
which in addition varies very quickly with small, micrometric
variations (which are inevitable on a synchrotron beamline) of the
beam impact on the Be window. We have developed two different
experimental setups tominimize these sources of background.We
call them ID32 and BM32 from the names of the ESRF (European
Synchrotron Radiation Facility, Grenoble-France) beamline on
which they were developed. Before presenting the ID32 and BM32
setups, we first recall that the very first in situGISAXS study during
growth was performed at the Stanford Synchrotron Radiation
Laboratory (SSRL) in the early 1990 [57]. A standard point detector
was used, behind two pairs of slits placed on the detector arm in
such a way to define an angular resolution of 0.2◦ parallel with
the surface and to the detector scan, with an integration over 1◦
perpendicular to the surface.

3.2. First in situ GISAXS setup, on the ID32 ESRF beamline

This setup is described at depth in Ref. [26], and will thus
be presented only briefly here. The main characteristics are that
the UHV chamber was directly hooked to the beamline, and no
beryllium window was present between the sample and the X-
ray source [26]. The only Be window was at the end of the beam
path, just before the 2D detector; it did not provide any additional
background as the unwanted diffuse signal was hidden by the
beam stop before it diverges.

3.3. Second in situ GISAXS setup: Simultaneous analysis of morphol-
ogy and structure by GISAXS and GIXS on the BM32 beamline

The second experimental setup has been developed to allow
simultaneously performing GISAXS, GIXS and X-ray Reflectivity



264 G. Renaud et al. / Surface Science Reports 64 (2009) 255–380
X-rays

Input slits

UHV storage

Load-lock system

CCD

GISAXS

Samples

Sample

sample

detector
slits

detector

X-ray diffraction

UHV chamber 

Deposition sources

Auger electron 
spectroscopy

RHEED gun

RHEED
screen

Input beryllium 
window

Anti-scattering slits

Beam stop

Exit beryllium 
window

GIXD
and SXRD

Fig. 10. Principle of the SUV/BM32 UHV chamber coupled to a diffractometer for GISAXS, GIXS and XRR measurements on the same sample, during growth. The doubly
focused and monochromatic X-ray beam delivered by the beamline enters into the hutch from the right. Its size and divergence are further defined by slits working in
vacuum. The beam hits the exit Be window of the beamline, then the entrance X-ray window of the UHV chamber. It is next scattered by the sample before exiting the UHV
chamber, hitting again a Be window. The scattered beam can then be measured for GIXS or XRR measurements by a 0D (or 1D) detector placed after a pair of vertical and
horizontal slits defining the direction of kf , or at small angle by a 2D detector for GISAXS. In GISAXS, background is nearly suppressed thanks to input guard slits and a knife
edge placed in UHV just after the entrance Bewindow, suppressing all the unwanted X-rays before the sample, and thanks to a beam-stop placed after the sample, just before
the exit Be window, blocking the incident beam, and thus avoiding any scattering by the exit Be window. In addition, the UHV chamber is equipped with a RHEED set-up and
an Auger spectrometer, and can be equipped with up to 6 depositions cells, all apparatus looking directly at the sample when in position for X-ray measurements. Sample
introduction is performed through a load-lock and a storage/introduction UHV chamber.
measurements on the same sample, in situ, in UHV, at different
growth stages. The sample position is kept fixed for all X-ray mea-
surements, physical vapor deposition, as well as for sample prepa-
ration (ion bombardment and heating) and for characterization by
Auger Electron Spectroscopy (AES) or Reflection High Energy Elec-
tron Diffraction (RHEED).
For that sake, the setup ismade of a sophisticated UHV chamber

coupled to a large diffractometer. Fig. 10 shows a schematic
drawing and Fig. 11 a photograph of the UHV chamber dedicated
to X-ray diffraction, while Fig. 12 shows a schematic drawing of
the setup to perform GISAXS. The instrument is located at the
end of an ESRF bending magnet beamline: BM32 (Collaborating
Research Group/Interfaces) [66]. The white X-ray beam is first
vertically collimated by a mirror coated with iridium; it is then
monochromatized by a double crystal Si(111)monochromator, the
second crystal focusing the beam in the horizontal direction; the
beam is finally vertically focused at the sample location by a second
mirror. The resulting beam size at the sample location is'0.25mm
(H) × ' 0.15 mm (V) (Full Width at Half Maximum (FWHM)),
with a divergence of'0.5mrad (H)× ' 0.13mrad (V) (FWHM). It
is further defined in the experimental hutch by two sets of vertical
and horizontal entrance slits separated by 2 m (see Fig. 12). The
first set defines the vertical beam size of typically 0.3 mm (V); the
second set removes the unwanted scattering by the first slits. The
incident beam then passes a filter box, and then a monitor based
on two diodes measuring the scattering by a Kapton foil placed in
the beam. It next enters the X-ray UHV chamber.
Because of many constraints, the UHV chamber could no longer

be directly connected to the beamline: it had to be equipped with
an entrance and an exit beryllium windows. These, together with
the beamline slits and windows, generate a background at small
angles. This background is eliminated by a series of slits and a
beam-stop, in-vacuum and outside vacuum (Figs. 12, 10). The first
is a vertical slit placed inside the chamber, in UHV, just after
the entrance Be window, which lets only the incident beam hit
the sample, and eliminates all the remaining unwanted X-rays,
especially those scattered by the entrance Be window. Actually,
Fig. 11. Photograph of the core of the SUV/BM32 UHV diffractometer. The beam
enters into the UHV chamber from the bottom right corner. The GISAXS 2D camera
is at the top left corner; the slit/detector system for GIXD measurements is toward
the top. UHV instrumentation and introduction are all around the UHV chamber.
Parts are visible on the left and bottom sides of the photograph. On the right is
the heavy-duty diffractometer holding the UHV chamber with all its pumps and
instrumentation. A small part of the UHV chamber is visible at the center of the
photograph, with the entrance and exit Be windows visible in gray. The sample,
with a vertical surface, is held by a furnace allowing it to reach 2500 K.

a set of 3 tantalum slits with different fixed openings (0.25, 0.3
and 0.35 mm) can be used for this purpose. The horizontal size
of the beam being much larger than the projected sample size,
because of the very small incident angle, it is also mandatory to
eliminate most of the beam which is not used in this direction.
This is done by the molybdenum sample holder on the back
side of the sample, and by a tungsten knife-edge mounted on a
translation on the front side. This knife edge is located in UHV
between the entrance Be window and the sample. The last UHV
tool is a T-shape beamstop made of tungsten which is placed
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Fig. 12. Principle of the anti-scattering system for GISAXS measurements on the SUV/BM32 setup. The incident beam is schematized by a green line arising from the right.
Slits and anti-scattering slits, knife edge and beam-stop are schematized in blue. The small angle X-ray scattering is schematized by red arrows.
inside the chamber, just before the exit window. Its role is to
stop the incident and specularly reflected beams, while letting the
small-angle scattering exit the chamber, thus avoiding unwanted
scattering by the exit Be window. In principle, these three tools
placed in UHV efficiently suppress the background scattering. If
this is not the case, two additional T-shape tungsten beam-stops
placed in air can be added: one just after the exit Be window, and
one just before the 2D detector.
The 2Ddetector canbeplacedbetween0.3 and3mdownstream

of the sample, thus allowing one to vary the measured fraction
of reciprocal space over a wide range. A He-filled flight tube is
usually inserted between the chamber and the detector to avoid
absorption and scattering by air.
The UHV chamber can be equipped by as many as eight de-

position sources; typically four effusion cells and four electron-
bombardment cells. A large number of metals have been evapo-
rated in this chamber, as well as semiconductors (Si and Ge). The
chamber is equipped with a double-pass cylindrical mirror ana-
lyzer from STAIB for AES measurements, and with a 35 keV RHEED
apparatus, also from STAIB. A quadrupolar residual gas analyzer is
also available. The base vacuum is between 2×10−11 and 1×10−10
mbar according to preparation conditions.
The diffractometer, of ‘‘z-axis’’ [67] type, has been described

elsewhere [68]. The reciprocal space can be explored atwide angles
thanks to two detector rotations δ and β(≡αf ), in addition to
the two sample ones ω and α(≡αi). The detector acceptance can
be fitted with different sets of slits (typical angular acceptance
3.5 mrad). For GIXD, the footprint is a lozenge of variable angle
given by the in-plane scattering angle δ, and the lengths of the sides
are 0.3mmand thewidth of the vertical detection slits. For GISAXS,
the beam footprint is a long, 0.3 mmwide stripe, of length equal to
the sample diameter. As a result, the instrument can be used not
only for GISAXSmeasurements, but also for XRR and GIXS ones, on
the same sample, with no realignment.

3.4. Third in situ set up: In operando studies of model catalysts by
GIXD and GISAXS

This in situ catalytic set-up was developed by the team of
M.-C. Saint Lager [33,34] from Néel Institut (Grenoble) on the
second end station GMT (Multi-Technique Goniometer) of the
French BM32 beamline at ESRF. The catalytic batch reactor (Fig. 13)
allows for simultaneous measurements of GIXD, GISAXS and
chemical reactivity by mass spectrometry. The set-up is divided
into two chambers connected through a transfer rod: (i) an UHV
one equipped with standard surface science tools for controlled
preparation of model catalysts (ion beam sputtering, x, y, z, θ
manipulator with electron bombardment furnace, four grids
OMICRON LEED-Auger, evaporation cells, quartz microbalance);
(ii) the reactor itself where the pressure ranges from UHV to
atmospheric. The reactor is held on a ‘‘2 + 2’’ diffractometer and
installed for each beam run. The detectors for GISAXS and GIXS
as well as the typical beam sizes and divergences are the same as
those of the SUV endstation, as described in the next paragraph.
Vacuumguard slits and a blade similar to the SUV chamber (Fig. 14)
are used to get rid of the unwanted background scattering from the
entrance windows. The direct and reflected beams are suppressed
thanks to a x–y motorized beam stop just after the exit window
(size 500 µm). At variance to the previously described set-up,
there is no in vacuum beam stop because of space and reactivity
constraints. The scattering background induced by the gas along
the X-ray path in the reactor was found to be negligible at an
energy of E = 18 keV and the overall mechanical stability
was good up to pressure of '100 mbar. The reactor chamber
is optimized to measure accurately chemical reactivity. Special
care to the choice of materials has been taken to avoid spurious
reactivity; in particular, a special coating of the heated sample
holder is used (see Ref. [33] for details). The chamber is pumped
down through a turbomolecular pump (8) that can be isolated
from the chamber by a butterfly valve for gas feeding. The gas
mixture is prepared in an ancillary stainless steel manifold which
is carefully outgassed and fed with ultrapure gases. The mixture
is introduced in the reactor through a stainless steel microvalve.
A set of two capacitance diaphragm gauges and a cold cathode
gauge (11–12) allows the measurement of pressure from UHV
to atmospheric. The sample heating is ensured by a laser beam
focused on the back of the sample holder, which is optimized for
light absorption. Temperatures up to 1100 K in UHV and 800 K
under gas atmosphere (when dissipation by convection starts to
be efficient) can be reached. The temperature is recorded by optical
pyrometry (15). The gas composition ismonitored by a quadrupole
mass spectrometer (13) fed by a leak valve and pumped by a
small turbo pump station (14). Despite a reaction volume of '6 l,
the detection sensitivity and the parasitic background (without
sample) are such that submonolayer reactivity of supported gold
nanoparticles during CO oxidation can be accurately obtained. For
instance, for a turnover frequency of a few molecules/Au atom/s,
1 ML of gold (1.4 1015 atoms or 0.5 µg) catalyzes the oxidation of
25% of 0.1 mbar of CO in the reactor in 1 h [34].
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Fig. 13. Overview of the reactormounted on the GMT end station of BM32. The reactor is mounted on a ‘‘2+2’’ diffractometer and connected to a UHV preparation chamber.
The θ table (a) that holds the chamber allows defining the incident angle αi . The sample azimuth can be oriented through the ω rotation; the transmission of the movement
to the vacuum side is ensured through differential pumping. The normal of the sample surface is put parallel with the ω axis thanks to two rocker cradles ξ1, ξ2 (amplitude
±2◦). A z-movement (amplitude±2 mm; precision'2µm) allows putting the sample surface inside the beam. The detector arm for GIXD (c) mounted on marble stone (b)
rotates along the two axis φ (horizontal plane, aperture −1 to 40◦) and ψ (vertical plane, aperture −1 to 95◦). Its position defines the direction of the outgoing diffracted
beam that goes through a large aperture beryllium window (9). The incident beam passes through beryllium windows mounted on a CF40 flange. From Ref. [34].
Fig. 14. Closer view of the reactor chamber showing the guard slits (1)(2), the sample (3) and the motorized Ta beam stop just after the output beryllium window (4). This
latter have been removed from the drawing. Courtesy of M.C. Saint-Lager and P. Taunier.
3.5. Other in situ X-ray chambers

The capabilities to perform simultaneous GISAXS and GIXS/
GIXD/SXRD in situ, in UHV, or in operando, during e.g. catalytic
reactions, are being developed nowadays on several synchrotron
beamlines, such as the ESRF ID03 beamline [69]. This latter
comprises a UHV diffractometer setup devoted to GIXS and SXRD,
which is being equipped for GISAXS measurements, as well as a
very smart baby reactor chamber coupled also to a diffractometer,
that allows UHV substrate preparation and deposition followed by
X-ray measurements under gas flows, the chamber volume being
then restricted to a few centiliters, to increase the active surface
over chamber volume ratio.
3.6. Detectors

The detectors used for wide angle measurements are either
standard scintillation detectors (NaI:Tl) with a typical energy
resolution of 40% and a maximum count rate of 105 cts/s, or
avalanche photodiodes with'10% energy resolution and 106 cts/s
maximum count rate, or a linear position sensitive detector (PSD).
This last detector, provided by Vantec, is a gas detector using awire
as cathode, and a delay line to localize the pulses. Its resolution is
'30 µm, and maximum count rate'105 counts/s.
The small angle scattering is typically collected on a high

grade (1 MPP) 16-bit charge-coupled device (CCD) from Princeton
Instruments. The detector has 1152 × 1242 pixels of 56.25 ×
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56.25 µm2 size, with a rectangular acceptance of 65 × 70 mm2
and a threefold demagnification insured by a tapered assembly
of optical fibers. The phosphor screen of Gd2O2S is optimized for
energies between 3 and 30 keV. The full well capacity is 3 ×
105 electrons, with a readout noise of 7 electrons (for 100 kHz
reading). The CCD is cooled down to −60 ◦C by a four stage
Peltier system, resulting in a very small dark current (<0.02
electron/pixel/s). The detector is under vacuum, and the X-rays
enter through a 90 mm diameter 0.02 mm-thick Be window. It is
mounted on three translations (vertical and horizontal, along the
beam and perpendicular to it, respectively), at a variable distance
between 0.3 and 3m from the sample. Depending on this distance,
the maximum 2θ angle typically ranges from 0.2◦ to 5◦, and the
maximum exit angle from 0.2◦ to 10◦.
After acquisition, the data have to be corrected from the flat

field, the dark counts, the CCD distortions. In addition, when
needed, the reference signal from the bare substrate prior to
deposition is subtracted.

3.7. Notations

As far as wide angle GIXS is concerned, through this paper,
and otherwise specifically mentioned, the Miller indexes (hk`)
are expressed in reciprocal lattice units (r.l.u.) of the substrate, by
referring to its bulk parameter. In all cases, the ` index is related
to the component of the wavevector transfer perpendicular to the
surface.
For GISAXS the notations qx (along the direction of the

projection of the incident beam onto the sample surface), qy
(perpendicular to the incident beam, parallel with the sample
surface) and qz (perpendicular to the sample surface) are generally
used. In some cases, they are replaced by the directions [hk`] in
reciprocal space or by the parallel and perpendicular wavevector
transfers: q‖ = qy and q⊥ = qz , respectively.

4. General trends of the analysis of 2D GISAXS data

4.1. Introduction

In order to get accurate morphological characteristics of
nanostructures from GISAXS data, it is extremely important to
carry out a precise analysis. As a starter, the purpose of this section
is to show how a two-dimensional (2D) GISAXS pattern can be
precisely analyzed to deduce the average inter-nanostructures
distance, nanostructures shape, size, and size distribution. The
rigorous theoretical foundations are postponed to Section 6 after
the introduction of the Distorted Wave Born Approximation in
Section 5.3.
An important point to remember when analyzing the data,

is that small angle scattering is made of a coherent scattering
term, plus an incoherent one, which is present as soon as
the size distribution of the nanostructures is not monodisperse.
The coherent term is the product of the square modulus of
the mean nanostructure form factor, F(q), which is the Fourier
transform (FT) of the nanostructure shape, with the interference
function, S(q‖), i.e. the FT of the pair correlation function of
the nanostructures position. The incoherent scattering is very
difficult to evaluate analytically in the general case, and two
limit cases are often used: (i) the Decoupling Approximation
(DA), assuming no nanostructure correlations, and (ii) the Local
Monodisperse Approximation (LMA), assuming full correlation
between nanostructure sizes at a scale corresponding to the
coherence length of the X-ray beam.
Furthermore, GISAXS is generally performed with an incident

X-ray beam impinging on the surface at a grazing angle αi
close to the critical angle for total external reflection αc in
order to minimize the bulk scattering and to increase surface
sensitivity [70]. At these low angles, the surface acts as a
mirror and multiple scattering effects come into play, leading
to the inadequacy of the Born Approximation (BA). Instead,
DWBA is more suitable; this is an extension of the single
scattering formalism including the contribution of different single
scattering processes arising from perturbations of the incident,
reflected and refracted wavefields by the nanostructures [35–37]
on the reflection–refraction of waves at interfaces. Hence, for
nanostructures, a very different expression is obtained [37] in
which the usual form factor F(q) is replaced by the coherent
sum F (q) of four terms, which represent different scattering
events involving or not a reflection of either the incident or the
scattered beam at the substrate surface. Each term includes the
nanostructure form factor, evaluated at different values ±qz =
±(kfz − kiz) and ±pz = ±(kfz + kiz) and weighted by the
Fresnel reflection coefficients r(αi) and r(αf ) of the substrate
(see Fig. 41). For substrates with an uncorrelated roughness, the
Fresnel reflection coefficients may be modified by a decreasing
exponential term depending on the Root Mean Square (rms)
roughness, the z-component of thewave vector in vacuumand that
of the wave vector in the substrate [38,14] (see Section 5.2.8). The
form factor within the BA is recovered from the DWBA by setting
r(αi) = r(αf ) = 0. Hence, the BA is valid only when the reflection
coefficients are negligible, i.e.when αi and αf are larger than'3αc
(see Section 5.2.6). At powerful synchrotron facilities, it could be
thought relevant to carry out GISAXS at αi � αc so that, as will be
shown below, some quick analysis could be done in the BA but at
the expense of a loss of scattered intensity. Moreover, in this case,
some information is lost for small qz values, which may affect the
result if the nanostructures are very high.
For a matter of simplicity, in the following introduction section,

the discussion is, most of the time, restricted to the BA, which is
almost valid when considering only the scattered intensity parallel
with the surface.

4.2. Form factor versus interference function

The most interesting specificity of GISAXS is to probe the
nanostructure morphology, i.e., shape and size, which can be
derived in principle from the form factor. However, the scattered
intensity is the product of the form factor by an interference
function as illustrated in Fig. 15. In the case of concentrated
systems, these two terms are strongly correlated at small qy values.
Nevertheless, in disordered systems, the interference function
tends to one as the wavevector transfer increases, and the
GISAXS intensity is then entirely determined by the form factor.
Hence, in order to discriminate between different shapes and
accurately determine the nanostructure size and size distribution,
the intensity must be measured (i) far from the origin of the
reciprocal space and (ii) over several orders of magnitude. This
requires a background as low as possible as the form factor
decreases rapidly with increasing qy values.

4.3. Form factors of simple geometrical shapes

We discuss below the behavior of the form factors F(q) for
several simple nanostructure shapes: cylinder, totally or partially
emerging sphere, and complete or truncated four-fold pyramid. In-
formation on the nanostructure shape can be gained from the sym-
metry properties that can be probed by rotating the sample around
its surface normal. Possible facets on the sides of the nanostruc-
tures can also be put in evidence by the presence of characteris-
tic scattering rods [71] (see Sections 6.2.6 and 6.2.7). Furthermore,
the inspection of the intensity zeros or minima may be of great
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Fig. 15. Open circles: GISAXS intensity calculated within the BA as function of the
parallel wavevector transfer qy 〈R〉 and at αf = 0 for cylindrical nanostructures on a
substrate in a disordered state. Filled squares: form factor of a cylinder. Continuous
line: interference function with a distance between nanostructures of D = 2.4 〈R〉.
The difference between the maximum of the interference function and that of the
GISAXS intensity is∆qy 〈R〉. The inset shows the same evolution with the y-axis on
a logarithmic scale. From Ref. [29].

help to determine the average size if the size distribution is suf-
ficiently narrow. Nevertheless, the size polydispersity is usually
large and the above criteria are not sufficient. Then, the asymp-
totic behavior at high q may allow extracting the average shape
(see Section 6.3.3).
The analytic expressions of the form factors of simple nanos-

tructure shapes [27] are given in Appendix. For anisotropic nanos-
tructures, the form factor depends on the orientation of the nanos-
tructures with respect to the X-ray beam (see Section 6.2.6). Two
important cases can be considered for faceted nanostructures: the
X-ray beam aligned along a face or along an edge. Fig. 16 shows
2D maps of the form factor within the DWBA i.e. |F (q)|2 in the
(qy, qz) space calculated within the DWBA for various nanostruc-
ture shapes and orientations, and for αi = αc . On these five maps,
the intensity presents a maximum along the perpendicular direc-
tion at αf = αc , known as the Yoneda peak just above the horizon
of the sample; it is due to the interference effects between the four
scattered beams on the surface (see Section 6.2 and Figs. 41–42).
For a cylinder, the pattern is composed of well separated lobes
along both parallel and perpendicular directions (see Fig. 16a). For
a complete sphere, one main zero order lobe is present, with a
first order arc-shaped lobe (cf. Fig. 16b). The 2D map for a com-
plete pyramid is characterized by a main lobe elongated along the
perpendicular directionwith amonotonous intensity decrease. For
pyramid-like nanostructures of fcc material on a (001) surface, the
main side facets are (111) that make an angle 54.7◦ with respect
to the surface normal. If the incident X-ray beam is aligned along
a face, pronounced scattering rods by facets appear at an angle of
54.7◦with respect to the surface normal (cf. Fig. 16c).When the an-
gleω increases between 0◦ and 45◦, these rods become less intense
(cf. Fig. 16d and e).
Hence, a simple qualitative inspection of a 2D GISAXS pattern

may allow a first guess of the average nanostructure shape, e.g.,
symmetry, facets . . . . However, this is not always possible and
a detailed analysis of the intensity evolution as a function of qy
and qz is then necessary to provide additional information on the
nanostructure shape.

4.4. The problem of the interference function

Many theoretical or ad hoc interference functions (or equiva-
lently pair correlation functions) can be used to analyze the GISAXS
data [27]. The most usual are the Debye hard core [40] inter-
ference function, the Gaussian pair correlation function [72], the
Lennard–Jones pair correlation function [73], the gate pair correla-
tion function, the Debye hard core with power-law decrease [40],
the Zhu pair correlation function [74], the Venables pair correlation
function [75], or the bidimensional hard core pair function [76].
Some other very useful interference functions are those deduced
from 1D or 2D paracrystals [42,27]. If the relative positions of the
nanostructures could result from an interaction pair potential, the
pair correlation function could be deduced using a thermodynam-
ics approach based on an interacting gas [77], if the system is at
equilibrium and nearly monodisperse. However, the repartition of
nanostructures grown on substrates is often the result of many
competing phenomena that are dominated by the kinetic condi-
tions and thermodynamic trends, so that the notion of ‘‘interaction
potential’’ between nanostructures is meaningless.
Inmany cases, none of these functions allow to satisfactorily re-

produce the exact shape of the first maximum of the GISAXS data
parallel with the surface, as well as the intensity evolution close to
the origin of reciprocal space. It might then be useful to resort to an
ad hoc interference function deduced from other experimental in-
vestigations such as plane view transmission electron microscopy
(TEM), scanning electron microscopy (SEM) or Atomic Force Mi-
croscopy (AFM) data. Such an analysis has been performed in the
cases of Pd and Ag deposited on MgO(001) [29,78–80].
Revenant et al. [29] resorted to digitalized TEM plane views

to define an ad hoc interference function. The nanostructure pair
correlation function g(r) was determined from the number of
nanostructure centers of mass per unit of surface located at a
distance between r and r + dr from an origin nanostructure.
Care had been taken to avoid image edge effects by excluding
the borderline nanostructures. Large scale pictures with a few
thousands of nanostructures allowed to derive the nanostructure
pair correlation function, g(r), and its Fourier transform, i.e. the
interference function S(q‖), the latter being fitted with a two
parameter function D and σ (D inter-nanostructure distance and σ
the disorder parameter) in order to introduce it in the fit procedure.
Ultimately, this function, determined on the final deposits, was
found much more appropriate than the model functions to fit the
GISAXS data for all deposits.

4.5. Nanostructures spacing and maximum of the interference
function

In many GISAXS studies [17,18,24], the average inter-nanostru-
cture distance D is determined through the position of the GISAXS
intensity maximum qm by D = 2π/qm. However, as the GISAXS
intensity is the product of the interference function S(qy) by the
square modulus of the form factor, the GISAXS peak position qm
is shifted from the S(qy) peak position noted qp accordingly to
the form factor slope. This behavior is illustrated in Fig. 15 within
the typical context of metal/oxide studies [25,29] for cylindrical
nanostructures of mean radius 〈R〉 = 7.5 nm. The GISAXS inten-
sity maximum is located at qm 〈R〉 = 2.20, corresponding to a
distance of 2π/qm = 21.5 nm, whereas the maximum of the
interference function (evaluated from TEM) is at qp 〈R〉 = 2.92,
which corresponds to a distance of 2π/qp = 16.2 nm. There is a
large discrepancy between these two distances. Nevertheless, the
distance determination from the interference function by 2π/qp is
not exact either, as the exact mean inter-nanostructure distance
from the TEM analysis is D = 18.0 nm. As a consequence, in order
to get a precise determination of the mean inter-nanostructure
distance, it is extremely important to fit the experimental scattered
intensity with an adequate model for the interference function.
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Fig. 16. The 2D |F (q)|2 factor calculated within the DWBA of (a) a cylinder (R = 5 nm and H/R = 1), (b) a complete sphere (R = 5 nm), (c) a complete pyramid with
R = 5 nm with the beam aligned along a face (ζ = 0◦), (d) same as (c) but with the beam aligned along an edge (ζ = 45◦), and (e) same as (c) but with ζ = 30◦ . The
intensity is represented on a logarithmic scale; 2θf and αf angles range from 0◦ to 3◦ . λ = 0.1 nm. From Ref. [29].
4.6. Deducing nanostructure size and shape froma rapid data analysis

In view of the complexity of a full quantitative analysis, using
for instance the IsGISAXS program [27,28], it is very tempting
to first deduce the nanostructure shape and if possible its average
size from a first rapid data analysis. Different possibilities for such
a rapid analysis are illustrated below.

4.6.1. The small polydispersity case
In the case of small polydispersity, i.e. when all nanostructures

are close in size and shape, the position of the zeros of the
form factor are indicative of the morphological parameters. This
is illustrated in Fig. 17 which represents the square modulus
of the form factor as a function of qy 〈R〉h, where 〈R〉h is the
average of half parallel characteristic size R of the nanostructures
over the coordinate h perpendicular to the interface. For isotropic
nanostructures like cylinder and sphere based shapes, all the∣∣F(qy 〈R〉h)∣∣2 functions are expressed with a Bessel function in the
parallel plane and thus have their first zeros at qy 〈R〉h ' 3.9, as
shown in Fig. 17a. For a pyramid based shape, for the beam aligned
along a face, all the

∣∣F(qy 〈R〉h)∣∣2 functions are expressed with a
linear combination of sin(x)/x functions and thus have their first
zeros at qy 〈R〉h ' 3.3, as shown in Fig. 17b. For cylinder, sphere,
and pyramid with the beam aligned along a face, the

∣∣F(qy 〈R〉h)∣∣2
function presents several well pronounced lobes. For the beam
along an edge, the first zero or minimum is at qy 〈R〉h ' 4.5 for
a heavily truncated pyramid (typically, H/R ≤ 0.5) as shown in
Fig. 17c. This value corresponds to the previous zero value (beam
aligned along a face) times

√
2. On the contrary, the

∣∣F(qy 〈R〉h)∣∣2
function decreases in a monotonous way for a complete (H/R =
1.4) or slightly truncated pyramid (typically, H/R ≥ 0.9).

4.6.2. The large polydispersity case: Nanostructure size distribution
Nanostructure shape and size distribution is a natural consequ-

ence of the growth-coalescence process. The exact size distribution
law is a central information in numerous theoretical approaches of
crystal growth. Nevertheless, depending on the growth stage (nu-
cleation, growth or coalescence), the type of nucleation process
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Fig. 17. Squaremodulus of the form factor calculated within the BA at qx = qz = 0
versus qy 〈R〉h . 〈R〉h is the average of the parallel nanostructure characteristic half
size R over the coordinate h perpendicular to the surface/interface. (a) Isotropic
nanostructures. Bold line: cylinder; filled triangles: sphere with H/R = 1.5; open
circles: H/R = 2; filled squares: H/R = 1; line: H/R = 0.5. (b) Pyramid with the
beam aligned along a face. Line:H/R = 1.4; filled squares:H/R = 0.9; open circles:
H/R = 0.5. (c) Same as (b) but with the beam aligned along an edge. From Ref. [29].

(homogeneous or heterogeneous), the growth kinetics parame-
ters (trapping energy, diffusion coefficient), the type of lattice
mismatch relaxation, etc . . . , it is difficult, if not impossible to
predict it. Usually, the observed lateral size distribution is well
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0. Bold line: without any size distribution; thin line: with a lognormal distribution
σ = 1.1; filled squares: σ = 1.3; open circles: σ = 1.7. The inset shows the
corresponding lateral size distributions. From Ref. [29].

described by a lognormal probability distribution, which is asym-
metric (Fig. 18). The obvious effect of the size distribution (see
Fig. 18 and Section 6.3.3 with Fig. 49) is to smooth the scattering
curve. Poorly known also is the height distribution and the cross
correlation between lateral size and height distributions. From a
practical point of view, they are either fitted independently or are
supposed to be fully or partially correlated [81]. Fitting procedures
used in SAXS [82] could be also applied to GISAXS to deduce the
size distribution from the lineshape of the scattering butwe are un-
aware of any GISAXS data analysis based on this approach, maybe
because of limited counting dynamics.

4.6.3. The large polydispersity case: Asymptotic behavior of the form
factor
In size distributed samples, further insight may be gained by

studying the asymptotic behavior of the mean form factor, limit
which is currently named the Porod approach in the field of
small angle scattering on bulk samples (see Section 6.3.3 for the
demonstration). Whatever the approximation is, for disordered
systems, the intensity at large q vectors is proportional to the
average of the square modulus of the form factor. The curves
log

(〈
|F |2

〉)
versus log(qy) or log(qz) shown in Fig. 19 for simple

geometrical shapes demonstrate that, for sufficiently distributed
sizes, the intensity varies as q−n with an exponent n that depends
on the sharpness of the nanostructure shape. For instance, n = 3
for a cylinder, 4 for a hemisphere or a pyramid in the parallel
direction, whereas n = 2.5 for a cylinder, 3 for a hemisphere or a
pyramid in the perpendicular direction in a range where log(qyR)
or log(qzH) are comprised between 0.5 and 1. Hence, providing
that measurements are performed sufficiently far away in the
reciprocal space (typically qyR or qzH > 3.5)with a high dynamics,
each considered nanostructure shape is fully characterized by a
set of slopes in both directions. It is also worth noticing that the
difference with the 3D-case where n = 4 for continuously curved
interfaces is due to the reduced dimensionality and the absence of
the orientation average as supposed in the 3D-Porod limit.
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Fig. 19. Plots of log(
〈
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〉
) calculated within the BA (a) at the qz position of total

external reflection versus log(qyR), and (b) at the qy position of the interference
maximum versus log(qzH). Continuous line: cylinder H/R = 1; filled squares:
hemisphere; open circles: pyramid H/R = 0.9, and ζ = 0◦ . The insets of (a) and (b)
show, respectively, the lateral and vertical lognormal size distributions of σ = 1.7.
Similar results are obtained within the DWBA. From Ref. [29].

4.6.4. Very fast data analysis of GISAXS patterns
The aim of this rapid analysis is to estimate easily and quickly

the average morphological parameters of the nanostructures [80]:
the inter-nanostructure distance D, the diameter (or in-plane size)
d and the heightH . In this analysis, the nanostructures aremodeled
by spheres or cylinders without size distribution whatever the real
shape of the nanostructures. These crude approximations aremade
for the sake of simplicity and rapidity of the computations. In the
direction parallel with the surface, the intensity is expressed as:

I(qy) = A‖
∣∣F(qy)∣∣2 S(qy), (2)

where A‖ is a constant scale factor, F(qy) the form factor expression
and S(qy) an ad hoc interference function given by:

S(qy) =
{
1+ e−|qy−qy0|D/π cos

[
qy − qy0

]
D
}
E(qy), (3)

with

E(qy) = 1−
1

1+ eD/2(|qy−qy0|−4π/D)
, (4)

where qy0 is the qy coordinate of the maximum. In the perpendic-
ular direction, the intensity is also calculated on the basis of an
analytical form factor squared, multiplied by the intensity trans-
mission factor expressed as a function of the incident and exit an-
gles as if the particles were buried underneath the substrate. It is
thus fitted with the following I(qz) function, calculated for a sub-
strate of complex refractive index n = 1− δ − iβ:

I(qz) = A⊥ |F(qz)|2 T (qz − qz0), (5)

with

T (q) = 4λ2
q2

(λq+ a+)2 + a2−
, (6)

and

a± =
1
2

√√
(λ2q2 − 2δ)2 + 4β2 + λ2q2 ± 2δ, (7)

where A⊥ is a scale factor, qz0 is the coordinate of the maximum
intensity, the parameters a+ and a− occur in the intensity ratio
between the reflected beam and the incident one.
Fig. 20 shows a typical example of this rapid data analysis. If

the intensity maxima parallel with the surface and the positions of



G. Renaud et al. / Surface Science Reports 64 (2009) 255–380 271
1 20 1 2
2

103

104

5
a b

qz (nm-1)qy (nm-1)

10

10

lo
g(

I)
 (

co
un

ts
/p

ix
el

)

Fig. 20. GISAXS cut (a) parallel and (b) perpendicular to the surface for the 3.6 nm
thick Ag deposit on MgO(001) at 300 K. Dots: cuts of the experimental GISAXS
pattern; thin line: best fit of the experimental cut with the rapid data analysis. The
intensity is represented on a logarithmic scale. From Ref. [80].

themaxima perpendicular to it arewell reproduced, the absence of
size distributions yields large intensity oscillations parallel to the
surface that are obviously absent from the experimental data. A
more sophisticated model should then be used if one is interested
in the nanostructure shape and size distribution.

4.7. Nanostructure faceting

Another general feature is the signature of the nanostructure
faceting on GISAXS patterns (see Section 6.2.7). We illustrate it for
the Ag/MgO(001) system (Fig. 21). When the incident X-ray beam
is along the [110] direction (Fig. 21b), an additional scattering rod
at 54.7◦ with respect to the surface normal is observed. It is never
found when the beam is along the [100] direction (Fig. 21a). This
indicates that silver forms oriented faceted nanostructures with
{111} side facets. Moreover, in the case of faceted nanostructures,
the second and even sometimes third order scattering peaks
perpendicular to the surface are indicative of a flat top (001) terrace
and of a narrow height distribution. An additional feature can be
deduced from a detailed comparison of Fig. 21a with b. Indeed,
the intensity along the qy direction, at the Yoneda peak position, is
clearly larger when the X-ray beam is along [100] as compared to
along [110]. This indicates that there is a scattering rod along the
[010] direction. Hence, the Ag nanostructures also present {010}
facets for Ag deposited thickness as small as 2 nm. These facets
grow as the Ag deposition thickness increases from 2 to 7 nm. All
these features point to a truncated cubo-octahedron like average
shape with {001}, {111}, and {010} facets, which is represented in
the inset of Fig. 21a.

4.8. Practical considerations

The above measurements were performed in UHV. As expected
for vacuum measurements, the background is close to zero (less
than ten counts for an acquisition time ranging from 400 ms to
25 s) [25,26]. The enhancement of intensity for αf = αc in
the perpendicular direction is usually referred to the Yoneda’s
peak [39]. Its origin will be explained in the framework of the
DWBA scattering cross section in the theoretical part Section 6.2.
The origin of reciprocal space is located (i) along 2θf , in the middle
of the two lobes when the image is known to be symmetric,
and (ii) along αf , by setting the Yoneda’s peak at the substrate
αc value at the early beginning of the growth, as given by
the transmission function T (αf ) inside the substrate. The only
discrepancy thatwas found between the theoretical T (αf ) function
Fig. 21. GISAXS patterns of 2 nm of Ag deposited on a MgO(001) surface at
540 K, with the incident beam along the [100] (a) and the [110] (b) direction of
the MgO(001) substrate. The intensity is represented on a logarithmic scale. Each
black contour between two colors corresponds to an order of magnitude change
in intensity. The qy (respectively qz ) axis ranges from 0 to 2.7 nm−1 (respectively
3 nm−1). Inset: top view of the truncated cubo-octahedron nanostructures shape
with the {001}, {111}, and {010} facets. From Ref. [79].

and the experimental intensity profile as a function of αf is a
wider experimental FWHM (factor 2) that gives an upper bound
0.05◦ for the instrument-induced broadening along αf [81]. This
corresponds to the horizontal convergence of the incident beam of
the BM32 optics.

5. Theoretical background of grazing incidence diffuse X-ray
scattering

5.1. Introduction

Despite the well known phase problem, one key advantage of
X-ray scattering from bulk is the possibility to perform data
analysiswithin the kinematic approximation [40,41] using suitable
models. Indeed, contrary to more interacting particles like
electrons or visible photons, X-ray photons interact weakly with
matter and multiple scattering can be neglected except for highly
perfect crystals. However, shallow scattering angles bring one
more level of complexity. The standard Born approximation
starts to fail and multiple scattering effects come into play. In
other words, the dynamical effects of reflection and refraction at
interfaces can no more be neglected in the scattering process. This
section is devoted to the theoretical treatment of scattering under
grazing angles using the most popular theoretical framework i.e.
the Distorted Wave Born Approximation (DWBA). This section is
aimed at giving a feeling of the underlying problems in a self
consistent way but without any attempt at completeness. The
interested reader can refer to themany standard text books [14,15,
38] or reviews [43,12,83,44,84,13,85] that dealwith the theoretical
and experimental aspects of scattering from surfaces.
In a first part Section 5.2, the specificity of the propagation of X-

ray at flat and abrupt interfaces are reminded after the definition
of refraction index. The emphasis is put on the classical Fresnel co-
efficients, the concept of penetration depth and the phenomenon
of total external reflection that is at the heart of the grazing inci-
dence techniques (see Section 2). As a primer to diffuse scattering,
it is necessary to present the matrix formalism for a graded inter-
face as compared to the kinematic approximation of reflectivity to
understand the notion of multiple scattering. Hand waving argu-
ments are given to introduce the roughness Névot–Croce damping
factor in reflectivity.
The problem of scattering is introduced in Section 5.3 through

the notion of integral equation of wave propagation and Green
function. Perturbation treatments knownas the Born andDistorted
Wave Born Approximations are introduced and applied to a series
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of relevant cases: the single rough surface, the multilayers, the
buried density fluctuations, themagnetic scattering. The important
case of nanoparticles is postponed to the next section Section 6.

5.2. Propagation of X-ray at interfaces

Two conventions are often used to define the monochromatic
plane waves:
(i) the crystallography one: A ∝ ei(ωt−k·r),
(ii) the quantum mechanics or optics one: A ∝ ei(k·r−ωt).

The difference comes into play in the sign of the imaginary part
of the refraction index n or the atomic scattering form factor and
the definition of the wavevector transfer q. Even if the measurable
quantities are given by squared modulii, it is important to keep
consistently the same convention, particularly when using the
DWBA formula. Contrary tomany theoretical papers on the DWBA,
the crystallography convention is used herein leading to n = 1 −
δ−iβwith δ, β > 0; thewavevector transfer is givenbyq = kf−ki
and the Fourier transform of any function F(r) is defined by:

F (q) =
∫
V
F(r)eiq.rdr. (8)

5.2.1. Wave propagation in three dimensions
The X-ray electromagnetic fields obey the classical Maxwell

equations [86,87]:

∇ × E = −
∂B
∂t

(9)

∇ × H =
∂D
∂t

(10)

∇ · D = 0 (11)
∇ · B = 0. (12)
As usual, E is the electric field, H the magnetic field and D, B
the associated displacement fields. These quantities depend on
the spatial coordinate r and on time t . These equations apply to
charge free and current free media. For a non-magnetic medium
characterized by its relative dielectric constant ε(r),
D = ε(r)ε0E; B = µ0H. (13)
The time dependence of the dielectric constant is dropped as the
propagation is supposed to be non-retarded. ε0 and µ0 are the
dielectric andmagnetic constants of vacuum. The case of scattering
from magnetic media is beyond the scope of this review; we
restrict the problem to scattering from variations of the dielectric
constant. The problem of resonant scattering from structurally and
magnetically rough interfaces andmultilayerswas recently tackled
in the cases of specular reflectivity [88] and diffuse scattering [89]
using the framework of DWBA (see Section 5.4.5 for further
insights). Using the identities ∇ × ∇ × A = ∇(∇ · A)− ∇2A and
∇ · (f A) = f∇ · A+∇f × A in Eqs. (9)–(10), one ends up with the
propagation equations for the electric and magnetic fields:

∇
2E− ε0µ0ε(r)

∂2E
∂2t
= −∇(∇ ln ε(r) · E) (14)

∇
2H− ε0µ0ε(r)

∂2H
∂2t
= −∇ ln ε(r)× (∇ × H). (15)

For time harmonic waves with a eiωt dependence, Eqs. (14)–(15)
becomes:[
∇
2
+ ε(r)k20

]
E = −∇(∇ ln ε(r) · E) (16)[

∇
2
+ ε(r)k20

]
H = −∇ ln ε(r)× (∇ × H), (17)

where the dispersion relationship for planewaves in vacuum, k20 =
ε0µ0ω

2, has been introduced.
5.2.2. Dielectric constant and index of refraction
At variance to visible light [86,87], the description of X-ray

radiation-matter interaction through a refractive index does not
imply the spatial average of the microscopic Maxwell equations
to hold but relies on the huge discrepancy between the wave
frequency and the characteristic atomic transition frequency
[38,14]. In this case, the indexes or the densities are determined
at a local scale i.e. depending on the resolution of the experimental
technique.
The dielectric constant ε(r) is related to the electric polarization

density P of the medium through:

D = ε0ε(r)E = ε0E+ P. (18)

With the classical model of the bound electron [87,40,38,84], the
electron is submitted to three forces:

(i) the electric force Fe = −eE from the incident X-ray beam
E = E0eiωt ,

(ii) the restoring force Fr = −mω20r due to the binding of the
electron to the nucleus that is proportional to the shift of the
electron position r from its rest position,

(iii) the damping force Fd = −Γ dr/dt primarily due to the
radiative loss of energy by the accelerated electron but also to
photon absorption. Its expression can be found in Refs. [87,84].

The equation of motion of the electron reads:

d2r
dt2
+ Γ

dr
dt
+ ω20r = −eE0e

iωt . (19)

Seeking for time harmonic dependence r = r0eiωt , the amplitude
of the forced oscillator is:

r0 = −
eE0
m

1
ω20 − ω

2 − iωΓ
. (20)

Far away from an adsorption edge, in the hard X-ray regime,
the eigenfrequency ω0 ' 1015 s−1 of the bound electrons is
much smaller than the driving frequency of X-ray ω ' 1019 s−1.
Therefore, the previous equation reduces to the classical Thomson
expression r0 ' eE0/mω2. The dipole density caused by the
uncoupled electrons of density ρe is given by: P ' −e2ρeE0/mω2.
Using Eq. (18), the dielectric constant follows:

εr = 1−
reρeλ2

4π
, (21)

where the classical electron radius is given by: re = e2/4πε0mc2 =
2.8 10−15 m and ω = 2πc/λ. With λ ' 1 Å and ρe ' 1e Å

−3, the
correction to 1 is in the range of 10−6 − 10−5. Thus, the refractive
index is given by:

n =
√
εr = 1− δ with δ =

reρeλ2

2π
. (22)

An imaginary part β ∼ 10−6 due to absorption that is to say
to the damping term Γ should be added to get the full complex
refractive index n = 1−δ−iβ . As the spatial dependence of awave
propagating in a medium is defined as ei2πn/λz , β is related to the
linear absorption coefficient of intensity, µ, through β = λµ/4π .
In fact, n is related to the atomic scattering form factor (i.e. the
Fourier transform of the electronic cloud) f (q) = f 0(q)+ f ′ + if ′′
(q is the scattering wave vector) and to the atomic density ρa [38]:

n = 1− δ − iβ; δ =
reρa(f 0(0)+ f ′)λ2

2π
;β =

reρaf ′′λ2

2π
. (23)

The anomalous dispersion correction f ′+if ′′ applied on f 0(q) is due
to absorption edges and depends on the photon energy E; f (q) can
be described on the basis of quantum mechanics. f 0(0) is nothing
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Fig. 22. Real part of refractive index δ, attenuation length 1/µ and critical angle for total external reflection αc versus photon energy for (a) a metal Au (density 19.32), (b)
an oxidemade of lighter elementsMgO (density 3.58). Notice the absorption thresholds L1, L2, L3 of gold leading to strong variations of δ, β, αc , µ, f ′, f ′′ . Data from Ref. [90].
else than the number of electrons per atom. A demonstration of the
strong link between the refractive index n and the scattering length
density in the forward direction f 0(0) can be found in Refs. [87,
14,38]. It relies on the weak interaction approximation that comes
from the smallness of λ as compared to the extinction length Le =
λ/(n−1). This link is a straightforward result of the Born scattering
cross section (see Section 5.3.4).
A full data set of refraction indices δ, β , dispersion corrections

f ′, f ′′ and absorption coefficients can be found on theweb [90]. The
typical orders of magnitude are illustrated in Fig. 22.

5.2.3. Propagation in stratified media and Helmholtz equation for X-
rays
The general discussion of Section 5.2.1 is now restricted to the

case of the propagation in stratified media for which the dielectric
constant depends only on the spatial coordinate z perpendicular
to the stacking direction ε(r) = ε(z). As shown in Fig. 23, the
wavefield can be conveniently divided into two parts:

(i) a s-polarized wave with its electric field E aligned along the
y-direction perpendicular to the incident plane,

(ii) a p-polarized wave with E in the plane of incidence and its
magnetic field H aligned along y.

The matching of the boundary conditions at flat interfaces
shows that both type of waves are not depolarized upon reflection
or refraction [87] (see Section 5.2.6). Moreover, any type of waves
can be decomposed in s or p components.
For a s-polarizedwave, as the dielectric constant and the electric

field Ey depend only on z, Eq. (16) reduces conveniently to a scalar
one for the y component of E:[
∂2

∂2z
+ ε(z)k20

]
Ey = 0. (24)

A similar equation can be inferred from Eq. (17) for the y-comp-
onent of H in the case of a p-polarized field:[
∂2

∂2z
+ ε(z)k20

]
Hy =

∂ ln[ε(z)]
∂z

∂Hy
∂z
. (25)

As previously shown in Section 5.2.2, the dielectric constant ε(z)
and the refraction index n(z) =

√
ε(z) are very close to one in
z
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Fig. 23. An incident plane wave of wavevector ki is reflected along the kr direction
and transmitted along thekt one by a stratifiedmediumof index n(z). The reflection
plane (Oxz) contains ki, kr , kt . As usual with X-ray scattering, the incident αi , the
reflected αr and the transmitted angles αt are defined from the sample surface. The
two polarization states s, p that are not modified upon reflection and transmission
are represented. For a s-wave, the electric field Ex is parallel to the surface while for
a p-wave, it is the magnetic one Hx .

the X-ray wavelength regime: ε(z) = 1 − 2δ with δ in the range
of 10−6 − 10−5. Therefore, for all practical purposes, the gradient
of ln[ε(z)] is of the same order of magnitude as δ and thus can be
neglectedwith a great accuracy. Consequently, Eq. (25) reduces to:[
∂2

∂2z
+ ε(z)k20

]
Hy = 0. (26)

As a conclusion, both s and p-polarized X-ray waves obey a similar
Helmholtz equation for either the electric of the magnetic field.

5.2.4. The boundary conditions
The boundary conditions on the electric and magnetic fields

come from theMaxwell equations (Eqs. (9)–(10)). The path integral
of E or H along a rectangular closed loop across the interface of
normal n that separates two media ± is given by the flux integral
of its rotational through the so defined area (see Fig. 24):∮
L
E.dl =

∫∫
A
∇ × E.ds = −

∂

∂t

∫∫
S
B.ds
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Fig. 24. The considered geometry for the derivation of the electromagnetic
boundary conditions. A closed elementary rectangular loop of length L and area
A = δlδh intersects the surface of separation between twomedia± of local normal
n. The loop is oriented in such a way that da is its elementary surface vector. Its
height δh tends to zerowhile keeping the loop along the frontier between themedia.∮
L
H.dl =

∫∫
A
∇ × H.ds =

∂

∂t

∫∫
S
D.ds. (27)

When the two sides of the rectangle perpendicular to the sur-
face vanish δh → 0, the surface integrals on left-hand side of
Eq. (27) become zero and the only contributions of the path inte-
grals come from both sides parallel with the interface. This yields
the continuity of the tangential components of E and H across the
interface:

n× (E+ − E−) = 0 (28)

n× (H+ − H−) = 0. (29)

For a s-polarized wave for which E has only one component paral-
lel with the interface, Ey(z = 0+) = Ey(z = 0−). As the magnetic
field is evaluated through the Maxwell equation (Eq. (9)):

Hx =
1
iωµ0

∂Ey
∂z
, (30)

it appears that the continuity of Hx gives rise to the continuity of
the first derivative of the tangential component of the electric field:(
∂Ey
∂z

)
(z = 0+) =

(
∂Ey
∂z

)
(z = 0−). (31)

For a p-polarized wave propagating in stratified media, the same
reasoning leads to Hy(z = 0+) = Hy(z = 0−). The continuity of Ex
implies that:(
1
ε(z)

∂Hy
∂z

)
(z = 0+) =

(
1
ε(z)

∂Hy
∂z

)
(z = 0−), (32)

since the Maxwell equation (Eq. (10)) links Hy to the tangential
component of E:

Ex = −
1

iωε0ε(z)
∂Hy
∂z
. (33)

The same argument that led to Eq. (26) i.e. the small difference be-
tween ε(z) and one for X-raywavelength allows towrite down the
continuity of the normal derivative of Hy.

5.2.5. The analogy with Schrödinger propagation equation
In the two previous sections, it was demonstrated that for

stratified media:

(i) the propagation of the X-ray wavefields can be reduced to
a scalar Helmholtz equation in the case of s (respectively
p) polarized wave for the component of the electric Ey
(respectivelymagneticHy) perpendicular to the incident plane,

(ii) those components as well as their normal derivative are
continuous across the interface.
Therefore, as a consequence of n2 ' ε ' 1 for X-rays, the vectorial
character of the wavefield can be dropped and replaced by a scalar
quantity Ψ (z) that obeys:[
∇
2
+ k20n(z)

2]Ψ (z) = 0; Ψ (z = 0+) = Ψ (z = 0−); (34)(
∂Ψ

∂z

)
(z = 0+) =

(
∂Ψ

∂z

)
(z = 0−). (35)

For n(z) = n, the obvious solutions (Eq. (35)) are plane waves
eik0nz . A complete analogy can be drawn with the Schrödinger
equation [91,92]:[
−
h̄2

2m
∇
2
+ V (z)

]
Ψ (z) = EΨ (z) (36)

describing the propagation of the wave function of a particle of
energy E in a 1D potential V (z) = − h̄2 k20n

2(z)/2m + E . The
continuity of Ψ (z) and its derivative result from the conservation
of the flux of probability. Therefore, X-ray and neutron reflection
from interfaces can be treated on the same footing [43,84]
even for diffuse scattering at small angles (see Section 5.3.6 for
demonstration).

5.2.6. Snell–Descartes laws, Fresnel coefficients and penetration depth
The Snell–Descartes laws and Fresnel coefficients of reflection

and refraction are a simple consequence of the propagation
equation and its boundary conditions. Even though the problem
is treated in many standard textbooks of electromagnetism or
optics [87], it is worth considering it in the case of X-rays [38,
14,83], not only because of the special convention of angles, but
also because of the phenomenon of total external reflection and its
implications.
Let us consider the simple sharp and abrupt dioptre between

vacuum and a medium of refraction index n and a plane
wave propagating in the (xOz) plane (see Fig. 23). In vacuum,
the wavefield is made of an incident plane wave Aie−iki.r of
wavevector ki and amplitude Ai superposed with a reflected one
(wavevector kr , amplitudeAr )while a transmitted one (wavevector
kr , amplitude Ar ) appears inside the medium. As usual in X-ray
reflectivity, the incident αi, reflected αr and refracted αt angles
are defined from the substrate surface and are related to the
wavevector (see Fig. 23) through:

ki = k0[cos(αi)ex − sin(αi)ez] (37)
kr = k0[cos(αr)ex + sin(αr)ez] (38)
kt = nk0[cos(αt)ex − sin(αt)ez]. (39)

If it is assumed that the transmitted wave is completely absorbed
by a sufficiently thick substrate, the boundary conditions at z = 0
read:

Aie−k0 cos(αi)x + Are−k0 cos(αr )x = Ate−nk0 cos(αt )x (40)
Ai sin(αi)e−k0 cos(αi)x − Ar sin(αr)e−k0 cos(αr )x

= At sin(αt)e−nk0 cos(αt )x. (41)

The validity of Eq. (40) for any x leads to the well known
Snell–Descartes laws:

αi = αr , cos(αi) = n cos(αt). (42)

In terms of wavevector, this equationmeans that the k component
parallel with the surface is conserved. This is a direct consequence
of the translational invariance of the interface. The rewriting of the
boundary conditions (Eqs. (40)–(41)) reads:

Ai + Ar = At (43)
sin(αi)Ai − sin(αr)Ar = sin(αt)At , (44)
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and allows one to evaluate the reflection coefficient in amplitude
r = Ar/Ai as well as the transmitted one t = At/Ai (the so-called
Fresnel coefficients):

r =
sin(αi)− n sin(αt)
sin(αi)+ n sin(αt)

=
ki,z − kt,z
ki,z + kt,z

;

t =
2 sin(αi)

sin(αi)+ n sin(αt)
=

2ki,z
ki,z + kt,z

. (45)

The corresponding reflectivity R = |r|2 and transmittivity T = |t|2
in intensity are simply given by the modulus square of r and t . The
introduction of the Snell–Descartes laws (Eq. (42)) in Eq. (45) gives:

r =
sin(αi)−

√
n2 − cos(αi)

sin(αi)−
√
n2 − cos(αi)

; t =
2 sin(αi)

sin(αi)−
√
n2 − cos(αi)

.

(46)
Upon combining a grazing angle hypothesis αi � 1 with n2 =
1− 2δ − 2iβ = 1− α2c − 2iβ (Eq. (22)), one ends up with:

r =
αi −

√
α2i − α

2
c − 2iβ

αi +

√
α2i − α

2
c − 2iβ

; t =
2αi

αi +

√
α2i − α

2
c − 2iβ

. (47)

αc =
√
2δ is the critical angle for total external reflection. As

shown in Fig. 22, αc is in the range of few tenth of degree. αc scales
with the square-root of the material electronic density (see Eq.
(22)). Using the Snell–Descartes law (Eq. (42)), the amplitude of
the wave propagating inside the medium behaves as:

Ψt ∼ Ate−k0n cos(αt )x+k0n sin(αt )z = Ate−k0 cos(αi)xeik0n sin(αt )z . (48)
Writing −2k0Im [n sin(αt)] = 1/Λ(αi), it appears that the wave
intensity |Ψt |2 falls off exponentially with increasing depth inside
the medium.Λ(αi) is the penetration depth and is given by:

1
Λ(αi)

= −2k0Im
[√
α2i − α

2
c − 2iβ

]
. (49)

Typical behaviors of the reflection, and transmission coefficients
as well as the penetration depth as function of the normalized
incident angle αi/αc are given in Fig. 25.
As the imaginary part of the refraction index is always small

(β � 1), three different regimes can be distinguished as function
of αi:
(i) αi � αc : as r ' −1, the reflected wave is in phase
oppositionwith the incident one. Sinceαt is almost imaginary,
the transmitted wave is an evanescent one that propagates
parallelwith the surface on a penetration depth given byΛc =
1/2k0αc . This is the phenomenon of total external reflection of
X-rays.

(ii) αi = αc : as r ' 1, the incident and the reflected waves are
nearly in phase while the transmitted wave is close to twice
that of the incident wave t ' 2. A steep decrease of reflected
intensity is observed at αi ≥ αc .

(iii) αi � αc : the asymptotic behaviors of the Fresnel coefficients
are r ' α2c /4α

2
i , t ' 1. There is almost complete transmission

with a penetration depth that is only limited by the absorption
β in the material. The reflected wave is in phase with the
incident one.

Working with an incident angle αi close or below the critical angle
αc appears as a convenient way to reduce the penetration depth
of the X-ray beam [9,93] and thus to enhance any scattering signal
coming from the surface in comparisonwith bulk signal. It is worth
noticing that a value larger than one of the transmitted beam
intensity does not violate the principle of energy conservation.
Indeed, this latter should be written through the conservation of
flux of intensity across a surface perpendicular to the beam i.e.
(1 − |r|2) sin(αi) = |t|2 sin(αt). Typical values of δ, β and αc can
be obtained from Ref. [90].
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Fig. 25. The Fresnel quantities as function of the incident angle αi normalized
by the critical angle of the substrate αc =

√
2δ for absorption β/δ =

0.001, 0.005, 0.01, 0.05, 0.1: (a) the reflection coefficient R = |r|2 , (b) the
transmission coefficient T = |t|2 , (c) the penetration depth normalized to Λc =
1/2k0αc , (d) the phase shift at reflection. (Adapted from Ref. [38].).

5.2.7. Reflection and transmission in layered materials: The matrix
formalism
It is important to tackle the case of stacking layers with diffe-

rent thicknesses and electronic density not only because X-ray
reflectivity turns out to be an invaluable technique [83,47] that
provides parameters about these artificial structures but also
because the case of graded interfaces (i.e. an interface with a index
of refraction n(z) that depends continuously on the perpendicular
coordinate) can be treated using the same approach upon slicing.
The involved matrix formalism is well known in X-ray optics
[94,71,95,14,38] as well in electromagnetism where it is known as
the Abelés formalism [96]. In the field of X-rays, the problem has
been worked out originally by Parratt [97] in a recursive way and
by Vidal and Vincent [98] with a matrix formalism.
Let us consider a stacking of N-layers labeled by an index j

starting at the vacuum system interface (j = 0, z = 0) and ending
at the substrate interface (j = N, z = zN) (see Fig. 26).
Each layer located between zj and zj+1 is characterized by its

refraction index nj and its thickness zj − zj+1. The wavefield Ψj is
made in each layer j of a downward and an upward propagating
wave of amplitudes A+j and A

−

j respectively:

Ψj =
[
A+j e

ikz,jz + A−j e
−ikz,jz

]
e−ikxx. (50)

A±0 and A
±

N are the amplitudes of the waves inside vacuum and in
the substrate. The conservation of the parallel component of the
wavevector kx as well as the law of reflection have been implicitly
used in the previous equation. The perpendicular component of the
wavevector kz,j in each layer is given by the Snell–Descartes law:

kz,j = −
√
n2j k

2
0 − k2x . (51)

Using the continuity equations (Eqs. (40)–(41)) at each interface
and taking into account the propagation term in each layer, the
calculation of all the amplitudes A±j is handled in terms of matrices
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Fig. 26. Layout of the multilayer used in the matrix formalism of propagation. The
stackingmade ofN-layers ends at the substrate surface. In each layer, thewavefield
consists in anupwards and adownwards propagatingwave of amplitudeA−j andA

+

j .
The layer roughness zj(r‖) gives rise to non specular scattering (see Section 5.4.3).

that relate these quantities between adjacent layers:[
A+j
A−j

]
=

[
pj,j+1ei(kz,j+1−kz,j)zj+1 mj,j+1e−i(kz,j+1+kz,j)zj+1

mj,j+1ei(kz,j+1+kz,j)zj+1 pj,j+1e−i(kz,j+1−kz,j)zj+1

]
×

[
A+j+1
A−j+1

]
(52)

where:

pj,j+1 =
kz,j + kz,j+1
2kz,j

, mj,j+1 =
kz,j − kz,j+1
2kz,j

. (53)

In fact, in the continuous limit, the above matrix formalism gives
rise to a set of coupled differential equation for the reflection
and transmission coefficients. The system of equation is closed by
assuming that the substrate is infinitely thick i.e. there is noupward
propagating wave inside the substrate A−N+1 = 0. Writing:[
A+0
A−0

]
=

[
M11 M12
M21 M22

] [
A+N+1
0

]
, (54)

the stacking reflection coefficient rS and its transmission coeffi-
cient tS are obtained through:

rS =
A+0
A−0
=
M12
M22
; tS =

A+N+1
A−0
=
1
M22

. (55)

This result is at the heart of all algorithms to fit reflectivity curves of
layered materials. The best illustration is given by the propagation
inside an homogeneous slab of thickness h on an infinite substrate:

rS =
r0,1 + r1,2e2ikz,1h

1+ r0,1r1,2e2ikz,1h
; tS =

t0,1t1,2eikz,1h

1+ r0,1r1,2e2ikz,1h
, (56)

where the reflection rij and transmission tij coefficients at each each
interface i, j read:

rij =
kz,i − kz,j
kz,i + kz,j

; tij =
2kz,i

kz,i + kz,j
. (57)

Eq. (56) can be found from a Fabry–Perot like reasoning. In passing,
the phase factor e2ikz,1h is nothing else than the path difference
between two reflected beams. The reflectivity curve displays
oscillations known as the Kiessig fringes [49] due to the alternative
in phase and out of phase interferences betweenwaves reflected at
the top and at the bottom of the film. Their spacing given by 2π/h
in reciprocal wavevector is a direct measure of the film thickness.
5.2.8. Influence of roughness on the Fresnel coefficients: Névot–Croce
and Debye–Waller-like corrections
The roughness of the interfaces diminishes the reflection coef-

ficient as a part of the intensity is scattered out of the
specular direction. This long-standing question of scattering by
rough surfaces [99] was first tackled for X-rays by Croce and
Névot [100,101] in an elegant way leading to a self consistent
equation for the reflection coefficient of one interface. The
reflection coefficient of a flat surface decreases at high wavevector
transfer through a coefficient known as the Névot–Croce factor.
Later on, Vidal and Vincent [98] generalized this approach to
multilayers.
Let us assume that the vertical position Zj+1 + zj+1(r‖) of the

interface between layer j and j + 1 fluctuates by zj+1(r‖) rapidly
at a length scale ξ‖ smaller than the projected coherence length
Lcoh of the X-ray beam (see Section 5.3.3 for definition). In other
words, the expansion along upward and downward propagating
waves is still valid but the phase relationships between two layers
is only true on average (see Fig. 27a). In terms of transition matrix
between layers (Eq. (52)), this is equivalent to take the average of
the exponential phase terms over the fluctuating quantity zj(r‖). At
the lowest order in

〈
zj+1(r‖)

〉
(which corresponds in passing to the

range of validity of such an approximation), it is found that:

pj,j+1 =
kz,j + kz,j+1
2kz,j

e−i(kz,j+kz,j+1)〈zj+1(r‖)〉, (58)

mj,j+1 =
kz,j − kz,j+1
2kz,j

e−i(kz,j−kz,j+1)〈zj+1(r‖)〉. (59)

This leads to a decrease of the reflection and transmission coeffi-
cients by the well known Névot–Croce factor [100,101,44,14] :

rj,j+1 = r0j,j+1e
−2kz,jkz,j+1

〈
z2j+1(r‖)

〉
(60)

tj,j+1 = t0j,j+1e
(kz,j−kz,j+1)

〈
z2j+1(r‖)

〉
/2
. (61)

If absorption is neglected, there is no influence of roughness on the
reflectivity in the angular range below the critical angle as kz,j be-
comes purely imaginary.Well above the critical angle of the layers,
refraction starts to be negligible i.e. kz,j ' kz,j+1 ' qz/2 leading to

a well known Debye–Waller like attenuation factor e−2k
2
z,j

〈
z2j+1(r‖)

〉
in the Born approximation. This latter can be obtained when the
tangent plane approximation or Rayleigh approximation [103,99,
104] holds (see Fig. 27b). Indeed, when ξ‖k2z,j/k0 � 1 (see Sec-
tion 5.4.6), the field is assumed to be reflected at different heights
along the surface leading to a precise phase relationship between
the incident and reflected beams.
Justifications of the Névot–Croce factor as well as its range of

validity have beendiscussed on the basis ofDWBAbyStearns [105],
Pynn [106], Sears [107], de Boer [102,108–110] and Caticha [111].
However, an accurate description of the transition between both
regimes implies to go beyond the DWBA of first order and
to account for the in-plane structure of the roughness in the
calculation of the reflection coefficient. A beginning of answer that
interpolates between Névot–Croce and Debye–Waller-like factors
was proposed in Refs. [102,108–110].

5.2.9. Kinematic approximation of reflectivity and beyond
There is no need to stress the usefulness of the X-ray

reflectivity technique in both fundamental and applied studies of
surface and interfaces [83,47]. Even though the matrix formalism
describes exactly all the dynamical effects of the reflection at a
graded interface, an analytical expression with a more intuitive
interpretation is obtained in the kinematic or single scattering
approximation [94,38,14,48,83,47]. The range of validity is well
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a bnm

Fig. 27. The frameworks used to describe scattering from a rough surface as function of the in-plane correlation ξ‖ i.e. the typical spatial frequency of the roughness profile.
(a) ξ‖k2z /k0 � 1. In DWBA, the roughness is treated as a perturbation of the reflection–refraction on the average interface. (b) ξ‖k

2
z /k0 � 1. In the Rayleigh approach, the

local slope of the surface is sufficiently small to treat locally at each point of the surface the reflection–refraction of the wave. From Ref. [102].
above the critical angle αi � αc . The reflection coefficient is
derived by neglecting (i) multiple reflections at interfaces and (ii)
the effects of refraction on the propagation direction (see Fig. 28).
For N-layers on a substrate (see Fig. 26), only the interference
between reflected waves at each interface buried at a depth zj is
accounted for:

rKA =
N∑
j=0

rj,j+1eiqz zj (62)

qz = 2k0,z is the perpendicular wavevector transfer independent
of the depth according to the kinematic hypothesis. rj,j+1 can
be further simplified neglecting refraction in the denominator
kz,j '= kz,j+1 = qz/2:

rj,j+1 =
kz,j − kz,j+1
kz,j + kz,j+1

=
k2z,j − k

2
z,j+1

(kz,j + kz,j+1)2
' k20

n2j − n
2
j+1

q2z
. (63)

By taking the infinitesimal limit for the layer thicknesses, the
kinematic reflection coefficient reads:

rKA = −
k20
q2z

∫
+∞

−∞

dn2(z)
dz

eiqz zdz. (64)

Keeping inmind that dn2(z)/dz = d2δ(z)/dz = 4πre/k20dρe(z)/dz
(see Eq. (22)), the kinematic reflectivity can be recast as the Fourier
transform of the derivative of the electronic density profile and
compared to the Fresnel reflectivity RS(qz) of the substrate with
electronic density ρe,S :

RKA = |rKA|2 = RS(qz)
∣∣∣∣ 1ρe,S

∫
+∞

−∞

dρe(z)
dz

eiqz zdz
∣∣∣∣2 (65)

RS(qz) =
(4πreρe,S)2

q4z
=

(
qc,s
2qz

)2
. (66)

The main conclusion is that only the variations of dielectric
constant induce X-ray reflection. A similar result is achieved by
applying the Born approximation as it will be shown later on in
Section 5.4.1. To link Eq. (66) with the results of Sections 5.2.8 and
5.4.2 about scattering from a rough surface, it is worth considering
the well known error function for the interface profile z(r‖). Its
derivative is nothing other than a Gaussian function with σz =√〈
z(r‖)2

〉
:

1
ρe,S

dρe(z)
dz
=

1

σz
√
2π
e−z(r‖)

2/2σ 2z (67)

RKA = RS(qz)e−q
2
z σ
2
z . (68)

The previously introduced Debye–Waller-like factor is recovered.
However, Feranchuk et al. [112] stressed that the natural limitation
of the roughness amplitude leads to a breakdown of the
exponential behavior and a change of the asymptotic behavior of
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Fig. 28. The kinematic reflectivity of a layered interface is obtained by summing the
reflection of the undeviated beam from each interface. A Fabry–Perot phase eiqz zj
due to propagation arises between each beam and the top reflected one.

the reflection coefficient at large incidence angles from a Gaussian
to a power law.
For complex interface profiles, the fit is usually based on the

exact matrix formalism of reflectivity to recover the interface
electronic density from reflectivity measurements; however, such
an approach may be hampered by multiple solutions and local
minima. Some knowledge about the studied system is needed
to overcome analysis uncertainties. Although relying on an ap-
proximation, the Born result (Eq. (66)) allows to have a better
insight into the data inversion scheme by linking directly the elec-
tronic density profile and the reflectivity. In the inversion proce-
dure of the density profile n2(z), themain drawback is of course the
loss of phase. Various approaches have been developed to bypass
the problem using several measurements across an absorption
edge [113] like the heavy atomsmethod in crystallography or rely-
ing on physical constraints on the density profile [114,115]. Other
approximations have been developed to handle the non-linear re-
lationship between the reflectivity and the interface profile; the
widest discussion of approximate methods has been given by
Lekner [94,116]. Among others, can be quoted: the DistortedWave
Born Approximation (DWBA) [107,111,117] (see Section 5.4.1), the
Kinematic Form Factor Approximation [118], the Small Curvature
Approximation (SCA) [119], the Wentzel–Kramers–Brillouin Ap-
proximation (MWKB) [94,116,120], the Weighted Superposition
Approximation (WSA) [121]. Their respective interests/drawbacks
and links have been reviewed by Zhou in Refs. [117,84]. Recently,
Feranchuk and coworkers [122,123] proposed a self consistent
calculation of the Fresnel coefficients establishing an analytical
though non-linear link with the graded interface profile through
a suitable ansatz. The accuracy and convergence of the method
was tested successfully against several profiles. In fact, the only
case that can be handled analytically is the Epstein or tangent hy-
perbolic profile ρe = ρ0/(1+ e−2z/σz ) [124,94,125–127,111,122];
therefore, it is a test bed for all these theories.
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5.3. The differential X-ray scattering cross section in Distorted Wave
Born Approximation

5.3.1. Introduction and historical overview
The theoretical treatment of scattering of a wave by rough

surfaces or interfaces is a long standing question that can be traced
back to the early work of Lord Rayleigh [103] on sound waves.
For electromagnetic waves, most of the works were devoted to
visible and radar waves for which the interaction with matter is
strong and the multiple scattering effects are large. Several books
across time summarized the developed approximations [99,128–
130]. For these wavelength ranges, the tough problem is to find
approximate solutions of theMaxwell equations accounting for the
vectorial nature of the fieldwhichmatches the boundary condition
on a rough surface. For X-rays, the situation is somehow simpler as
the interaction is weaker (see Section 5.2.2). For bulk scattering,
under the assumption of the kinematic or Born approximation [14,
38] i.e. for coherent domains smaller than the extinction length
Le = λ/2π |n − 1|, multiple scattering can be neglected. The
incident beam intensity is assumed to be unaffected by scattering.
The incident beam actually polarizes the electronic clouds of
atoms which re-emit spherical waves that no longer interact
with the medium. The scattering cross-section is proportional to
the square modulus of the Fourier transform of the electronic
density or dielectric constant. However, such a picture is unable
to describe the phenomena of reflection–refraction of X-rays at
interfaces [38]. These are in fact by nature ‘‘dynamical’’. For shallow
incident angles, in particular below the critical angle, the reflected
amplitude is close to one. This highlights the breakdown of the
Born approximation already shown in Section 5.2.9. The dynamical
theory of X-rays overcomes this deficiency at the expense of a light
and easy treatment of the problem at hand [15]. To go beyond
Born approximationwhile including reflection and transmission at
interfaces and roughness scattering, pure dynamical calculations
have gained by a lighter and versatile theory: the distorted wave
Born approximation (DWBA). In DWBA, the roughness is viewed as
a perturbation of a known reference state,most of the time taken as
the Fresnel wavefield for flat interfaces (see Section 5.2.6). To first
order in the Born expansion, the field that actually polarizes the
dielectric contrast is taken as this eigenfield and the total scattered
amplitude in the far field region (as measured experimentally)
is the sum of spherical waves emitted by each point. DWBA can
be thought as a semi-dynamical treatment where the multiple
scattering due to interface boundaries is included in the reference
state while the roughness leads to a single scattering event
between reference states.
Actually, DWBA was originally developed in the framework

of scattering theory in quantum mechanics [131,132]. In nuclear
physics, collision cross-section between a probe particle and a tar-
get is one of the tools to get information about the interaction po-
tential between elementary particles. Among standard textbooks,
a full chapter of Schiff book [91] is devoted to the collision theory
and gives a full account of the formal treatment of the scattering
cross-section within DWBA. The analogy between the Schrödinger
equation and thepropagation equation ofX-rays underlined in Sec-
tion 5.2.3 is not restricted to stratifiedmedia in specular geometry.
Indeed, it will be shown later on in Section 5.3.6 that, when the
scattering angles are small, the vectorial propagation equation of
the X-ray field can be reduced to a Helmholtz one as the polariza-
tion effects are negligible. This analogy is at the heart of the close
similarity between DWBA and the formal treatment of elastic or
inelastic scattering from surfaces of other particles: electrons [133,
134], neutrons [135,43], He atoms [136].
Despite some works on visible electromagnetic radiation scat-

tering by rough surfaces [137,138], the actual application of DWBA
to X-rays started with the work of Vineyard [139]; he revived the
DWBA in the context of the first grazing incidence X-ray diffrac-
tion experiments of Marra, Eisenberger and Cho [9,10] (see the
review Ref. [12] for surface diffraction). Vineyard envisaged only
the diffraction by crystal lattice planes of ‘‘the distorted wave’’ i.e.
the transmitted wave at angles below the critical angle for total
external reflection. A similar approach was followed by Mohanty
and Rice [140] in the framework of diffuse scattering from a liq-
uid vapor interface. Following the work on inelastic neutron scat-
tering by magnet surfaces by Mazur and Mills [135], Dietrich and
Wagner [141,93] generalized the result of Vineyard by including
in the formula also the exit scattering angle αf ; their idea was to
demonstrate that under conditions of total external reflection of
the incident or the scattered wave, diffraction from the restricted
scattering depth would allow to probe critical phenomena at sur-
faces. Later on, in their seminal paper, Sinha and coworkers [35]
tackled the topic of scattering by a rough surface at glancing an-
gles using the quantum mechanics formalism of T -matrix [142,
91]. Coherent and incoherent scattering cross-section were linked
in BA and DWBA (see Section 5.4.2) to the height–height correla-
tion function. A clear explanation of the Yonedawing or anomalous
surface reflection [39,143,144] was brought on the basis of reci-
procity principle through transmission prefactors in incidence as
well as in emergence angles [141,35]. A somehowanalog treatment
of scattering by rough surfaces andmultilayers was developed also
by Andreev et al. [125]. Experimental confirmation for self-affine
surfaceswere given such as polished pyrex glass [35] and polycrys-
talline aluminum surfaces [145]. Pynn [106], Steyerl and cowork-
ers [126] andWu [146] in the context of neutron scattering as well
as de Boer [102] confirmed those theoretical results, even going
to second order in the perturbation expansion [147,102,108]. Dail-
lant and Bélorgey [148,149] obtained similar results starting from
the reciprocity theorem and using Green functions. Sears [107] and
Caticha [111] focused their attention on the role of roughnesses
on reflectivity calculation in DWBA (Section 5.4.1). Zhou (Refs. [84,
117] and references therein) tested DWBA accuracy against vari-
ous other approximationswhich link reflectivity and interface pro-
file. Crowley [118] developed a somehowmodified DWBA descrip-
tion of the reflectivity of a given profile by singling out the dis-
continuity of the reflection coefficient at the critical angle in the
perturbation expansion. The case of multilayers was treated by
several authors (Section 5.4.3): Daillant and Bélorgey [148], Holý
and coworker [58,59] and de Boer [109]. De Boer also carefully an-
alyzed the range of validity of DWBA [108] (Section 5.4.6) and also
the absorption of the waves in the context of grazing incidence
X-ray fluorescence [147,109]. DWBA was extended to encompass
magnetic scattering by Lee and coworkers [88,89] (Section 5.4.5).
The similarity and discrepancy in terms of cross section for scat-
tering from density fluctuations (Section 5.4.4) were highlighted
by Rauscher et al. [36] in the context of small angle scattering from
surfaces. The generalization to an isolated object form factor in-
cluding reflection and transmission of waves at interfaces (Sec-
tion 6) was obtained for buried nanoparticles [36,62], supported
nanoparticles [37], a layer with holes [150,151] or embedded clus-
ters or pores [152–154]. For dense collection of nanoparticles, Laz-
zari et al. [155,81] suggested to include in the particle form fac-
tor the particle coverage i.e. the actual profile of dielectric constant
(Section 6.5).

5.3.2. The integral solution of the wave propagation and the Green
function
Later on in this report,we have chosen to use theGreen function

formalism applied to electromagnetic waves instead of the fully
equivalent but more used T -matrix approach [142,91].
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The integral solution of thewave propagation equation. As for X-rays
the dielectric constant differs fromunity by only 1 part in∼106, the
propagation equation (Eq. (16)) reduces to:[
∇
2
+ n2(r)k20

]
E(r) = 0. (69)

To work out a perturbation formalism, the dielectric constant
ε(r) = n2(r) of the medium is split in two parts:

n2(r) = n20(r)+ δn
2(r), (70)

where n0(r) is the index of refraction of a reference medium.
In principle, the corresponding electromagnetic wavefield can be
calculated easily. For a homogenous and in-plane invariant system,
the value n0(z) averaged over the coherence length of the X-ray
beam along the x–y directions is chosen since the wavefield is
the analytical Fresnel one (see Sections 5.2.6–5.2.7). Obviously, the
choice of the reference medium should minimize the contribution
of the perturbation δn2(r) i.e. be as similar as possible to the actual
system.
Eq. (69) can be rewritten as:[
∇
2
+ n20(r)k

2
0

]
E(r) = δn2(r)k20E. (71)

Such an equation can be understood as the radiation of a fictitious
dipole δn2(r)k20E radiating in the reference medium. Owing to the
linearity of the propagation equation, the total electric field E is the
sum of the reference field E0(r), solution of the equation without
right-hand side term, and the perturbation field δE(r) due to the
fictitious dipole source.
δE(r) is inferred with the help of the Green tensor G(r, r′)

solution of the propagation equation with a point dipole source
located at r = r′:[
∇
2
+ n20(r)k

2
0

]
G(r, r′) =

k20
ε0
δ(r− r′). (72)

G(r, r′) corresponds to an out-going wave. Eq. (71) can be recasted
in an integral form, which is the starting point of the perturbation
formalism:

E(r) = E0(r)+ δE(r) = E0(r)+ ε0
∫
dr′G(r, r′)δn2(r′)E(r′). (73)

To go on with the integral solution of the wave propagation
(Eq. (73)), the Green function has to be obtained according to the
chosen reference medium in the far field regime i.e. at an observer
distance well above L2coh/λ, Lcoh being the coherent domain size
induced by the beam and the detector acceptance [14].
The integral solution of thewave propagation equation (73) can

be inferred from the reciprocity theorem of light propagation (see
review Ref. [156]). It states that if the two polarization fields P0,
P1 induce the electric fields E0, E1 then,∫
d3r′ E0.P1 =

∫
d3r′E1.P0. (74)

The principle refers to the exchange of the source and field points.
In the case of electromagnetic waves, the demonstration based on
theMaxwell equations [86,87,14] relies only on the linearity of the
media and the symmetry of dielectric tensors and not, as often
assumed on the time-reversal invariance. It applies therefore to
absorbing media. Eq. (73) is recovered if:

E0 = δE(r′), P0 = ε0δn2(r′)E(r′) (75)

E1 = G(r, r′), P1 = δ(r′ − r)u, (76)

where u is the direction of the dipole at P0. The Green function
G(r, r′) appears as the field radiated by a point dipole placed at the
detector position.
Daillant and Bélorgey [148] used the reciprocity principle as
a starting point to demonstrate the similarity with the DWBA
approach. However, its practical use needs the calculation of
fields both in the near field and far field regimes leading to the
account of emission andpropagation of sphericalwaves in complex
geometries. To overcome this problem, Caticha [157] developed an
asymptotic form of the reciprocity theorem so that the relevant
exchange involves a source point in the medium and a field at
infinity. The tedious cases of specular reflection of polarized X-
rays by rough surfaces and graded interface is easily handled; a
key result is that within Névot–Croce type approximations, the
reflectivity is not affected by the polarization.

The Green function in vacuum. As found in standard textbooks on
electrodynamics [86,87,95], the Green function in vacuum which
corresponds to the electric field created by a dipole moment p(r′)
located at r′ in vacuum (or in an homogeneous infinite medium) is
given by an outgoing spherical wave:

G(r, r′) = k20[u× p(r′)] × p(r′)
e−ik0|r−r

′|

4πε0 |r− r′|
. (77)

× is the vector product and u is the unit vector along the direction
r − r′ of observation or scattering. In the far field r � r ′, u ' r/r
and∣∣r− r′

∣∣ = ∣∣ru− r′
∣∣ ' r − u.r′ ' r − kf .r′/k0. (78)

kf is the exit scattering wavevector, oriented along u or r. Thus the
far field expansion leads to replace the dipole spherical wave by its
tangent plane:

G(r, r′) = k20
e−ik0r

4πε0r
eikf .r

′ {
p(r′)− [p(r′).u]u

}
. (79)

Only the component of the dipole p perpendicular to the direction
of observation u has to be taken into account in the dipolar
radiation. For a dipole normal to the scattering direction u i.e. for a
s or p polarization es,pf (see Section 5.2.3), Eq. (78) yields:

G(r, r′) = k20
e−ik0r

4πε0r
eikf .r

′

pes,pf . (80)

The Green function for stratified media. For a planar stratified
medium, Eq. (80) can be readily generalized as found in Refs. [142,
91,158]. In the far field regime along the kf direction and for the
two main states of polarization, a similar plane wave expansion of
the Green function is obtained:

G(r, r′) = k20
e−ik0r

4πε0r
E0(r′,−kf )p es,p, (81)

where E0(r′,−kf ) is the Fresnel solution of the wave propagation
in the stratified media for an incoming −kf incident wave.
E0(r′,−kf ) can be obtained through the standardmethod ofmatrix
formalism in layered material. The interested reader can find
a demonstration of Eq. (81) for a scalar field considering the
Schrödinger equation in Ref. [91], Chap XIX.

The Born expansion. The integral solution of the wave propagation
Eq. (73) is obviously self-consistent as the kernel of the integral
acts on the electric field itself. After injecting Eq. (73) in itself, the
essence of the Born expansion is to write it in terms of a power
series of ε0G(r, r′)δn2(r′):

E(r) = E0(r)+ ε0
∫
dr′G(r, r′)δn2(r′)E0(r′) (82)

+ ε20

∫
dr′
∫
dr′′G(r, r′)δn2(r′)G(r′, r′′)δn2(r′′)E0(r′′)

+ · · · . (83)
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Evaluating the convergence speed of such a series is not a
trivial issue. For the first term of the expansion, the operator
G(r, r′)δn2(r′) acts on the electric field E0(r′) located at r′ to
generate the reradiated field at r. This can be understood as a
simple scattering event of the incident field. When the operator
comes into play twice, the corresponding term accounts for a
double scattering event and so on. In the Born approximation of
first order [142,91], the expansion (Eq. (83)) is restricted to the
first term. This means that the medium is assumed to be polarized
only by the incident field; therefore this latter is assumed to be
undamped by the scattering. In passing, the Born approximation
does not fulfill the requirement of energy conservation as checked
from the optical theorem [86,87,95,14]. Indeed, to be consistent
with the determination of the radiated power, one should expand
the amplitude of the field to second order.

5.3.3. The scattering cross sections

Definition of the scattering cross-section. The integral solution
of the propagation equation (Eq. (73)) allowed to isolate the
amplitude of the scattered field Ef (r) = δE(r) i.e. the field radiated
by the dipole ε0δn2(r′)E(r′) induced in the sample by the incoming
beam E0(r). During an experiment, the measured quantity as
function of the scattering angles is the differential scattering cross-
section. This is the radiated power dσ along a given direction r far
away from the sample in a given solid angle dΩ per incident energy
E20 . The relevant quantity is thus the flux of the Poynting vector
Sf = Bf × Ef /µ0 through a surface dS = dΩ/r2.
For a Green function in vacuum equation (80), the scattered

field reads:

Ef (r) =
k20e
−ik0r

4π

∫
dr′δn2(r′)E(r′).es,peikf .r

′

. (84)

A similar results is obtained with the Green function of a stratified
mediumupon replacing the planewave eikf .r

′

by the corresponding
Fresnel wavefield E0(r′,−kf ). For a dipole far away from the
source, the emitted spherical wave can locally be assumed as a
monochromatic plane wave linearly polarized with a polarization
normal to r. Since the magnetic induction Bf (r) is orthogonal to
the electric field Ef (r) with Ef = cBf as shown from the Maxwell
equation (Eq. (9)), the Poynting vector reads:

Sf =
1
2µ0c

∣∣Ef (r)∣∣2 u. (85)

For an outgoing spherical wave, the flux of energy is indeed
directed along the direction of observation. Therefore, the
differential scattering cross section along kf or u directions follows
directly from the definition:

dσ
dΩ
=

k20
16π2E20

∣∣∣∣∫ dr′δn2(r′)E(r′).es,peikf .r′ ∣∣∣∣2 . (86)

Of course, for a stratified medium, the plane wave eikf .r
′

should
be replaced by the Fresnel wavefield E0(r′,−kf ). Approximations
about the electric field E(r′) that actually polarizes themedium are
needed to go on.

Link between coherence length and coherent and incoherent scat-
tering cross-sections. If a well-collimated X-ray beam impinges at
glancing angle on a rough sample, coherent scattering gives rise
to a specularly reflected beam and a single refracted-transmitted
beam, whereas incoherent scattering causes diffusely reflected
and transmitted radiations. A beginning of an answer about
the influence of roughness on Fresnel coefficients was given in
Section 5.2.8. Concerning the actually measured intensity, the
question that arises now is twofold:
(i) how to relate the scattered intensity to the statistical
description of the sample although the sample morphology
(roughnesses, fluctuations of density etc. . . ) is by itself
deterministic?

(ii) how to take into account the experimental imperfections, in
particular the finite angular and wavelength spreads of the
incident beam and the angular aperture of the detector?
Up to now in the theoretical treatment of scattering, the

incident and scattered beams are supposed to be perfectly
collimated as they are treated as plane waves or Fresnel fields.
In the case of a perfect point like detector and perfect incident
beam, the whole sample of size L scatters coherently; the pattern
recorded as function of scattering angles involves spiky behavior,
the so-called ‘‘speckle’’, with typical frequencies given by the
inverse of the beam footprint on the sample. However, the
experimental imperfections, in particular the wavelength spread
∆λ, the beam divergences in-plane ∆αi and out-of-plane ∆2θi
and the finite detector acceptance∆αf ,∆2θf , make necessary the
introduction of coherence length Lcoh at the sample surface (see
Fig. 29). Above this distance, the field emitted by two dipoles
at the surface are no longer phase matched and interfere no
more coherently in the far field (detector). Therefore, the collected
intensity over the solid angle∆Ω = ∆αf∆2θf is given apparently
by an incoherent sum of intensity scattered by domains of size Lcoh.
The speckle behavior is replaced by a continuous average intensity
if the illuminated area Ai or beam footprint contains a large
number of coherent domains. The smearing of the speckles can be
understood as the folding of the scattering with the instrumental
resolution function [43,14]. Two major lengths define the volume
of coherence of the incident beam [38]: the transverse coherence
lengths LT ,αi = λ/2∆αi, LT ,2θi = λ/2∆2θi and the longitudinal
one LL = λ2/2∆λ. Due to the grazing geometry, a projection effect
increases LT ,αi by a factor 1/ sin(αi). The detector spread gives
rise to similar length definitions LT ,αf , LT ,2θf . Another important
assumption is that the coherent domains are sufficiently large
so that all domains have exactly the same statistical properties,
provided that the sample is spatially homogeneous. To sum up,
if the following inequalities are fulfilled L ≥

√
Ai � Lcoh �

ξ‖ for a surface characterized by an in-plane correlation length
ξ‖, the scattering cross-section can be obtained by an ensemble
average along the surface of the right-hand side of Eq. (86); the
random roughness is thus called ergodic if the scattered intensity
from one deterministic sample accounting for the measurement
imperfections is equivalent to an average over many samples.
Hereafter, this hypothesis is assumed to be fulfilled for GISAXS
measurements. Indeed, the standard figures on a synchrotron
beamline are:

• λ/∆λ ∼ 104, LL ∼ 0.5 µm,
• ∆αi ∼ 0.5 mrad, LT ,αi ∼ 0.1 µm, LT ,αi/ sin(αi) ∼ 30 µm
• ∆2θi ∼ 0.1 mrad, LT ,2θi ∼ 0.5 µm
• ∆αf ∼ ∆2θf ∼ 5 10−5 mrad, LT ,αf ∼ LT ,2αf ∼ 1 µm
• Ai ∼ 300× 1000 µm2

for λ ∼ 0.1 nm, αi ∼ 0.2◦ a 2D CCD detector pixel size of 50 µm
and a sample-detector distance of 1m. As a consequence, ξ‖ should
be smaller than a few hundreds of nm.
A more rigorous treatment of the interplay between coherence

and instrumental resolution function relies on the notion ofmutual
coherence function; the interested reader can refer to Refs. [159–
162] and references therein. This theoretical problemwas renewed
during the last decade with the advent of scattering experiments
with highly coherent beams (see Section 6.2.9).
The Born approximation of first order (see next section

Section 5.3.4) leads to a cross-section that depends on the dielectric
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Fig. 29. Sketch of the interplay between coherence domains, statistical properties of the sample roughness and diffuse scattering.
contrast δn2(r). While taking the ensemble average, the average
value

〈
δn2(r)

〉
in the integral equation (86) can be isolated:〈∣∣δn2(r)∣∣2〉 = ∣∣〈δn2(r)〉∣∣2 + 〈∣∣∆δn2(r)∣∣2〉 (87)

with δn2(r) =
〈
δn2(r)

〉
+∆δn2(r). Two contributions appear in the

total cross-section:(
dσ
dΩ

)
tot
=

(
dσ
dΩ

)
coh

(∣∣〈δn2(r)〉∣∣2)
+

(
dσ
dΩ

)
incoh

(〈∣∣∆δn2(r)∣∣2〉) . (88)

The first one is called the ‘‘coherent intensity’’ and the second
one is known as ‘‘incoherent, diffuse or non-specular intensity’’.
The obvious interpretation of the previous equations is that the
incoherent scattering is due to the shifts of dielectric index from
the average one [163]. If the surface inhomogeneity or roughness
is statistically homogeneous and random along the sample plane,〈
δn2(r)

〉
= δn2(z) is a function of only the z-coordinate; the

coherent cross-section is thus a Dirac peak at q‖ = kf ,‖ − ki,‖ = 0
(see for instance, the Born cross-section (Eq. (90))). For this reason,
it is also called specular intensity or specular rod. However, one has
to bear in mind that because of all the resolution imperfections,
both cross-sections mix up along the specular rod giving rise to
a finite width of the rod inversely proportional to the coherence
length Lcoh. In other words, there is diffuse scattering along the
specular direction.

5.3.4. The Born approximation of first order (BA)
Even though nothing is said in principle about the used Green

function, the Born approximation in the field of surface scattering
restricts G(r, r′) to its expression in the vacuum equation (80).
Therefore, all multiple reflections are neglected; e.g. the reflection-
transmission of the incident and scattered waves at the interfaces.
Obviously, to do so, the range of validity for the scattering angles
is restricted well above the angle of total external reflection.
In the far field regime, substituting Eq. (80) in the first Eq. (83)

yields, for a planar incident wave E0(r) = E0e−iki.r:

E(r) = E0(r)+ k20
e−ik0r

4πr
(E0.e

s,p
f )e

s,p
f

∫
dr′δn2(r′)eiq.r

′

. (89)

The classical wave vector transfer q = kf −ki appears in the above
formula. The total differential scattering cross-section defined in
Section 5.3.3 reads:

dσ
dΩ
=

k40
16π2

(es,pf .e
s,p
i )

2
∣∣∣∣∫ dr′δn2(r′)eiq.r′ ∣∣∣∣2 (90)
where es,pi and es,pf are the polarization vector of the incident
and scattered waves. As obtained in standard textbooks on
scattering [40,41], the Born approximation cross-section is given
simply by the square modulus of the Fourier transform of the
dielectric index.

5.3.5. The Distorted Wave Born Approximation (DWBA)
A more often used and accurate approximation is the Distorted

Wave Born Approximation (DWBA). The Green function (Eq. (81))
and the wavefield are those obtained from flat interfaces. DWBA
is expected to better take into account the reflection–refraction
of waves and to give more accurate results than the Born
approximation for scattering angles close and below the critical
angle of the substrate. Indeed, only the perturbation induced by
roughness or dielectric contrast is included in δn2(r) and the
electric field that is supposed to polarise themedium is the Fresnel
wavefield E0(r′, ki) due to the incident plane wave ki.
Merging Eq. (81) for the far field Green function, the Fresnel

wavefield of the chosen reference medium E0(r′,−kf ) in the
definition of the total cross-section (Eq. (86)) yields:

dσ
dΩ
=

k40
16π2E20

(es,pf .e
s,p
i )

2

×

∣∣∣∣∫ dr′E0(r′, ki)δn2(r′)E0(r′,−kf )∣∣∣∣2 . (91)

5.3.6. The polarization effects: Toward a scalar wavefield scattering
and an analogy with the Schrödinger equation
At shallow incident and scattering angles, the polarization

vectors of the electric field in s (electric field perpendicular to the
incident or scattering plane) or p orientations (electric field along
the incident plane or scattering plane) are nearly equal. As function
of the scattering angles, the scalar products that comes into play in
the Born cross-section (Eq. (90)) are:

esi .e
s
f = cos(2θf ), (92)

esi .e
p
f = − sin(αf ) sin(2θf ), (93)

epi .e
s
f = − sin(αi) sin(2θf ), (94)

epi .e
p
f = cos(αi) cos(αf )− cos(2θf ) sin(αi) sin(αf ). (95)

With an accuracy to second order for grazing angles, polarization
effects can be safely neglected and esi .e

s
f ' epi .e

p
f ' 1. Of course,

for higher scattering angles (αi ' αf > 10◦) in the diffraction
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regime, the angular dependence of this scalar product can no
longer be neglected. In passing, in principle, the scattering cross-
section should be summed over all the polarization states of the
waves.
The role of the electric field polarization is more subtle than

a simple prefactor when using the DWBA. Indeed, the Green
function has to be developed according to the choice of the
reference medium and its wavefield E0. In a stacking of layers, the
relative orientation of ei and ef in p-polarization will be different
from layer to layer because of the refraction of the waves at
each interface. Subtle effects are expected only in p-polarization
around the Yoneda peak. In s-polarization, the problem reduces
to a simpler in-plane prefactor cos2(2θf ). As rule of thumb, the
vectorial character of the electric field in BA and DWBA can be
forgotten safely for small angle X-ray scattering. In parallel, in
this range of scattering angles, the atomic structure can be safely
neglected in the dielectric index n2(r); in other words, n2(r) '
n2V (r) where n is the index of refraction of the mean electronic
density. This corresponds to the small-q expansion of the atomic
form factor f (q) (see Section 5.2.2).
Notwithstanding the simple treatment of the wave/matter

interaction, this is one of the explanation of the success of DWBA in
X-ray scattering at variance to visible light scattering. By neglecting
the polarization effects, the propagation equation (Eq. (69)) used
in the scattering theory can be reduced to a scalar one for the
amplitude of the electric field:[
∇
2
+ k20n

2(r)
]
Ψ (r) = 0. (96)

TheΨ (r) notation is used on purpose to highlight the analogywith
the Schrödinger equation for a particle of mass m, energy E in a
given potential V (r):[
−
h̄2

2m
∇
2
+ V (r)

]
Ψ (r) = EΨ (r). (97)

For instance, the comparison can be drawn in terms of cross-
sectionwith neutron scattering forwhich V (r) =

∑
i bi
(
2π h̄2
2m

)
δ(r

− ri) is the Fermi pseudopotential, bi being the diffusion length of
each nucleus. By comparing Eqs. (96) and (97), the neutron optical
index is defined by n2(r) = 1− V (r)/ε. Therefore, all the machin-
ery of quantummechanics treatment of scattering or collision the-
ory can be applied to the X-ray field. This leads to the well known
T -matrix approach [131]. A comprehensive treatment of DWBA
can be found in several books of quantum mechanics [142,91].
Most of the theoretical papers of X-ray scattering dealing with
DWBA use this language.

5.4. Distorted Wave Born Approximation in action

To go further on in the expression of the scattering cross-
section, an explicit model of the dielectric contrast should be cho-
sen. This section focuses on four main cases: reflectivity from a
graded interface, a rough surface, a rough multilayer and density
fluctuations. A great deal will be given in Section 6 to the case of
particles that are at the heart of this report. As explained previously
Section 5.3.6, the polarization factor will be dropped in the follow-
ing of the report bearing in mind that we are dealing with small
angle scattering.

5.4.1. Reflectivity from a graded interface in the DWBA
Using heuristic arguments, we gave in Section 5.2.8 a brief ac-

count for how the reflection and transmission coefficients of a pla-
nar interface are affected by the roughness. For short correlation
lengths and grazing angles, the reflection coefficient is damped
by the Névot–Croce factor while in the Rayleigh limit (long wave-
length) it is affected by the Debye–Waller-like factor. Looking only
to the specular reflectivity at q‖ = 0, the Névot–Croce factor can
be obtained using DWBA with a Gaussian roughness approxima-
tion [35,106,107,102,108,111] and generalized to a graded inter-
face of arbitrary profile [138,118,107,111,120,84].
Focusing on the specular scattering only (q‖ = 0), the interface

can be characterized by its perpendicular dielectric profile n2(z)
obtained by in-plane averaging of an interface. n2(z) is appreciably
different from the sharp interface in a limited region around z = 0.
However, one has to keep inmind that for an actual interface, such
an approximation ignores the influence of the in-plane roughness
correlation function on the diffuse scattering at q‖ = 0 [102,108,
164]. In the spirit of DWBA, let us split n2(z) in two parts: n2(z) =
n20(z)+ δn

2(z), where n20(z) = 0, n
2
1 if z > z0, z < z0 respectively.

The choice of the dividing surface position z0 is arbitrary and
will be discussed later on. Forgetting useless parallel dependence
as q‖ = 0, both the field amplitude, the propagation equation
(Eq. (71)), its integral equivalent form (Eq. (73)) and the Green
function depend only on the z-coordinate (see Section 5.2.3):

E(z) = E0(z)+ δE(z) = E0(z)+ ε0

∫
dz ′G(z, z ′)δn2(z ′)E(z ′). (98)

The field due to scattering from a sharp interface of an unit
incoming plane wave reads:

E0(z, kz) = E0

{
e−ikz,0z + r0,1eikz,0ze−2ikz,0z0 for z > z0
t0,1e−ikz,1zei(kz,1−kz,0)z0 for z < z0.

(99)

The transmitted wavevector kz,1 and the Fresnel coefficients
are given by Eqs. (51) and (57). The main advantage of the
reduction of all the propagation equations to 1D is that the Green
function defined through the 1D equivalent of Eq. (72) can be
inferred exactly through a Fourier transform of the propagation
equation [165,95,137,126,107,111,84]:

G(z, z ′)

=



G1(z, z ′) =
i
2kz,0

{
eikz,0|z−z

′
|
+ r0,1e−2ikz,0z0eikz,0(z+z

′)
}

for z, z ′ > z0

G2(z, z ′) =
i
2kz,1

{
eikz,1|z−z

′
|
− r0,1e2ikz,1z0e−ikz,1(z+z

′)
}

for z, z ′ < z0

G3(z, z ′) =
i

kz,0 + kz,1
ei(kz,1−kz,0)z0eikz,0z

′
−ikz,1z

for z < z0 < z ′

G4(z, z ′) =
i

kz,0 + kz,1
ei(kz,1−kz,0)z0eikz,0z−ikz,1z

′

for z ′ < z0 < z.

(100)

In the Born approximation, the Green function is taken as the
vacuum one G1(z, z ′) with r0,1 = 0. The field under the integral
E(z ′) as well as the field inside the medium in Eq. (98) are
taken as plane waves. Straightforward algebra yields the reflection
coefficient valid above the critical reflection region:

r = −
k20
4kz,0

(̃
n2
)′
(2kz,0)

n21
where:(̃
n2
)′
(Q ) =

∫
+∞

−∞

dn2(z)
dz

eiQzdz (101)

is the Fourier transform of the derivative of n2(z). The Born
reflectivity [94,38,14,48,83,47] is proportional to the Fourier
transform of the gradient of dielectric constant as already
demonstrated in Section 5.2.9. The goal is to use Eq. (98) to find
in a self consistent way the reflection coefficient of the graded
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a b

Fig. 30. The two choices of the position of the dividing surface z0 used to define the
perturbation part of the dielectric constant δn2(z) within the framework of DWBA
for a graded interface: (a) z0 � 0 (b) z0 � 0. (From Ref. [111]).

interface. If z0 � 0 is chosen well above the interface in vacuum
such thatmost δn2(z) extendswell above the interface (see Fig. 30),
the field that appreciably polarizes the interface i.e. the field E(z ′)
in the right-hand side of Eq. (98) is the actual one in vacuum.
By comparison with the flat surface, it can be approximated by:
E(z ′)/E0 ' e−ikz,0z

′

+ r(z0 � 0)eikz,0z
′

; r is the required unknown
reflection coefficient. It amounts to approximating the near field by
its far field behavior, an assumption valid if the grading extension

is small kz
√〈
z2
〉
� 1. For z > z0 � 0, Eq. (98) gives access self-

consistently to r:

r(z0 � 0)eikz,0z = r0,1e−2ikz,0z0eikz,0z

+ ε0k20

∫ z0

−∞

dz ′G4(z, z ′)δn2(z ′)(e−ikz,0z
′

+ r(z0 � 0)eikz,0z
′

).

(102)

The integral is computed from the G4(z, z ′) expression (Eq. (100))
and using the integration by parts of:∫ z0→+∞

−∞

dz ′δn2(z ′)eiQz
′

=
n21
iQ

eiQz0 − (̃n2)′(Q )
n21

 . (103)

Finally, the position of the interface z0 cancels out and it leaves:

r(z0 � 0) = r0,1

(̃
n2
)′
(kz,1 + kz,0)(̃

n2
)′
(kz,1 − kz,0)

. (104)

The same procedure leads also to the transmission coefficient
t(z0 � 0) using Eq. (98) for z � 0:

t(z0 � 0)e−ikz,1z = t0,1ei(kz,1−kz,0)z0e−ikz,1z

+ ε0k20

∫ z0

−∞

dz ′G2(z, z ′)δn2(z ′)(e−ikz,0z
′

+ r(z0 � 0)eikz,0z
′

).

(105)

The final result is given in Ref. [111]. On the other hand, for the
other choice of the dividing surface z0 � 0, the polarizing field is
essentially given by that transmitted through the graded interface
into the bulk: E(z ′) ' t(z0 � 0)e−ikz,1z

′

. In a similar way as in
Eq. (102), the unknown transmission coefficient t(z0 � 0) is found
self consistently using Eq. (98) for z < z0 � 0. The found formula:

t(z0 � 0) = t0,1
n21(̃

n2
)′
(kz,1 − kz,0)

(106)

is next used to deduce the reflection coefficient r(z0 � 0). While
t(z0 � 0) 6= t(z0 � 0), the encouraging result in terms
of reliability is that the reflection coefficient is independent of
the choice of the dividing surface z0: r(z0 � 0) = r(z0 �
0) [111]. For the special case of an error-function profile i.e. for
Gaussian roughness of variance

〈
z2
〉
, the Névot–Croce factor [100,
101] r = r0,1e
−kz,0kz,1

〈
z2
〉
/2 is recovered while the two choices of

the transmission coefficient agree if kz,0kz,0
〈
z2
〉
� 1. Therefore,

the accuracy of DWBA is restricted to the small roughness regime
for which the extrapolation of the far field expression of E(z ′) to
the near field where the induced polarization takes place is valid.
Caticha [111] suggested to overcome the problem of the

transmission coefficient by choosing the geometric mean tm =√
t(z0 � 0)t(z0 � 0) starting from the finding that for a non
absorbing medium, the expected energy conservation equation
|r|2 + Re(kz,1)/kz,0|t|2 = 1 is not satisfied while |r|2 +
Re(kz,1/kz,0)t(z0 � 0)t(z0 � 0) = 1. To support that, he
compared the exact result for these coefficients to those obtained
analytically for the Epstein or tangent hyperbolic profile [124,94,
125–127,111,122] and Eq. (104) and tm (Fig. 31).
Without absorption, the discrepancy is small on r, t for αi =

αf > αc while for αi = αf < αc , a better agreement is obtained
for t(z0 � 0). The interesting feature is the enhancement due to
the roughness of the transmission amplitude at the critical angle
in comparison to the bare surface for which |t|2 = 4 (see Fig. 25).
While the phasemismatch at the interface is of no relevance for |r|2
or |t|2, this factor as well as the field discontinuities for a Gaussian
interface (see Fig. 32) are detrimental for the accurate description
of glancing-incidence X-ray fluorescence [108,109], which is more
sensitive to the actual evanescent wave.

5.4.2. Single rough surface: DWBA versus BA
The case of diffuse scattering from a rough surface allows to

clearly highlight the discrepancies between BA and DWBA. As the
most ubiquitous example of surface disorder, roughness is the first
example thatwas treated in depthwithDWBA in the seminal paper
of Sinha [35] and latter on confirmed by Pynn [106], de Boer [108]
and Rauscher [36]. However, BA results were previously obtained
by Wong and Bray [166].
The rough surface is characterized by its profile z(r‖). In the BA,

the dielectric contrast with the substrate of index nwhich reads:

δn2(r) = (n21 − 1)
{
1 for z ≤ z(r‖)
0 for z > z(r‖)

(107)

can be put inside the corresponding total scattering cross-section
(Eq. (90)):

dσ
dΩ
=

k40
16π2

|n21 − 1|
2
∣∣∣∣∫ dr‖ ∫ z(r‖)

−∞

dzeiq.r
′

∣∣∣∣2 . (108)

The integration over the z-direction is readily made through inte-
gration by parts:

dσ
dΩ
=

k40
16π2q2z

|n21 − 1|
2

×

∣∣∣∣∫ dr‖ ∫ dr′‖eiqz .(z(r‖)−z(r′‖))eiq‖.(r‖−r′‖)∣∣∣∣ . (109)

The modulus square has been split into the parallel and perpen-
dicular components to allow for a change of variables along the
surface R‖ = r‖ − r′

‖
. At that point, it is worth introducing the en-

semble average due the coherence domains (see Section 5.3.3):

dσ
dΩ
=

k40Ai
16π2q2z

|n21 − 1|
2
∫
dR‖

〈
eiqz .(z(R‖)−z(0))

〉
eiq‖.R‖ . (110)

The integration over the remaining variable leads to the total
illuminated area Ai. Another simplifying hypothesis is to assume
that the fluctuations of heights follow a Gaussian statistics or to
expand the exponential term only to second order if the surface
roughness is small qz

〈
(z(R‖)− z(0))2

〉
� 1:〈

eiqz .(z(R‖)−z(0))
〉
= e−

1
2 q
2
z .〈z(R‖)−z(0)〉

2
. (111)
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Finally, one ends up with:

dσ
dΩ
=

k40Ai
16π2q2z

|n21 − 1|
2e−q

2
z 〈z〉

2
∫
dR‖eq

2
z 〈z(R‖)z(0)〉eiq‖.R‖ . (112)

For small perpendicular wavevector transfer, the exponential can
be expanded into a series involving the Fourier transform of the
height–height correlation function

〈
z(R‖)− z(0)

〉
i.e. the power

spectrum of the roughness [35,167–169].
At large separation distances R‖ → +∞ or small in-plane

wavevector transfer q‖ → 0, the correlation between the heights
of two points vanishes; therefore; the intensity (coherent intensity
or specular component) includes a Dirac contribution δ(q‖):(
dσ
dΩ

)
coh
=
k40Ai
4q2z
|n21 − 1|

2e−q
2
z 〈z〉

2
δ(q‖). (113)

Following Refs. [35,14,38],
( dσ
dΩ

)
coh
can be linked with the square

modulus of the reflectivity coefficient. The scattered intensity
Isc in the detector is related to the scattering cross section (see
Section 5.3.3) through:

Isc =
(
I0
A0

)∫ (
dσ
dΩ

)
∆Ω (114)

where I0 is the intensity of the incident beam, A0 its width and∆Ω
the solid angle subtended by the detector. In the specular condition
of reflection,

∆Ω =
dq‖

k20 sin(αf )
=
2dq‖
k0qz

. (115)

As the footprint of the beam is given by the projection of the beam
section on the surface A0 = Ai sin(αf ), the reflectivity reads:

R =
Isc
I0
= |n21 − 1|

2 k
4
0

q4z
e−q

2
z 〈z〉

2
. (116)

The 1/q4z ∼ 1/α4f power law decay expected for a perfectly
flat surface (Section 5.2.6) is further damped by an exponential
term due to roughness. This latter is nothing other than the
Debye–Waller-like factor previously introduced in Section 5.2.8.
Eq. (112) encompasses both the coherent and incoherent cross

section; the incoherent one is obtained by simple subtraction of
Eq. (113) to Eq. (112).
As stated in Section 5.4.1, the DWBA cross-section expression

for diffuse scattering depends on the choice of the position of the
dividing surface z = 0 compared to the actual surface. Although
for small roughness, all choices should be equivalent, better results
should be expected for the average plane. In that case, the dielectric
contrast reads:

δn2(r) = (n21 − 1)

{
−1 for 0 < z < z(r‖) if z > 0
1 for z(r‖) < z < 0 if z < 0
0 elsewhere

(117)

while the reference wavefield is given by the Fresnel expression

E0(r, k) = E0e−ik‖.r‖
{
e−ikz,0 + r0,1eikz,0z for z > 0
t0,1e−ikz,1z for z < 0.

(118)

The calculation of the scattered intensity is cumbersome [35],
except if using an analytical continuation of the wavefield from
above to below the surface i.e. by assuming that the expression of
E0(r, k) for z < 0 is still valid for z > 0. This approximation is
reasonable for q2z

〈
z2
〉
� 1 since the fields and their derivatives

are continuous at z = 0. Some authors [106,145] proposed instead
to use the wavefield defined in terms of reflection–refraction on
the rough surface leading to marginally different results. Using the
analytical continuity at the interface, the calculation follows the BA
one and yields:(
dσ
dΩ

)
incoh
=
k40Ai
16π2

|n21 − 1|
2
∣∣t i0,1∣∣2 ∣∣∣t f0,1∣∣∣2 S(q‖, qz) (119)

S(q‖, qz,1) =
e−

1
2

(
q2z,1+q

∗2
z,1

)
〈z〉2∣∣qz,1∣∣2

×

∫
dR‖

[
e|qz,1|

2
〈z(R‖)z(0)〉 − 1

]
eiq‖.R‖ . (120)
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The comparison between Eqs. (113) and (119) shows that the
incoherent cross sections with BA and DWBA are the same except
for:

(i) the transmission factors
∣∣t i0,1∣∣2 ∣∣∣t f0,1∣∣∣2 in energy for the incident

and exit waves;
(ii) the use of the transmitted wavevector transfer qz,1 in the
substrate instead of that in vacuum qz ; this is a consequence
of the field continuity.

For large qz , the DWBA cross section reduces to the BA one as∣∣t0,1∣∣2 ' 1 and qz,1 ' qz . However, for incident αi or emergent
angle αf close to the critical angle of the substrate, a maximum
of 2 is reached for the transmission coefficient leading to what is
known as the Yoneda peak [39,143] in GISAXS, or Yoneda wings in
off specular reflectivity. In passing, note that Eq. (119) is symmetric
with respect to ki and kf ; this is a manifestation of the reciprocity
principle. An expression similar to Eq. (116) for the reflectivity
is easily obtained but with the Debye–Waller-like factor e−q

2
z 〈z〉

2

replaced by the Névot–Croce one e−qzqz,1〈z〉
2
.

Through suitable normalizations and extrapolations, a model
independent inversion scheme [170] of Eq. (120) was proposed
to get the height–height correlation function in a way similar
to the one used to extract the pair correlation function of
amorphous solids or liquids from the X-ray structure factor [171]
(see Fig. 33). The back transformation can take benefit from the
GISAXS scattering geometry [169]; at fixed αi, αf , the scattering
depth

[
1/Λ(αi)+ 1/Λ(αf )

]−1 (see Eq. (49)) is constant and the
transmission functions (Eq. (119)) act only as prefactors while

〈
z2
〉

results simply from measurements at two different out-of-plane
angles αf .
For an isotropic rough surface,

〈
z(R‖)z(0)

〉
is related to themean

square surface fluctuations g(R‖) through:

g(R‖) =
〈
(z(R‖)− z(0))2

〉
= 2

〈
z(R‖)2

〉
− 2

〈
z(R‖)z(0)

〉
. (121)

Explicit models of the height–height correlation function or of
g(R‖) and their roughness spectrum, if available, are needed to
go beyond Eq. (119). Several models have been proposed in the
literature like Gaussian roughness, self-affine surfaces with spatial
cut-off, liquid surfaces with capillary waves fluctuations [166,
35,172,106,126,169,110,14]. In the case of a self-affine surface
(see Refs. [35,173,174,169,110] and references therein), the basic
scaling hypothesis gives g(R‖) ∝ R2H , where 0 < H < 1 is the
roughness or Hurst exponent that describes the degree of
jaggedness of the surface. H is related to the fractal dimension of
the surface Ds = 3 − H . However, the fractal behavior of actual
samples should saturate at sufficiently large horizontal length
scales, at least because of finite size effects:

g(R‖) ∝ R2H‖ , if R‖ � ξ‖

g(R‖) =
〈
z(R‖)2

〉
, if R‖ � ξ‖, (122)

where ξ‖ is the cut-off length between both regimes and is known
as the correlation length. Various expressions for the interpolation
between these two regimes have been proposed [35,174,169], in
particular the exponential form of Sinha:

g(R‖) = 2
〈
z(R‖)2

〉 (
1− e−(R‖/ξ‖)

2H
)
. (123)

Its main drawback is the lack of explicit expression for the
power spectrum and of the expected logarithmic divergence at
H = 0, leading to the introduction of other functional like
the K-correlation function [173–175]. Many authors [173,174,176,
169] went to the conclusion that, whatever the choice of the
height–height correlation function is, the roughness exponent H
should be accurately determined from the power law decay of the
intensity far away in reciprocal space (q‖ ≥ 2π/ξ‖). Conversely,
the cut-off or correlation length ξ‖ is very sensitive to the choice
of the functional. A clear discussion of the best experimental
conditions to achieve accurate measurements of those parameters
is found in Ref. [169]. Nevertheless, the best data analysis [145,
168] were obtained with Eq. (123). An example extracted from
Ref. [145] is given in Fig. 34 showing the previously introduced
Yoneda wings around the specular rod. A craze [177,178,176]
happened in the 90th for the capabilities of the X-ray technique
to check kinetic roughening theory of non-equilibrium growth
predicting self-affine behavior such as the Kardar–Parisi–Zhang
equation [179].

5.4.3. Rough multilayers
X-ray reflectivity from multilayers is a fairly well established

analytical tool in applied physics to characterize the average den-
sity profile of the layer stacking, in areas such as microelectronics,
smart windows coatings, X-ray mirrors etc. . . . In this respect, the
technique provides a measure of the layer thicknesses, mean elec-
tronic density and mean roughness (see review Ref. [50]). The re-
ciprocal space of a perfect multilayer is made of equidistant points
along the qz axis, the so-called multilayer Bragg peaks. Their spac-
ing ∆qz = 2π/D is inversely proportional to the super-period D
while their intensity is modulated by the content of the repeating
unit cell leading to additional side maxima between Bragg peaks,
known as Kiessig fringes. There are N − 2 maxima in between
two Bragg peaks for N layers with qz periodicity given by the layer
thickness. However, it is well known that the specular reflectivity
can be considerably influenced by imperfections of the interfaces
leading to diffuse scattering. This latter brings information on the
root-mean-square and the characteristic in-plane length scales of
the roughness profiles as well as the cross-correlation or replica-
tion between layer roughnesses [180,181] that are of paramount
importance for the foreseen properties of the multilayers and also
for its feedback on the growth process itself. A comprehensive re-
view on this problem can be found in the book of Holý, Pietsch and
Baumbach [15] about high resolution X-ray diffraction and scat-
tering from thin films and multilayers. As compared to a single
interface,multilayers bring several levels of complexity for the the-
oretical approach of scattering such as ‘‘dynamical’’ effects leading
to Bragg interference peaks, cross correlation between layer thick-
nesses etc. . .
Following the approach of Eastman [182], Payne and Clemens

[163], the reflection of a rough multilayer has been investigated
using a technique of (i) phase perturbation of the wave traveling
through the stack, and of (ii) Taylor expansion of the reflectivity
to first order in the individual layer reflectivity. Under approxi-
mations of large correlation length scales (i.e. the Rayleigh one),
they ended up with a generalization of the Debye–Waller-like fac-
tors for various models of roughnesses: correlated, uncorrelated,
partially correlated and cumulative. The limit of the method is in-
herent to the used approximations (see Section 5.4.2) i.e. mainly
neglecting the dynamical effects. Their most important result was
the demonstration of the paramount role of the replication and cor-
relation between layers.
Stearns [105,167,183] tackled the problem of diffuse scattering

frommultilayers in connection with the development of soft X-ray
mirrors. He developed a so-called ‘‘specular field approximation’’
for which the specular field within the multilayer is treated
dynamically and the non-specular field kinematically by adding
the contribution of each interface with a simple phase factor
due to propagation of the scattered waves up to the surface. In
his approximation, the specular field in each layer is determined
from a full dynamical treatment ignoring the energy removal
due the non specular component or accounting for it through
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Fig. 33. (a) Diffuse scattering from a rough 400 Å thick Zr35Co65 film. The measurement is made in the GISAXS geometry at αi = 0.25◦, αf = 0.9◦ just below the Co–K
edge. (b) Height–height correlation function

〈
z(R‖)− z(0)

〉
/
〈
z(R‖)2

〉
obtained from inversion of Eq. (120) (solid line) or from Scanning Tunneling Microscopy (dotted line).

The hump at∼100 Å shows an enhanced correlation at a length scale of the diameter of the granular structure observed by STM. From Ref. [170].
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Fig. 34. Diffuse scattering from a rough aluminum film grown on silicon. (a) The measurement (b) is made by rocking the sample at a fixed angle αi + αf = 0.8◦ between
incident beam and detector (E = 7 keV). The data points have been fitted (full line) through Eq. (120) with a Gaussian height–height correlation function (Eq. (123)) with√〈
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〉
= 17 ± 2 Å, ξ‖ = 1100 ± 50 Å, H = 0.7 ± 0.1. A Névot–Croce correction (Eq. (61)) was applied on the transmission coefficients in order to achieve a good

agreement (see Section 5.4.7). A comparison is made without this correction (dash dotted line) and with the Debye–Waller-like corrected transmission (dashed line). From
Ref. [145].
a Debye–Waller-like factor (see Section 5.2.8). Therefore, the
roughness is assumed to be small i.e. qz2

〈
z2
〉
� 1. However,

the approximation breaks down either at grazing angles or when
the non-specular grazing angle satisfies the multilayer Bragg
condition, such that the multiple scattering of non-specular fields
exhibits constructive interference. This approximation reverts to
the DWBA limit at large scattering angles i.e. away from grazing
angles and is equivalent to the work of Vineyard for a single
interface [139]. A careful analysis of the problem of replication
of interface roughnesses [167,183] leads to an explanation of the
resonant diffuse scattering observed in correlated multilayers;
these latter are due to the spreading into diffuse sheets of the Bragg
lattice points of themultilayer located atmultiple of 2π/D,D being
the period of the stack.
The first full DWBA treatment of scattering from stratified

media was given by Daillant and Bélorgey [148] starting from the
reciprocity theorem (see Section 5.3.2) and using Green function
formalism. They studied the more restricted problem of scattering
from two interfaces of a thin film; they applied their modeling
to the scattering from a black-soap film [149]. In particular,
they focused their interest on the ability of off-specular scans to
obtain directly the height–height correlation functions of the two
interfaces of the soap film (Eqs. (126)–(127)) so demonstrating a
strong coupling between them. The generalization to a stratified
media with an arbitrary number of layers was given in appendix
of Ref. [148]. Pynn [106] ended up with a similar result for a rough
thin film in the context of neutron scattering.
Readily after, Holý and coworkers [58,59] proposed a full

DWBA treatment of specular and diffuse scattering from rough
multilayers. They treated both the coherent and incoherent
scattering and the case of uncorrelated and correlated roughnesses
between layers. The importance of conformality of the layers
was stressed by Sinha and coworkers [168] in the framework
of the Born approximation for stepped surfaces. These DWBA
results were confirmed by Kopecky [184] using a Parratt like
formalism to compute the unperturbed wavefield applied to the
case of diffuse scattering from multilayer X-ray mirrors. In an
earlier attempt [185], the transmission coefficients appearing in
the scattering cross-section for one interface Eqs. (119)–(120) [35]
were replaced by those obtained through the Parratt formalism;
however, as compared to the full DWBA calculation Eq. (126);
several scattering processes are missing. Later on, de Boer [186]
generalized the DWBA formula for specular reflection up to second
order perturbation and calculated the electric field inside the
multilayer that is needed to obtain glancing incidence X-ray
fluorescence intensities [147].
X-ray reflection from rough multilayer gratings was tackled

by Mikulík and Baumbach [187] in the framework of kinematic
(Born approximation) and semidynamical theories. The grating
periodicity is supposed to be perfect with an infinite size. In
the dynamical theory, the wave equation is transformed into an
eigenvalue problem for the Fourier components of the diffracted
waves. The problem was solved through a matrix formalism
where the Fresnel reflection and transmission coefficients were
generalized to each grating truncation rod; the roughness effects
of the layers and the side walls were accounted for through a
generalized Debye–Waller-like factor.
The influence ofmultilayer interface roughnesses on the diffuse

scattering around Bragg diffraction peaks at wide angle can be
treatedwithin DWBA similarly as around the origin, either starting
from kinematic [188] or dynamic [189] diffraction by lattice
planes. However, bothmorphological and structural imperfections
superimpose in the diffuse signal.
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Let us consider a stacking of N layers (Fig. 26) starting from
the vacuum interface n = 1 and ending at the substrate interface
n = N + 1. While basically the demonstrations of the coherent
and incoherent cross-sections follow the same steps as for a single
interface [35] (see Refs. [58,59,184,109,15,14] and Section 5.4.2),
the final result is lengthy. The unperturbed electromagnetic field
involves the multiple reflection and transmission at each interface
and is made of upward and downward propagating waves in layer
n Eq. (50).

En(r, k) = E0
[̃
A+n (kz)e

ikz,nz + Ã−n (kz)e
−ikz,nz

]
e−ik‖.r‖ . (124)

Of course, the perpendicular component of thewavevector Eq. (51)
is obtained through parallel component conservation in case of
flat interfaces. The amplitudes Ã±j are calculated either through a
Parratt or a matrix formalism (see Section 5.2.7). The roughness of
each layer contributes to the perturbation in an analogous way to
Eq. (117):

δn2n(r) = (n
2
n − n

2
n−1)

{
−1 for 0 < z < zn(r‖) if zn > 0
1 for zn(r‖) < z < 0 if zn < 0
0 elsewhere.

(125)

The formulation of the problem is simpler in the case of a s-pola-
rized wave as the same polarization factor is found for each
interface. As in the case of a single interface, the analytical
continuity of the field from below to above the interface yields a
‘‘more compact’’ expression involving a double sumover the layers
of 16 terms:(
dσ
dΩ

)
incoh
=
k40Ai
16π2

N∑
m,n=1

∑
±

∑
±

∑
±

∑
±

(n2m − n
2
m−1)

× (n2n − n
2
n−1)

∗̃A±m(kiz )̃A
±

m(kfz )̃A
±,∗
n (kiz )̃A±,∗n (kfz)

× Smn(q‖,±kiz,m ± kfz,m,±kiz,n ± kfz,n) (126)

Smn(q‖, qz, pz) =
e−

1
2 (q

2
z 〈zm〉

2
+p∗2z 〈zn〉

2)

qzp∗z
×

∫
dR‖

[
eqzp

∗
z 〈zn(R‖)zm(0)〉 − 1

]
eiq‖.R‖ . (127)

The asterisk ∗ denotes the complex conjugate. The coherent
counterpart expression can be found in Ref. [58]. The dif-
fuse intensity involves a generalization of the structure factor
Smn(q‖,±kiz,m±kfz,m,±kiz,n±kfz,n) involving the correlation func-
tions

〈
zm(R‖)zn(0)

〉
between the roughness profiles of interfacesm

and n. The physical interpretation of terms ±kz,m,±kz,n is a scat-
tering process from downwards/upwards to downwards/upwards
propagating waves with a weight proportional to the correspond-
ing products of amplitudes Ã±n (kz) and the generalized structure
factors Smn(q‖,±kiz,m ± kfz,m,±kiz,n ± kfz,n). This is known in
the field of dynamical diffraction as Umweganregung [59,188,15],
meaning the excitation of a scattering process (diffuse scattering)
through another one (reflection, transmission).
Two components in the roughness width of each layer

〈
z2m
〉
are

often distinguished: an intrinsic one often assumed to be random
and a extrinsic one due replication from layer to layer. As function
of the degree of replication of thickness fluctuations from layer
to layer, limiting cases with specific scattering behaviors can be
pinpointed:

(i) no replication i.e. fully uncorrelated roughnesses
(ii) perfect replication without intrinsic roughness i.e. identical
interfaces

(iii) partially conformal layers.

Severalmodels of cross-correlation or replication between layer
roughnesses have been treated in the literature starting from
a Edwards Wilkinson Langevin [179] equation of diffusion-like
propagation of roughness [167,190,183] or with an exponential
form [191,59,192,15,14], both depending on a perpendicular
correlation length ξ⊥. The growth of multilayers on a stepped
substrate leads to the special case of roughness replication tilted
with respect to the growth direction [193,194].
The main characteristic of scattering from multilayers is

threefold [59,15,14]:

(i) the position of the multilayer Bragg peak are shifted in
qz as compared to a pure kinematic calculation because of
refraction at the interfaces [196];

(ii) the resonant diffuse scattering.
For uncorrelated layers, the diffuse scattering is the

incoherent sum of the scattering from individual layers given
by Eq. (120) (as Smn = 0 for m 6= n) plus the specular
rod. The intensity is therefore spread more or less uniformly
in reciprocal space according to the roughness correlation
function. In the case of a partial replication of the roughness
from layer to layer, a partial phase coherence exists between
the waves diffusely scattered on each layer for a given parallel
wavevector. This leads to a spreading of the Bragg points
into diffuse sheets of intensity along the q‖ direction [180,
196,190,181,190,197]. Because of beam refraction [59], these
sheets are curved in the q‖, qz plane giving rise to the name
of ‘‘bananas’’. Their q‖-length is governed by the in-plane
correlation length of the layers ξ‖ [196]. The qz-width at a
given q‖ characterizes the decay length of the cross correlation
between interfaces for a given spatial wavelength. More
precisely, their qz spread is related to the degree of roughness
replication i.e to the inverse of the cross correlation length
ξ⊥ [167,190,197,50]. Similar sheets are found not only around
the origin of reciprocal space but also as satellites around the
diffraction peaks atwide angles of crystallized layers [188,189,
15]. In some cases of conformal and very rough layers, the
intensity of the Bragg peaks is sometimes vanishingly small
as compared to the diffuse scattering. Amethod of integration
of the scattered intensity over q‖ has been proposed in the
limit of the Born approximation [36] to recover the actual
local reflectivity of the sample and therefore the actual profile
of density. At the opposite limit, for strongly correlated
interfaces, the shift between the Kiessig fringes in reflectivity
and those in diffuse scattering allows to distinguish between
conformal and anticonformal curvaturemorphologies at large
length scales [198].

(iii) The Yoneda wings and the Bragg-like peaks.
At variance to the resonant diffuse sheets that are of

kinematic nature i.e. also reproduced by BA, Yonedawings and
Bragg-like peaks are caused by multiple scattering processes
so that they are of pure dynamical nature [59,184,15]. The
Yoneda peak is found when the incident αi or emergent
αf angles are below the critical angle of the average layers
(see Eq. (119)). In case of a single layer (see for instance
Section 6.2.4), a wave guide effect in the amplitude of the
transmitted-reflected waves (Eq. (138)) is observed when
the incident or/and emergent transmitted wave vector fulfill
the interference condition of Fabry–Perot. This concept of
scattering enhanced by standing waves is readily generalized
to the case of multilayers; enhancement of the intensity is
expected along Bragg-like resonance lines when the incident
or emergent angle fulfills the Bragg law corrected from
refraction:√
〈n〉 − cos2(αi,f ) =

pi,f λ
2D

(128)

where 〈n〉 is the average refractive index, D the multilayer
period and pi,f integers. These lines are a basic generalization
of the Yoneda peak that corresponds to the zero order
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Fig. 35. Calculated diffuse scattering from a multilayer (20 periods) of GaAs(95 Å)/AlAs(125 Å) on a GaAs substrate (λ = 1.5 Å) using Eqs. (126)–(127). The height–height
autocorrelation function is described by Eq. (123) with

√〈
z2
〉
= 8.6 Å,H = 1, ξ‖ = 2000 Å. The interface profile replication is exponentially damped from layer to layer [191]

with an increasing characteristic length (a) ξ⊥ = 0 Å, (b) ξ⊥ = 200 Å, (c) ξ⊥ = 1000 Å, (d) ξ⊥ → +∞. The intensity is plotted in the qx − qz plane with the restriction on
the availability of reciprocal space due to coplanar geometry (see Section 2.2). Arrow 2 show the pseudo-Bragg lines and arrow 1 the Bragg sheets. From Ref. [195].
effect. Of course, when both incident or emergent lines
intersect, a Bragg-like peak appears with indexes pi, pf . The
peak existence is of dynamic nature but its intensity is
modulated by the roughness. A semi-analytical description
of this modulation [195] showed that, when interfaces are
uncorrelated, Bragg-like peaks follow the intensity of the X-
ray standing wave pattern but minor correlations between
interfaces can invert the contrast. One of the first experimental
observations can be found in Refs. [180,196] and latter on in
Ref. [192].

These various effects are exemplified in the simulation of Fig. 35
for progressively correlated layers. For completely uncorrelated
layers, the scattering map is dominated by the Bragg-like
resonance lines (arrow 2-Fig-a) and their intersection. Upon
increasing the degree of replication, the intensity concentrates
in the curved Bragg sheets while the intensity of the Bragg-like
resonance peak can be sensitively modulated (see broken line of
Fig. 36).
Fig. 37 shows one of the first experimental GISAXS study

of multilayers [197,175,50,199] exhibiting the same features:
Bragg sheets (Roman letters) and resonance lines (arrows). The
increasing width of the Bragg sheets with 2θf reflects the damping
of the layer-to-layer cross-correlation for in-plane roughnesses
of smaller wavelength. This latter as well as the logarithmic
in-plane correlation were assigned to a mechanism of kinetic
roughening [197,50,199] of the growing surface in the framework
of Edwards–Wilkinson Langevin equation [179].
Many tests to assess the DWBA reliability to describe ac-

tual scattering data from multilayers can be found in the lit-
erature [15]. The first stringent tests on Si/Ge layers [200] and
on CoSi2/Si/CoSi2/Si(111) [192] validated the theory by fitting
simultaneously the reflectivity as well as several off-specular
scans (detector scan, longitudinal scan, rocking scan) with the
Fig. 36. Evolution of the intensity of the 5th Bragg sheet with increasing vertical
correlation length. Line 1–6 correspond to ξ⊥ = 0, 200, 500, 1000, 10000,+∞ Å.
Panels a,b correspond to accumulated and non accumulated roughnesses. Same
parameters as in Fig. 35. From Ref. [195].
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Fig. 37. (a) Scattering in GISAXS configuration from a 60 Si(68.5 Å)/W(28.5 Å) bilayers. From top to bottom, the in-plane angle increases from 2θf = 0.2◦,
0.3◦, 0.4◦, 0.5◦, 0.6◦, 0.7◦, 0.8◦, 1.0◦, 1.5◦, 2.0◦, 3.0◦, 5.0◦ while αi = 0.7◦ and λ = 1.35 Å. The Bragg sheets are labeled with Roman letters. (b) Number N of correlated
layers as obtained from the inverse of the q‖-width of the second Bragg sheet II. For small angles, N ' 25 is limited by the absorption while at higher angles, the 1/q‖ is
indicative of a diffusion limited growth. From Ref. [50,199].
same set of parameters [201,202]; all the experimental features
were accounted for and accurate values of the rms roughnesses,
the in-plane coherence lengths, the Hurst exponents, the cross-
correlations between layers were obtained. The tour de force in
Ref. [192]was to fit up to 30 parameters on 18 different scans! Sev-
eral softwares are now freely available to simulate reflectivity and
diffuse scattering from imperfect multilayers [203].

5.4.4. Buried density fluctuations
Scattering from density fluctuations buried under a rough

surface was evoked by Sinha [168] and fully treated by Rauscher
et al. [36] under the assumption of the lack of cross-correlation
with the surface roughness. In that case, the scattering from
the rough surface and from the density fluctuations add up
incoherently, except along the specular rod. Special cases of δ-
like layer at the surface, columnar structures, isotropic density
fluctuations and layered structureswere chosen as basic examples.
Multilayers of density inhomogeneities and density fluctuations at
a liquid surface were treated in Ref. [14]. Later on, the scattering
cross section was obtained for free standing nanostructures [37,
62], for pores inmesoporous thin films [152,153,204,154], for holes
in a substrate [150]. Special attention is paid to those cases of
‘‘nanoparticles’’ in Section 6 for which the scattering cross section
can be defined through an effective particle form factor involving
several scattering paths.
The formal treatment is somehow identical to the rough surface

case. Let us consider buried density fluctuations δn2(r) under a flat
surface of a substrate with index n1. The useful part of the Fresnel
wavefield (Eq. (118)) used as the eigenstate of the perturbation
formalism is the transmittedwave only i.e. t0,1e−ikz,1z as δn2(r) 6= 0
only if z < 0. Following Eq. (91), for an homogeneous system, the
incoherent cross-section for q‖ 6= 0 can be written in the form:(
dσ
dΩ

)
incoh
=
k40Ai
16π2

∣∣t i0,1∣∣2 ∣∣∣t f0,1∣∣∣2 C(q‖, qz) (129)

C(q‖, qz) =
∫
dR‖eiq‖.R‖

∫ 0

−∞

dz
∫ 0

−∞

dz ′eiqz,1ze−iq
∗
z,1z

×
〈
δn2(0, z)δn2∗(R‖, z ′)

〉
, (130)

where qz,1 = kfz,1− kiz,1 is the wavevector transfer inside the sub-
strate. The intensity is a kind of Fourier transform of the autocor-
relation function of the dielectric contrast

〈
δn2(0, z)δn2∗(R‖, z ′)

〉
.

However, at variance to the Born approximation, apart the trans-
mission function prefactors, it is the wavevector transfer of the
transmitted waves that comes into play in the formula. Only den-
sity fluctuations inside the scattering depth 1/Im(qz,1) actually
contribute to the cross-section. Compared to the definition of the
penetration depth (Eq. (49)), it includes also the role of the exit
evanescent wave. For scattering angles αi, αf above the critical an-
gle of the substrate, only a slight shift of the scattering pattern as
compared to BA is observed as qz,1 ' qz and t i0,1, t

f
0,1 ' 1. On

the contrary, below the critical angle, the scattering involves an
evanescent wave; either kfz,1 or kiz,1 become imaginary leading to
an enhanced surface sensitivity of the measurement as compared
to classical transmission geometry. Concerning the coherent cross-
section, the DWBA reflectivity can be computed from the averaged
dielectric profile n0(z) using the results of Section 5.4.1.

5.4.5. Diffuse scattering from magnetic media
Information about magnetic structure of surfaces and thin

films can be obtained with X-rays in an element-specific way
by tuning the photon energy across an absorption edge (mainly
L edge for transition or rare earth metals or an M edge for
actinides) leading to a magnetic signal sufficient to be compared
to charge scattering [205,206]. The real part of the atomic form
factor gives rise to magnetic scattering while the imaginary
part i.e. absorption to X-ray magnetic circular dichroism. A
detailed description of the interaction of X-rays with magnetically
polarized atoms can be found in the literature [207,14]. Although
the technique was initially developed to describe Bragg peak
intensities, the increasing interest in magnetic layers has pushed
toward measurements and theories of specular and off-specular
scattering to get information about disorder of magnetization
at the length scale of the magnetic domains. The theoretical
formulation of magnetic scattering from rough surfaces and
multilayers was developed in the framework of BA and DWBA
by Lee and coworkers for both specular reflectivity [88,208] and
diffuse scattering [89]. In their treatment, the deviations from a
smoothmagnetic interface can be distinct from the structural ones
(i.e. separated by a magnetic dead layer) but possibly strongly
correlated through their roughness parameters and height–height
correlation functions. Components of the magnetization at the
interface which are disordered on much shorter length scales are
ignored in this treatment, as they will scatter at much larger
q-values than those of interest. Also, scattering from magnetic
domains are equivalent to scattering from buried fluctuations of
density and can be incorporated in the theory. The main difficulty
leading to a quite complex formulation is that the scattering length,
contrary to the Thomson one, is a tensor and not a scalar; in other
words, the X-ray refractive index is anisotropic leading to two
transmitted and two reflected waves at each interface depending
upon the polarization state (s, p or circular polarization). The
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Fig. 38. Reflectivity versus kz (denoted k0 on figure) of a rough platinum surface with large correlation length ξ‖ (Cu Kα wavelength,
√〈
z2
〉
= 1.5 nm). (a) DWBA calculation

of the specular reflectivity using Névot–Croce factor Eq. (61) (dashed-line), total diffusely reflected intensity relative to incident intensity after integration of Eq. (119) (dot
dashed line), sum of the specular and diffuse reflection (continuous line). (b) Same as (a) but using the Rayleigh approach. Note the lack of energy conservation of DWBA
when ξ‖k2iz/k0 > 1. From Ref. [110].
reader interested by the actual formulation of the problem as well
as by recent literature about this topic should refer to Refs. [208,
88,89].

5.4.6. Validity range of DWBA
Many subtle questions regarding the range of accuracy have

been glossed over when introducing the DWBA in Section 5.3
and applying it to several cases in Section 5.4. For a single rough
surface, what are the limitations of the DWBA in terms of the
root mean square roughness

√〈
z2
〉
and the in-plane correlation

length ξ‖? At some point, for very long wavelength components
but still smaller than the coherence length of the beam Lcoh,
a rough surface may be seen as a set of flat surfaces making
different inclinations when the issue of roughness merges into
a flatness issue. At such length scale, the DWBA is expected to
break down and the crossover can be understood simply from the
diffraction principle. For an incoming beam ki, diffracted beams kf
from a grating of period D are observed at a parallel wavevector
that fulfills kf ‖ = ki ‖ ± 2nπ/D. As kf ‖ < k0 no diffraction
happens if k0 − ki ‖ < 2π/D. A rough surface may be seen as
the superposition of many grating periods with relative weights
given by the roughness power spectrum; the ‘‘diffracted’’ peaks
merge into diffuse scattering. As ξ‖ can be viewed as the largest
active period of the roughness, the diffuse scattering is negligible as
compared to the reflected beam if diffraction from ξ‖ is impossible:
k0 − ki ‖ = k0[1 − cos(αi)] ' k0α2i /2 ' k

2
iz/k0/2 � 2π/ξ‖ i.e.

ξ‖k2iz/k0 � 1; otherwise, it will be intense and will occur close to
the specular beam.Moreover, as already discussed in Sections 5.2.8

and5.4.1, theDWBA is restricted to small amplitudes kiz
√〈
z2
〉
� 1.

De Boer in a series of papers Refs. [102,108–110] critically
reviewed the range of validity of DWBA as function of the two

crossovers ξ‖k2iz/k0 and kiz
√〈
z2
〉
. He stressed that the Névot–Croce

factors obtained through various ways: (i) phase averaging [100]
(see Section 5.2.8) (ii) self-consistent equation based on DWBA
and Green function [35,107,106,102,111] (Section 5.4.1) relie
explicitly or implicitly on the assumption of small correlation
length ξ‖k2iz/k0 � 1 and on the use of an analytical continuation
of the unperturbed field from one side of the interface to the other
side, an assumption valid for small roughness up to order k2iz

〈
z2
〉
.

However, even for small correlation length, energy conservation
within DWBA is strictly fulfilled only up to order |qz |4

〈
z2
〉2 [147,

108]. The situation is even worse when increasing the correlation
length; the total scattered intensity computed from Eq. (119) can
exceed the incident intensity (Fig. 38). At the other extreme limit,
for large correlation length, the Rayleigh method [104,102,209] is
more suitable. As ξ‖ is large, the local slope of the surface profile is
so small that only the specular component of the Fourier series of
the field are accounted for in the boundary conditions (see Fig. 27).
It leads to an incoherent cross section similar to Eq. (119) (see
Ref. [108]-AppedixDor Ref. [104] for details) butwith the structure
factor S(q‖, qz,0) identical to the one obtained in the BA (Eq. (112)).
Contrary to DWBA, the intensity conservation is fulfilled in the
Rayleigh method (Fig. 38).
By pursuing the DWBA expansion up to second order in

k2iz
〈
z2
〉
, de Boer [102] showed that the reflection and transmission

coefficients actually depend on the power spectral density of the
roughness and not only on the roughness amplitude as suggested
by Eq. (61). He proposed, at least for the coherent cross section,
formulas that interpolate smoothly as function of ξ‖ between the

DWBA and the Rayleigh limit for kiz
√〈
z2
〉
� 1.

5.4.7. Improving DWBA accuracy?
In the X-ray scattering field, mainly two ways have been

explored in the literature to go beyond the first order DWBA
results, either through a better choice of the reference state or by
iterating further on the Born expansion (Eq. (83)).
A first semiphenomenological try is to correct a posteriori

the Fresnel coefficients from flat interfaces by the corresponding
Névot–Croce coefficients [100,101,14] due to roughness in order
to cure the lack of energy conservation of first order DWBA [108].
Weber and Lengeler [145] argued that this resulted in better fits of
their experimental data on X-ray grazing incidence scattering from
rough surfaces. A similar approach was followed by Kopecky [184]
for multilayers while Wormington [210] and coworkers argued
that it is also necessary to include the effect of density gradient
to accurately reproduce data from polished ceramics. Pynn [106]
suggested to replace the Fresnel eigenstates by the actual one
from the rough surface without giving any hint how to calculate
them. Moreover, this leads to expressions that do not fulfill the
reciprocity principle [109]. Fanchenko and Nefedov [211] tried to
justify the use of a modified eigen-wavefield through a variational
principle of the T-scatteringmatrix approach. However, the degree
of accuracy of their approach in terms of roughness is difficult to
assess. De Boer [109–111] highlighted the drawbacks of using such
modified fields in the interfacial region as an input in the Green
propagation equation (Eq. (73)) for the actual field that polarizes
the matter. The field obtained with the aid of the Névot–Croce
factors shows a discontinuity at the interface between the incident
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Fig. 39. Scattering versus q‖ at a given qz = 0.5 nm−1 (rocking scan) on a silicon

sample (k0 = 45 nm−1 ,
√〈
z2
〉
= 4 nm) with a self-affine rough surface H = 1 Eq.

(123). Solid line ξ‖ = 400 nm from Eq. (119); dashed line ξ‖ = 400 nm using field
matched at the interface (see Fig. 32); dotted ξ‖ = 800 nm from Eq. (119). From
Ref. [110].

wave and the evanescent wave below the critical angle of the
surface (see Fig. 32). Interpolated fields using the average of the
refractive index between media give better results for grazing
incidence X-ray fluorescence and diffuse scattering [147,109,110]
although the derivative is not continuous (see Fig. 39).
In the case of an in-plane homogeneous random rough surface,

better results of diffuse scattering is expected in the framework of
DWBA if the reference medium is the average interface or, in other
words, the dielectric index is the one averaged along the direction
parallel with the interface ñ20(z) = 1/A

∫
n2(r‖, z)dr‖ [109,

212,164,155,81]. This method is in line with the calculation of
scattering frommultilayers (see Section 5.4.3). Themain drawback
is that no straightforward expression of the Fresnel wavefield
E0(z, kz) can be obtained except for special cases [124,94,44]; one
needs to calculate the upward and downward waves amplitudes
using the matrix formalism of Abelés [96] (see Section 5.2.7) in
stratifiedmedia or the solution of differential equations.Moreover,
the expression of the scattering cross-sections are cumbersome as
the perturbation δn2(r‖) is positive as well as negative. Despite
that, a better accuracy is expected since:

(i) the perturbation is null on average along the interface〈
δn2(r‖)

〉
= 0;

(ii) the attenuation and the refraction of the incident and
scattered waves by the graded interface and consequently the
shape and position of the Yoneda peak are better described, in
particular for angles close and below the critical angle;

(iii) themethod intrinsically accounts for theNévot–Croce factors;
(iv) once scattered, because of the intrinsic small X-ray scattering

cross-section, a wave may be scattered again mainly in the
forward direction and all themore than the angles are shallow.

A practical example will be given in Section 6.5 in the case of
supported nanoparticles [155,81]. In the context of scattering of
visible light from a 1D rough surface, the approach called Mean
Field Theory [212,164] was further improved starting from a field
that includes all doubly correlatedmultiple scattering processes or
in otherwords, the role of the correlation length in the domain over
which n2(r‖, z) is averaged.
In principle, multiple scattering effects are encompassed in

the full Born series Eq. (83). However, beyond first order, the
summation is cumbersome and nothing guarantees a small radius
of convergence of the expansion. De Boer [102,110] has shown
that corrective terms including not only the root-mean-square
roughness

〈
z2
〉
but also the in-plane correlation function of the
roughness appears in the X-ray reflectivity when going on up to
second order. This result is counterintuitive as it is often assumed
that lateral correlation cause non-specular scattering with a non-
conserved parallel wavevector. The reason lies in the existence
of two step scattering via intermediate scattering with opposite
in-plane wave vector transfer. He proposed a generalization of
this result valid for arbitrary roughness kz

〈
z2
〉
for the reflection

as well as transmission coefficients of a rough surface; the
formula interpolates between Névot–Croce and Debye–Waller-
like regimes that is to say between the high ξ‖ � k0/k2z and low
spatial frequencies ξ‖ � k0/k2z .
Recently, Feranchuk and coworkers [122,123] have developed

a self-consistent approach for specular X-ray reflection from
interfaces with a continuous transition layer. An ansatz [122]
for the wavefield for a given profile Λ(0)(z) has been proposed;
it reproduces accurately both the amplitudes and the phases of
the reflection and transmission coefficients. The key idea, to go
beyond DWBA, is not to fix the profile of the layer Λ(0)(z) but to
assume it as a variational function changing with the order of the
DWBA expansion and depending on the perpendicular wavevector
Λ(z, kz). The additional degree of freedom due to the dependence
on kz is used to get rid off of all the terms of DWBA expansion
in the differential scattering cross-section except the zero order
one. This gives a self consistent equation that defines the profile.
This methodology that is equivalent to partial summation of the
infinite DWBA series goes beyond the classical Névot–Croce factor.
However, the method was only applied to the analysis of specular
reflectivity and not to diffuse scattering.

6. Grazing Incidence Small Angle X-Ray Scattering from assem-
blies of particles

6.1. Introduction

Handling the case of X-scattering fromnanoparticles at surfaces
or slightly buried is of great importance in the light of the amount
of scientific papers on nanoparticles and the expected technologi-
cal applications. In the context of morphological characterization
of nanoobjects, the GISAXS technique offers the opportunity to
probe as a whole an assembly of nanoparticles and to define an
‘‘averaged particle’’. Not only the sizes and the particle density are
available but others quantities like the particle shape, the width
of the size distribution or higher order correlation parameters are
hidden in the scattering profile. This section aims at highlighting
the key ingredients for the experimentalist in order to answer the
following questions:

(i) what are the differences and the similarities between bulk and
surface sensitive small angle scattering?What is the impact of
grazing incidence and exit angles?

(ii) how does the particle shape come into play in the scattering
pattern?

(iii) how to get the mean size and the spacing between particles?
(iv) what are the effects of size and spatial disorders in the scat-

tering pattern?
(v) what does the particle density modify in the scattering
pattern?

The term ‘‘particle’’ used hereafter stands for a size limited
density inhomogeneity that scatters the X-ray beam. Fig. 40 sum-
maries the morphologies of interest that have been encountered
experimentally in the literature:

• island on a substrate
• inclusions in a substrate or holes in a substrate surface
• inclusions or holes in a slab.
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Fig. 40. Overview of all the described morphologies: (a) Nanoparticles on a substrate; (b) Nanoparticles on a thin layer; (c) Holes in a surface; (d) Inclusions in a substrate;
(e) Inclusions in a substrate below a layer; (f) Inclusions in a layer; (g) Holes in a layer. t is the thickness of the layer and d the burying depth. The contrast of dielectric
constant∆n2 has been added; np, ns, nl, 1 are respectively the refraction index of the particles, the substrate, the layer and vacuum.
In each case, flat interfaces give rise to different scattering paths
and cross-sections. The problem will be restricted to a plane of
particles, ordered or not, to put the emphasis on the surface
sensitivity of the GISAXS technique.
The problemwill be tackledwith an increasing complexity, first

dealing with isolated particles and the scattering characteristics
(Section 6.2), secondly introducing the interference between
scatterers and the role of correlations (Section 6.3) and finally
treating the influence of packing on the calculation of the form
factor itself (Section 6.5). All the useful concepts of bulk small angle
scattering such as asymptotic limits of the form factor or scattering
from faceted objects are reminded in the context of surfaces.
Software IsGISAXS [27] was developed to simulate and fit
GISAXS patterns from nanoparticles; it includes all the theoretical
background developed in this section. It is freely available
from: http://www.insp.jussieu.fr/axe2/Oxydes/IsGISAXS/isgisaxs.
htm. Several experimental examples will illustrate all these
notions in the next section Section 7.

6.2. Dilute case: Form factor of an isolated particle in DWBA

6.2.1. The particle form factor
Let us consider a particle of shape S(r) (S(r) = 1 inside it;

S(r) = 0 outside) and an index of refraction np, embedded in a
medium of index nm. As shown in the general treatment of DWBA
Section 5.3, the dielectric constant in the Helmoltz propagation
equation is decomposed according to:

n2(r) = n20(z)+ δn
2(r) = n20(z)+∆n

2S(r). (131)

∆n2 = n2p − n
2
m
1 is the dielectric constant contrast between the

particle and its embedding medium while n0(z) is the vertical
profile of refraction index of the system. The DWBA perturbation
treatment requires the Fresnel solution E0(k, r) of the scalar wave
equation (Eq. (96)) for n0(z) alone. Both ∆n2 and E0(k, r) depend
on the considered geometry.

6.2.2. The supported nanoparticle
In the case of a nanoparticle on a substrate (Fig. 40a), n0(z) = 1

for z > 0 and n0(z) = ns for z < 0; the dielectric contrast is:
∆n2 = n2p−1where np is the index of refraction of the nanoparticle
and 1 is that of vacuum. As demonstrated in Section 5.2.6 and using
the notations of Section 5.2.7, the unperturbed wavefield reads:

E0(r, k) = E0e−ik‖.r‖
{
e−ikz,0 + r0,1eikz,0z for z > 0
t0,1e−ikz,1z for z < 0

(132)

1 Note that the atomic structure is implicitly neglected because of the smallness
of the scattering angles.
Fig. 41. ‘‘Diagrammatic’’ representation of the island scattering cross section in
DWBA. Interpreted from Ref. [37].

k‖ is the component of the wavevector k parallel to the surface
while the Fresnel coefficients r0,1 and t0,1 Eq. (57) are evaluated
in terms of the perpendicular components of k in a vacuum kz,0
or in the substrate kz,1 = −

√
n2s k

2
0 − k

2
‖
. Following Eq. (91), the

scattering cross-section [37,27,29] from ki to kf can be cast in the
following form:

dσ
dΩ
=

k40
16π2

∣∣n2p − 1∣∣2 ∣∣F (q‖, kiz,0, kfz,0)∣∣2 , (133)

where the DWBA form factor of the nanoparticle is:

F (q‖, kiz,0, kfz,0) = F(q‖, kfz,0 − kiz,0)+ r
f
0,1F(q‖,−kfz,0 − kiz,0)

+ r i0,1F(q‖, kfz,0 + kiz,0)+ r
i
0,1r

f
0,1F(q‖,−kfz,0 + kiz,0). (134)

q = kf − ki is the wavevector transfer. F (q‖, kiz,0, kfz,0) is given
in terms of the Fourier transform of the particle shape:

F(q) =
∫
S(r)
eiq.rdr. (135)

Note in passing that the superscript f in the reflection coefficients
means that they are evaluated for the time inverted scattering
wave vector −kfz,0. A simple interpretation2 of each term of Eq.
(134) is given in Fig. 41 as the interference between elementary
scattering paths. The first term is nothing other than the Born
one i.e. the direct scattering by the particle as if it was isolated
in vacuum (see Section 5.3.4). The other ones involve a reflection
of either the incident or the scattered beams on the substrate
surface; the actual perpendicular wavevector transfer should be
used and the corresponding form factor should be weighted by the
corresponding reflection coefficient. As an obvious consequence,
at variance to scattering in vacuum, q alone is not sufficient to
describe the scattering.
An enhancement of the intensity at αf = αc appears in the

typical plot of
∣∣F (q‖, kiz,0, kfz,0)∣∣2 of Fig. 42. This feature, known

2 Fig. 41 is, what is called in quantummechanics, a diagram of interactions. In no
way, it should be interpreted as geometrical X-ray paths.

http://www.insp.jussieu.fr/axe2/Oxydes/IsGISAXS/isgisaxs.htm
http://www.insp.jussieu.fr/axe2/Oxydes/IsGISAXS/isgisaxs.htm
http://www.insp.jussieu.fr/axe2/Oxydes/IsGISAXS/isgisaxs.htm
http://www.insp.jussieu.fr/axe2/Oxydes/IsGISAXS/isgisaxs.htm
http://www.insp.jussieu.fr/axe2/Oxydes/IsGISAXS/isgisaxs.htm
http://www.insp.jussieu.fr/axe2/Oxydes/IsGISAXS/isgisaxs.htm
http://www.insp.jussieu.fr/axe2/Oxydes/IsGISAXS/isgisaxs.htm
http://www.insp.jussieu.fr/axe2/Oxydes/IsGISAXS/isgisaxs.htm
http://www.insp.jussieu.fr/axe2/Oxydes/IsGISAXS/isgisaxs.htm
http://www.insp.jussieu.fr/axe2/Oxydes/IsGISAXS/isgisaxs.htm
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Fig. 42. DWBA form factor (Eq. (134)) of a cylindrical nanoparticle as function
of the emergence angle αf /αc and for several incidence angles. The intensity was
normalized by the particle volume squared. As a matter of comparison, the Born
form factor (Eq. (135)) is also plotted. Interpreted from Refs. [27,29].

as the Yoneda peak [39], is due to the interplay between (i) the
sharp variation of the amplitude and the phase of the reflection
coefficients r i,f0,1 close to the critical angle αc (see Fig. 25a) and (ii)
the involved Fourier transforms F (q‖,±kiz,0,±kfz,0). As shown
in Fig. 43, except close and below αc , two contributions are
dominating the scattering for αf > αc : the Born one and that
involving the reflection of the incident wave before scattering.
The wavevector shift of 2kiz,0 between both combined with the
behavior of r i0,1 induce a blurring of the sharp interference fringes
of the Born form factor; the zeros of F(qz) Eq. (223) becomeminima
which positions depend on the incident angle αi. To conclude, as a
general rule, when αi, αf � αc , the Born approximation is valid.
The case of a nanoparticle on a thin layer on an infinite substrate
(see Fig. 40b) is handled in a similar way; the only difference is
the use of Eq. (56) instead of Eq. (45) or Eq. (57) for the reflection
coefficients. This gives rise to (i) a coupling between the Kiessig
fringes of the film and the oscillations of the form factor and (ii)
a standing wave pattern below the critical angles of the substrate
and the layer [213].

6.2.3. The buried particle or the hole at the surface
The treatment of X-ray scattering from density fluctuations

below the substrate surface (particle buried at a depth d; see
Fig. 40d) and from a supported nanoparticle are exactly similar in
terms of profile of refraction index n0(z) and ofwavefield Eq. (132).
The only difference is the perturbation term δn2(r) = (n2p−n
2
s )S(r)

that acts only for z < 0. Therefore, only the transmitted waves are
involved in the cross-section (Eq. (91)) leading to:

dσ
dΩ
=

k40
16π2

∣∣n2p − n2s ∣∣2 ∣∣F (q‖, kiz,0, kfz,0)∣∣2 ,
F (q‖, kiz,0, kfz,0) = t

i
0,1t

f
0,1F(q‖, kfz,1 − kiz,1)e

id(kfz,1−kiz,1). (136)

The form factor is similar to the Born one but it is evaluated
for the wavevector transfer inside the substrate i.e. (q‖, kfz,1 −
kiz,1) and multiplied by a phase term that accounts for the wave
propagations inside the substrate. At variance with the supported
nanoparticle case, the DWBA form factor of an isolated buried
particle still exhibits zeros. The signature of the DWBA is the
symmetric presence of the transmission coefficients in incidence
t i0,1 and in emergence t

f
0,1; this is a consequence of source-observer

reciprocity theorem. The emergence transmission coefficient t f0,1,
as shown in Fig. 25, gives rise to the Yoneda peak [39].
A capping layer (Fig. 40e) only slightly increases the complexity

of the problem; in Eq. (136), kz,2 is replaced by kz,1 and t0,1 by tS
from Eq. (56).
Holes (Fig. 40c) are treated on the same footing but∆n2 = n2s −

1, d = 0 and, if the convention of axis used in Section 6.2.6 is used,
F(qx, qy, qz) in Eq. (136) is replaced by F(qx,−qy,−qz). Owing to
the Babinet principle of optics, nothing in the scattering allows
to distinguish between holes or inclusions, except the contrast of
dielectric constant.

6.2.4. Particles or holes in a thin slab
For this case of a layer of thickness t on top of a substrate, the

profile of refraction index is:

n0(z) =

{1 if z > 0
nl if − t < z < 0
ns if z < −t

(137)

while the Fresnel wavefield is given by sets of upward and
downward propagating waves (Section 5.2.7)

E0(r, k)

= E0e−ik‖.r‖

A
+

0 e
ikz,0z + A−0 e

−ikz,0z for z > 0
A+1 e

ikz,1z + A−1 e
−ikz,1z for − t < z < 0

A+2 e
ikz,2z for z < −t.

(138)

As the particle is located inside the layer, the coefficients of
interest are A±1 ; they are evaluated using the matrix formalism of
Section 5.2.7:

A−1
A−0
= Ã−1 =

t0,1
1+ r0,1r1,2e2ikz,1t

, (139)

A+1
A−0
= Ã+1 =

t0,1r1,2e2ikz,1t

1+ r0,1r1,2e2ikz,1t
. (140)
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Fig. 43. Decomposition of the DWBA island form factor (Eq. (134)) along the four scattering components shown in Fig. 41. The symbols (◦,M,O,�) correspond to the four
scattering events of Fig. 41 from left to right. Interpreted from Refs. [27,29].
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Fig. 44. Form factor of cylindrical holes of heightH at the surface of a layer of thickness t = 3.4H . The layer is (a) less refringent (δl = 4δs) and (b) more refringent (δs = 4δl)
than the substrate. The curves are plotted against the exit angle normalized by the highest critical angle Max(αc , l, αc , s) for the same incident angle αi . The form factor has
been normalized by the hole volume squared.
The integration in Eq. (91) leads to the following cross-section:

dσ
dΩ
=

k40
16π2

∣∣n2p − n2l ∣∣2 ∣∣F (q‖, kiz, kfz)∣∣2 . (141)

where the form factor is given by:

F (q‖, kiz,0, kfz,0)

= Ã−1 (kiz,1)̃A
−

1 (−kfz,1)e
i(+kfz,1−kiz,1)dF(q‖,+kfz,1 − ki, z,1)

+ Ã+1 (kiz,1)̃A
−

1 (−kfz,1)e
i(+kfz,1+kiz,1)dF(q‖,+kfz,1 + kiz,1)

+ Ã−1 (kiz,1)̃A
+

1 (−kfz,1)e
i(−kfz,1−kiz,1)dF(q‖,−kfz,1 − kiz,1)

+ Ã+1 (kiz,1)̃A
+

1 (−kfz,1)e
i(−kfz,1+kiz,1)dF(q‖,−kfz,1 + kiz,1). (142)

The form factor (Eq. (142)) can be understood as the coherent
superposition of four scattering events, involving or not a reflection
of the incident beam and the scattered beam at the slab/substrate
interface. A Fabry–Perot type interference effect arises from the
denominator of Ã±1 . The phase factor accounts for the wave
propagation up to the particle location.
The case of holes (Fig. 40g) is left to the sagacity of the reader.

An illustration is given on Fig. 44 for a cylindrical hole in a layer
that is less or more refringent than the substrate. The dynamical
effects of scattering are more complex than for a simple hole in a
substrate; two beating frequencies are observed, due to the hole
depth H and to the layer thickness t . It is worth noticing that, for a
layermore refringent than the substrate (δs > δl), a double Yoneda
peak is observed because of the progressive penetration inside the
media of the time inverted scattered wave −kf as function of αf .
This phenomenon can be rationalized in terms of a standing wave
pattern [213].

6.2.5. The core-shell particle
Using the same approach as in the previous section, the

dielectric perturbation term induced by a core-shell particle
(Fig. 45) can be written as:

δn2(r) = δn2coSco(r)+ δn
2
sh [Ssh(r)− Sco(r)] , (143)

where:

• δn2co = n
2
co − 1, δn

2
sh = n

2
sh − 1 for islands;

• δn2co = n
2
co − n

2
s , δn

2
sh = n

2
sh − n

2
s for inclusions in a substrate;

• δn2co = 1− n
2
s , δn

2
sh = n

2
sh − n

2
s for holes in a substrate surface;

• δn2co = n
2
co − n

2
l , δn

2
sh = n

2
sh − n

2
l for inclusions in a layer;
Fig. 45. The core-shell particle is made of a core of index of refraction nco and
of shape Sco(r) and of a capping shell of index nsh and of shape Ssh(r). Note that,
by convention, Ssh(r) is the shape function of the whole particle and not only the
capping shell (dotted area on figure).

• δn2co = 1− n
2
l , δn

2
sh = n

2
sh − n

2
l for holes in a layer.

The core-shell particle form factor follows immediately fromEq.
(143):

F (q‖, kiz, kfz) = Fco(q‖, kiz, kfz)

+ τ
[
Fsh(q‖, kiz, kfz)− Fco(q‖, kiz, kfz)

]
. (144)

τ = δn2sh/δn
2
co is the relative contrast between the core and the

shell.

6.2.6. The Fourier transform of particle shape
As shown in the earlier work of Von Laue [214,71], the 3D

integral over the volume V in the particle form factor Eq. (135):

F(q) =
∫
V
eiq.rd3r = −

1
q2

∫
V
∇
2 [eiq.r] d3r, (145)

can be transformed bymeans of the Green’s theorem into a surface
integral S:

F(q) = −
1
q2

∫
S

∂eiq.r

∂n
d2r, (146)

in which ∂
∂n is the differentiation along the normal n (oriented

outwards of the particle) of the surface element d2r. qn is the
component of q along n,

F(q) = −
i
q2

∫
S(r)

qne
iq.rd2r. (147)
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Fig. 46. Simulated GISAXS pattern of an square basis pyramidal island for two orientations ζ of the incoming beam with respect to the base edge: (a) ζ = 0◦ , (b) (c)
ζ = 45◦ . Patterns a, b corresponds to an isolated particle while in pattern-c a size distribution was accounted for (see Section 6.3.3). The angle between the lateral facet and
the substrate surface is that between (111) and (001) planes in fcc lattice i.e. 54.7◦ . The scattering angles range between 0 < 2θ, αf < 3◦ while αi = αc . The numerical
parameters are λ = 0.1 nm, R = H = 5 nm. (Interpreted from Ref. [27]).
The calculation can be further simplified if the crystal is bounded
by a plane P for which qn is constant; the contribution of this
surface is:

FP (q) = −
iqn
q2
eiq.rn

∫
P

eiq.r
′

d2r′. (148)

For a scattering vector oriented along the normal to the surface,
the integral in the previous equation reduces to the area SP of
the plane P and |FP (q)| = SP /q falls off inversely as q. Moving
away from the surface normal at constant q, FP (q) diminishes
rapidly. The spine as Von Laue termed them which extend along
qn and its opposite direction because of the Friedel rule |F(−q)| =
|F(q)| are known as facet truncation rods (see Section 6.2.7). In
an exactly analogous way, the surface integral in Eq. (148) can
be cast into a line integral over the contour of the plane P and
further simplified into the contribution of straight edges if any.
Symmetry related faces or edges for polyhedrons can be paired
and lead to pronounced interferences effects; intensity distribution
have subsidiary spines in the direction perpendicular to well-
defined edges. This reminds the notions of crystal truncation
rod [11,12] in surfaceX-ray crystallography or of terrace truncation
rod and step truncation rod for vicinal surfaces [215]. A clear
experimental illustration of such phenomena in GISAXS was given
by Vartanyants and coworkers [216] for Ge/Si quantumdots grown
by liquid phase epitaxy.
A non-exhaustive library of F(q) for basic shapes (Fig. 175)

is given in Appendix. If the particle displays special symmetries,
the expression of F(q) reduces to a 1D integral or is even fully
analytical. Each particle is characterized by a set of characteristic
zeros of the interference fringes as well as by a given Porod
exponent [29] (see Section 6.3.3 for definition and discussion). Of
course, any azimuthal disorientation ζ of the particle axis z with
respect to the incoming beam frame comes into play in the F(q)
formula through a rotation matrix of the the wavevector transfer
q. For a rotation along z, this reads:

R(ζ )q =

( cos(ζ ) sin(ζ ) 0
− sin(ζ ) cos(ζ ) 0
0 0 1

)(qx
qy
qz

)
. (149)

6.2.7. Scattering from faceted particles
In reciprocal space, the facet gives rise to a scattering rod along

the facet normal which width is inversely proportional to the
lateral size of the facet. These rods anticipated by von Laue [214]
are known as Crystal Truncation Rods (CTR) in the field of surface
X-ray diffraction [12]. They can be clearly revealed when one
component of the wavevector transfer is perpendicular to the
facet normal. In the scattering geometry of GISAXS (Fig. 46), this
is easily achieved when the X-ray incident beam direction qx
is perpendicular to the facet normal. As the DWBA form factor
of the particle F (q‖, kiz, kfz) can be written as a weighted sum
of several F(q), it also displays these scattering rods. Fig. 46
shows the scattering pattern of a square basis pyramidal particle
which is typically encountered during the epitaxy of fcc metals on
MgO(001) (see Section 4.7). The particle is limited by (111) and
(001) planes that make an angle of 54.7◦. A scattering rod tilted by
54.7◦ from the surface normal shows up when the beam is aligned
along the particle edge (Fig. 46b). This anisotropic scattering
feature disappears progressively upon rotation (Fig. 46a) and
broadening of the size distribution. If the base angle is increased
up to 90◦ and the particle shape reaches that of a parallelepiped,
this scattering rod becomes parallel with the qy ∼ 2θf axis.
Through a combined experimental and theoretical work,

Rauscher and coworkers [37] have highlighted the multiple
scattering effects due to the grazing geometry in the case of
nanoparticles. They have recorded the scattering pattern from
faceted Ge quantum dots grown on boron terminated Si(111)
for various incident angles and sample azimuths ω. On average,
the particles have a tetrahedron shape exposing (113) facets and
are oriented along the

〈
110

〉
direction of the substrate. From the

AFM microscopy (Fig. 47a), the particles have a size of 250 nm
and a height of 30–50 nm. The particles are sufficiently large
and separated to consider them as isolated; in other words, the
interference effects lead to a correlation peak hidden by the
specular rod. Fig. 47b shows the scattering curve at fixed αf and
αi for several orientations ω with respect to the incoming beam.
The scattering is not centro-symmetric with respect to qy ∼ 2θf
because the particles are of three fold symmetry. The peaks on the
left or right of the specular rod result from the cross-sections of the
scattering rods of the tetrahedron as shown on the pattern Fig. 47c.
This rod appears when the sides of the tetrahedrons are aligned
with the X-ray beam (ω = 0, 60◦). If present, the two bumps
of Fig. 47b are due to the two dominating scattering terms in
Eq. (134) and shown on Fig. 43: the Born one with a perpendicular
wavevector transfer kfz − kiz and the one involving the reflection
of the incident wave on the substrate kfz + kiz (Fig. 41). The others
are negligible in the recorded angular range. In passing, a clear
discussion about the symmetry of the particle and the Friedel
rule in GISAXS can be found in this reference. Several similar
experimental examples of scattering rods by faceted particles can
be found in Section 7.
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Fig. 47. GISAXS from Ge quantum dots grown on Si(111). (a) Atomic force microscopy of the Ge islands. The particles display a tetrahedron shape with their edges aligned
along the

〈
110

〉
direction of the substrate. (b) GISAXS cross-sections at αi = 0.44◦, αf = 0.7◦ for several in-plane azimuthal orientations ω. (c) Mapping in the qy − qz plane

of the scattering for αi = αc = 0.177◦ . The lateral (113) facet gives rise to a scattering rod that is split because of multiple scattering effects. (From Ref. [37]).
6.2.8. Miscellaneous remarks
Several common features of the scattering cross-section of

nanoparticles Eqs. (133), (136), (141) and (144) can be highlighted:

• as expected from classical small angle scattering [73,217], the
intensity is proportional to the contrast of dielectric constants
between that of the embedding medium and that of the
nanoparticles;
• at high scattering angles i.e. for αi, αf � αc , the particle
form factor reduces to the Born one Eq. (135) as the Fresnel
coefficients go to zero (see Fig. 25). The analysis is simplified but
at the expense of a reduced scattered intensity (see Fig. 42) and
of an increase of the bulk background due to a higher scattering
depth.
• at the opposite limit, for very shallow angles αi, αf � αc , the
smallness of kiz, kfz ' 0 allows the following factorization for
the island form factor Eq. (134):

F (q‖, kiz, kfz) ' F(q‖, 0)(1+ r
i
0,1 + r

f
0,1 + r

i
0,1r

f
0,1)

= F(q‖, 0)(1+ r
i
0,1)(1+ r

f
0,1) = F(q‖, 0)t

i
0,1t

f
0,1. (150)

The formula for inclusions or holes Eq. (136) is recovered. A
similar result is obtained for particles embedded in a layer. This
scattering configuration corresponds nearly to transmission.

6.2.9. Direct data inversion from coherent GISAXS?
In the hard X-ray regime, coherent diffraction is a new and fast

developing imaging technique of micrometer size particles giv-
ing access to the shape, strain and defects with '20 nm spatial
resolution (see recent works Refs. [218–222] and all references
therein). The method can afford imaging crystalline as well as
non-crystalline materials, and is free of the inherent ensemble av-
eraging of a classical scattering experiment (Section 5.3.3). The
technique relies on iterative algorithms of phase retrieval of scat-
tering patterns; in principle, it is aberration free, three dimen-
sional and with a high spatial resolution. Contrary to holographic
technique for which an interference between a reference wave of
known phase and a diffracted wave is used to retrieve the missing
phase,3 the method is based on the oversampling of the diffraction
pattern of an object that is illuminated coherently; if the sampling
3 This idea is used in direct method of electron density recovery from surface
diffraction measurements; the reference wave is the bulk scattering while the
unknown one is the surface contribution (see Ref. [223]).
is at least twice the frequency required by the Shannon principle,
the real space image can be in principle recovered uniquely in a
model independent way using back and forth Fourier transforms
between real and reciprocal space starting from random phases
and using physical constraints and tricks to avoid stagnation. This
technique is obviously advantageous for non-periodic samples or
for internal structure characterization [221,222] if the beam coher-
ence volume (around a few µm3 at that time on third generation
sources) is sufficiently large. The experiments are preferentially
performed around a lattice Bragg peak to avoid background scat-
tering and direct beam signal removal and to achieve sensitivity
to crystalline defects. Experimentally, a coherent beam on a third
generation synchrotron is prepared from a partially coherent one
by cutting it with an aperture (micrometer size pinhole) smaller
than the lateral coherence of the X-ray source; a 2D detector (or a
1D with pinhole aperture) is used as detector.
The first observations of coherent scattering from surface

roughness [224–227] were performed in the reflectivity geometry.
Due to this arrangement, the footprint of the beam on the
sample is highly elongated such that its speckle pattern becomes
one dimensional. The reconstruction of the 1D profile of the
topography was achieved successfully with the above described
algorithm [228] and used to describe the kinetics of silicon
oxidation [227]. In the GISAXS geometry, test samples made of
arrays of SiGe quantum dots grown on a patterned surface [229]
have been inverted successfully; the size of the particles were in
the '100 nm range. Speckle modulations from grain boundaries
in a thin film [230] have also been explored as function of the
scattering depth. In the present state of art, the imaging of one
individual nanoparticle is impossible because of the experimental
difficulties to single out a nanometer-sized object evenwithmicro-
focused beams and because of the too small scattering signal. In
the near future, the availability of the 4th generation synchrotron
in the form of Free Electron Laser opens the way for interesting
perspectives of imaging with coherent X-ray diffraction of one
isolated nanoobject.
Vartanyants and coworkers [231] have tested theoretically

the influence of multiple scattering in the image formation and
reconstruction of individual particles of nanometer size in the
framework of coherent GISAXS. The algorithm of phase retrieval
used by these authors relies on two constraints: the modulus of
the scattered amplitude is replaced by the ‘‘experimental’’ one√
Iexp(q) and the average electronic density is assumed to be real
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and positive. The result of the reconstruction of the calculated
scattering from a square basis pyramid shown in Fig. 48 is easily
explained starting from Eq. (134). When accounting only for two
scattering channels for αf � αc i.e. r

f
0,1 � 1, this equation can be

recast in the following form:

F (q‖, kiz,0, kfz,0) =
∫
S(r)

[
r i0,1 + e

2ikiz,0
]
eiq‖.r‖ei(kfz,0+kiz,0).zd3r

=

∫
S̃(r)eiq‖.r‖ei(kfz,0+kiz,0).zd3r. (151)

The form factor appears as the Fourier transform of the complex
function S̃(r) = S(r)(r i0,1 + e

2ikiz,0). Because of the constraints
on the electronic density introduced in the inversion scheme
(symmetrisation of the whole scattering pattern along the z-axis),
the final reconstruction is sensitive only to the modulus of the real
part of S̃(r):∣∣Re ( S̃(r))∣∣ = S(r) ∣∣[∣∣r i0,1∣∣ cosφ(αi)+ cos(2kiz,0z)]∣∣ , (152)

where φ(αi) is the phase of the reflection coefficient r i0,1. For αi =
αc , φ(αi) = 0, r i0,1 = 1, one gets:∣∣Re ( S̃(r))∣∣ ' S(r) [1+ cos(2kiz,0z)] . (153)

The original shape function is modulated by a function of period
π/kiz,0 as seen from the stripes appearing in Fig. 48c. For αi ≤
αc , the situation is more complex as all the scattering channels
of Fig. 41 contribute in particular for αf ≤ αc (see Fig. 42). For
αi, αf � αc the kinematic channel dominates (r i0,1, r

f
0,1 � 1) and

the reconstruction procedure sees:∣∣Re ( S̃(r))∣∣ ' S(r) [cos(2kiz,0z)] . (154)

The shape function is modulated by a fast oscillations that cannot
be resolved during reconstruction (see Fig. 48d). In conclusion,
multiple scattering hampers a direct reconstruction of the particle
shape in the GISAXS geometry; however, the best conditions are
found for αi = αc .

6.3. Concentrated case

When the particle concentration increases, two phenomena
have to be taken into account:

(i) thewaves scattered by different particles can interfere in away
that depends on their spatial organization, their size and shape
distribution and on the coupling between both;

(ii) for shallow angles, a scattered wave may be scattered again by
an other particle.

Once included multiple scattering effects at interfaces in the
DWBA form factor, the formal treatment of point (i) can be found in
many references of the literature dealing with X-ray scattering or
diffraction from crystals [40,73,41,71], amorphous materials [171]
or nanoparticles in bulk [73,217]. Because the scattering from
surfaces is at the heart of this review, the particles will be assumed
to lie in a plane; particular attention will be paid on the analysis
in terms of partial interference functions. The case of oriented
particles in 3D will be dropped on purpose. Some comments
about the diffraction from thin films made of 3D self-assembled
nanostructures can be found in Refs. [154].
Point (ii) is a consequence of the grazing incidence geometry,

e.g. the layer of particles itself influences the propagation of the
incident and scattered waves. The model of the graded interface
will cure this point still keeping the notion of particle form factor.
6.3.1. General formalism of the partial interference functions: Coher-
ent versus incoherent scattering
In the case of N � 1 particles of shape Si(r) located at r‖ i, the

scattering potential is:

δn2(r) = ∆n2
N∑
i=1

Si(r)⊗ δ(r− r‖,i). (155)

⊗ stands for the folding product; the dielectric contrast∆n2 varies
from one type of morphology to another (Fig. 40). To go further
on, one takes benefit of the decoupling between the parallel and
perpendicular directions in the DWBA scattering cross-sections.
Indeed, the parallel dependence of the wavefields (see Eqs.
(132) and (138) for instance) of Eq. (91) introduces a simple
Fourier transform (no DWBA effect) whereas the perpendicular
dependence acts only on the particles shape Si(r) but DWBA effects
come into play. Using the expression of the form factor suitable for
each geometry, the scattering cross-section reads:(
dσ
dΩ

)
tot
=

k40
16π2

|∆n2|2N
(
dσ
dΩ

)
part
,

(
dσ
dΩ

)
part
=
1
N

∣∣∣∣∣ N∑
i=1

Fi(q‖, ki z, kf z)e
iq‖.r‖ i

∣∣∣∣∣
2

. (156)

As explained in Section 5.3.3, a real measurement is sensitive only
to an ensemble average 〈. . .〉 of the cross-section per particle over
the ‘‘coherent domains’’. The size of the coherent domains Acoh
is limited by the coherence of the incident beam (wavelength
spread and angular divergence) and by the angular resolution of
the detector. If Acoh is sufficiently large (but still smaller than the
footprint of the incident beam) and if the sample is homogeneous,
it is possible to use statistical quantities that are representative
of all the sample. The particles can be sorted out by class of
size and shape α with a density of probability pα while their
relative positions can be described through the reduced4 partial
pair correlation functions gαβ(r‖). If nS is the number of particles
per surface unit, nSpβgαβ(r‖)dr‖ is the number of particles of kindβ
at a position r‖ from a central one of kind α. gαβ(r‖) = gβα(r‖) and
gαβ(r‖ →∞) ' 1 for disordered systems. The ensemble average
of Eq. (156) can be written in the form [73,217,27]:(
dσ
dΩ

)
part
= N

∣∣〈F (q‖ = 0, kiz, kfz)〉∣∣2 δ(q‖)+ Φ0(q‖, kiz, kfz)
+

∑
α,β

pαpβFα(q‖, kiz, kfz)F
∗

β (q‖, kiz, kfz)Sαβ(q‖), (157)

Φ0(q‖, kiz, kfz) =
〈∣∣F (q‖, kiz, kfz)∣∣2〉− ∣∣〈F (q‖, kiz, kfz)〉∣∣2 , (158)

Sαβ(q‖) = 1+ nS
∫
A

(
gαβ(r‖)− 1

)
eiq‖.r‖dr‖. (159)

〈. . .〉 is the average over the size-shape distribution pα . The
star symbol corresponds to the complex conjugate. The partial
interference function Sαβ(q‖)−1 appears as the Fourier transform
of gαβ(r‖)− 1. The−1-term in Eq. (159) singles out the oscillatory
behavior of gαβ(r‖) around its asymptotic value. Others definitions
of gαβ(r‖) and Sαβ(q‖) are available in the literature; their links and
their properties are detailed in Ref. [171]. Those used herein are
known as the Faber–Ziman ones [232].
4 The term ‘‘reduced’’ or ‘‘normalized’’ means that the pair correlation function is
suitably normalized by the particle concentration. This terminologywill be dropped
out in the following.
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Fig. 48. (Left) Shape and size of the island used in the inversion of the coherent GISAXS patterns. (Right) Reconstructed shape from kinematic scattering equation (135) or
multiple scattering equation (134) for several incident angles αi (αc = 0.2◦ in that case). From Ref. [231].
Three terms appear in the cross-section Eq. (157):

(i) a ‘‘specular rod’’ at q‖ ' 0. This term is proportional
to the number of particles in the ‘‘coherent domain’’
(nS
∫
Acoh
eiq‖.r‖dr‖ → Nδ(q‖) when Acoh → ∞) and is

modulated by the particle form factor at q‖ = 0. The
specularly reflected beam adds up on this rod at αf = αi.
The shape of this rod is given by all sources of coherence
loss. Scarcely measured in GISAXS geometry as it is hidden
by the beam stop, the specular rod intensity can be integrated
through offset scans in reflectivity.

(ii) an incoherent term Φ0(q‖, kiz, kfz) due to the fluctuations of
sizes and shapes of particles. An analogy can be drawn with
the incoherent neutron scattering length due to isotopic ef-
fects or the Debye–Waller-like uncorrelated thermal back-
ground [40,41,38].

(iii) a coherent term that includes the interferences between
waves scattered by different particles.

6.3.2. The decoupling approximation and the local monodisperse
approximation
The practical use of Eq. (157) for data analysis is hampered

by the lack of knowledge of all the partial pair correlation
functions. Modeling gαβ(r‖) would require a deep knowledge of
the correlations of location between particles of different sizes or
shapes and is beyond the scope of a simple analysis of experimental
GISAXS patterns. Approximations are required. Further details will
be given in Section 6.4.

Decoupling Approximation. The Decoupling Approximation (DA)
[40] consists of neglecting all the correlations between the kind
of scatterers and their relative location. With this approximation
of completely uncorrelated spatial disorder, all the partial pair
correlation gαβ(r‖) are replaced by a common function g(r‖)
obtained for a suitable monodisperse system [233]:(
dσ
dΩ

)
part
= Φ0(q‖)+

∣∣〈F (q‖, kiz, kfz)〉∣∣2 S(q‖), (160)

S(q‖) = 1+ nS
∫
A

(
g(r‖)− 1

)
eiq‖.r‖dr‖. (161)

S(q‖) is known as the total interference function irrespective of the
particles type. It is the Fourier transform of the total reduced pair
correlation function (see Section 6.3.4).

Local Monodisperse Approximation. The Local Monodisperse Ap-
proximation introduced by Pedersen [234] assumes that the par-
ticle collection is made of monodisperse domains which size are
larger than the coherence length of the X-ray beam. At variance to
the DA, a nearly perfect correlation between the size and shape of
neighboring particles is assumed [235]. As the monodisperse do-
mains interfere incoherently, the LMA cross-section reads:(
dσ
dΩ

)
part
=

〈∣∣FD(q‖, kiz, kfz)∣∣2 SD(q‖)〉
D
. (162)
〈. . .〉D is the average over the domain D in which the local
interference function SD(q‖) can depend on the particle size.

6.3.3. Size and shape distributions and the asymptotic behaviors of the
form factor
Once known the statistical distributions of the morphological

quantities that characterize all the particles, the averaged form
factor of Eq. (157) is easily computed. Fig. 49 summarizes themain
effects of the broadening of the particle size distribution in the
Born approximation. Sharp fringes of interference are observed
for monodisperse particles; the fringe minima positions are linked
to the zeros of the particle form factor and do depend on the
particles size and shape (Sine cardinal sin(x)/x function for a box,
Bessel cardinal function J1(x)/x for a cylinder; see Appendix). Upon
broadening of the size distribution, these fringes are washed out
in
〈∣∣F (q‖, kiz, kfz)∣∣2〉. However, the behaviors of 〈∣∣F (q‖, kiz, kfz)∣∣2〉

and
∣∣〈F (q‖, kiz, kfz)〉∣∣2 are pretty different as the first one involves

an incoherent average of the scattering and the second one still
keeps a phase factor between particles of different sizes. This
difference gives rise to a peaked behavior of the incoherent
scattering termΦ0(q‖, kiz, kfz) (Eq. (158)) at q‖ = 0.

Porod limit. For particle systems with lack of long range order,
all the partial pair correlations and interference functions tend
asymptotically toward one at high scattering angles or high
wavevector transfers. As a consequence, in this uncorrelated
regime, the scattering cross-section per particle

( dσ
dΩ

)
part is

dominated only by the particle form factor
〈∣∣F (q‖, kiz, kfz)∣∣2〉

which tends toward its Born value
〈
|F(q)|2

〉
as shown in Section 6.2.〈

|F(q)|2
〉
presents an asymptotic power law decrease as q−n

‖
and

q−nz . The exponents depend precisely on the particle shape. This
behavior was already underlined in the general comments about
the Fourier transform of a particle shape (see Section 6.2.6). The
case of a cylinder is straightforward:

Fcy(q, R,H) = F ‖cy(q‖, R)F
z
cy(qz,H),

F ‖cy(q‖, R) = πR
2 J1(q‖R)
q‖R

; F zcy(qz,H) = H sinc(qzH/2). (163)

Using J1(x)
x→+∞
'

√
2
πx cos(x−

3π
4 ) [165], the asymptotic behavior

is:〈∣∣Fcy(q‖, R)∣∣2〉 q‖→+∞' 2
πq3
‖

〈
R cos2(q‖R− 3π/4)

〉
=

1
πq3
‖

(
〈R〉 −

〈
R sin(2q‖R)

〉)
, (164)

〈∣∣Fcy(qz,H)∣∣2〉 = 4
q2z

〈
sin2(qzH/2)

〉
=
2
q2z
(1− 〈cos(qzH)〉) . (165)

The asymptotic value at high q of Eqs. (164)–(165) is zero as the
size distributions are bounded functions. The inferred exponents
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Fig. 49. Mean form factors of a cylinder and size distribution. (a)
〈∣∣F(q‖R)∣∣2〉, (b) ∣∣〈F(q‖R)〉∣∣2 . The inset shows the used Gaussian size distributionwith a variance σR/R ranging

from 0, 0.1, 0.2, 0.3. The Born form factor has been normalized by the corresponding averaged volume.
are n = 3 and m = 2. As a general rule, this asymptotic
behavior is reached if q‖σR � 1 or qzσH � 1 where σR,H are
a measure of the size distribution width. Also n = m = 4
for a full sphere, n = m = 2 for a parallelepiped. Even if
the particle shape can be guessed from the asymptotic behavior,
it should be kept in mind that exponent determination is often
limited by signal/noise ratio, orientational averages5 or cross
coupling between the parallel and perpendicular directions. To
our knowledge, no determination of Porod dimensions [217] from
scattering invariants (i.e. integrals of intensity over reciprocal
space) was ever applied to GISAXS analysis contrary to bulk small
angle scattering because of the inherent anisotropy between the
parallel and perpendicular directions and the multiple scattering
effects that invalidate the underlying approximations.

Guinier limit. For completely uncorrelated particles or in other
words for very diluted systems, Sαβ(q‖) = 1 (Eq. (157)) and the
scattering is driven only by the average particle form factor〈∣∣F (q‖, kiz, kfz)∣∣2〉 as each particle scatter independently. The
Guinier limit deals with the asymptotic behavior of the form factor
close to the origin of reciprocal space. In the Born approximation,
if the wavevector transfer q tends toward zero along a direction n,
the Born form factor recasts in the following way [73,217]:

|F(q)|2
qn→0
' V 2(1− q2nR

2
g) ' V

2e−q
2
nR
2
g , (166)

R2g , known as the gyration radius, is the inertial momentum of the
particle with respect to the planeΠ perpendicular to n and going
through the center of gravity of the particle:

R2g =
1
V

∫
V
d2[M(r),Π]dr. (167)

Such an expansion is valid in the qnRg � 1 range. For size
distributed ormore or less randomly oriented particles, an average
gyration radius

〈
R2g
〉
is assessed from the slope of the logarithmic

plot of the scattered intensity versus q2n.
However, if measurements on truly uncorrelated particles

are available, such a gyration radius analysis is questionable
in GISAXS because the form factor is not simply the Fourier
transform of the particle shape but involves multiple scattering
effects along the perpendicular direction. For buried particle, a

transmission function t f01
αf→0
' αf /(αf + iαc) inside the substrate

comes into play as well a a shift on the qz component due
to refraction of the incident beam. Along the parallel direction,
5 For instance, randomly in-plane oriented parallelepipeds give rise to a n = 3
exponent as for cylinder.
the Guinier approximation is justified if the form factor can
be decomposed into two independent components along both
directions F (q‖, kiz, kfz) = F‖(q‖)F⊥(kiz, kfz) (cylinder for inst-
ance). However, one has to bear in mind that in this case, the
gyration radius obtained from F‖(q‖) results from a surface and not
from a volume integral as in Eq. (167).

6.3.4. The interference function
As usual in X-ray crystallography [40], two kinds of disorder

can be distinguished in the collection of nanoparticles. They lead
to different interference function behaviors:

• Disorder of the first kind keeps the long range order in the
system and gives rise only to a decrease of the Bragg peaks
intensity at high angles;
• Disorder of the second kind is characterized by a broadening of
the peaks at high angles due to a progressive loss of correlation
between particle positions.

Pair correlation function in disordered systems. Disordered systems
characterized by the loss of long range order are defined by their
reduced total pair correlation function g(r‖). For a homogeneous
system, it depends only on the relative position of the scatterers
irrespective of their size or shape. The autocorrelation of the
particle position z(r‖) is related to g(r‖) through:

z(r‖) =
1
N

〈∑
i,j

δ(r‖ − r‖,i + r‖,j)

〉
= δ(r‖)+ nSg(r‖). (168)

as nSg(r‖) counts the number of particles per surface unit located
at r‖ from a central one. The average value nS is often singled out
to enhance the oscillatory part of g(r‖) around its mean value:
z(r‖) = δ(r‖) + nS + nS(g(r‖) − 1). By a Fourier transform of the
last equation, the total interference function S(q‖) shows up:

S(q‖) = 1+ Nδ(q‖)+ nS
∫
A

[
g(r‖)− 1

]
eiq‖.r‖dr‖. (169)

Once broadened by limited instrumental resolution, theNδ(q‖)
term is nothing other than the specular rodwhich is often dropped
in the interference function as its is hidden by the beam stop. For
2D isotropic samples, g(r‖) and S(q‖) depend only on the modulii
r‖ and q‖ and are related through a Hankel transform:

S(q‖) = 1+ Nδ(q‖)+ nS

∫
A

[
g(r‖)− 1

]
J0(q‖r‖)r‖dr‖. (170)

In a general way, g(r‖) (respectively S(q‖)) shows broader and
broader peaks upon increasing r‖ (respectively q‖) which spacings
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Fig. 50. (a) Pair correlation function g(r‖) and (b) interference function S(q‖) of hard core interacting disks of diameter σ0 as function of the surface coverage η.
are related to the mean distance between particles D (its inverse
2π/D) while g(r‖), S(q‖) → 1 when r‖, q‖ → +∞. Practical
modeling of g(r‖) function relies on the interaction between
particles. Theoretical models like the Percus-Yevick or the hyper-
netted chain approximations were developed in the field of fluids
thermodynamics [77] to compute g(r‖) from the pair potential
interaction between molecules. The most simple case is that of
particles interacting through a hard core potential. It is analytical
in 3Dwhile only approximate solution are known in 2D [76]. From
Fig. 50, a preferential ordering at a distance equal to the diameter
is observed. However, depending on the system studied and the
elaboration method, particles (in particular in hard condensed
matter) do not interact through a well defined potential and the
correlations between particles (size and spacing) are dominated by
kinetic effects (e.g. random nucleation process).

Scattering by ordered systems. As in conventional crystallography,
scattering or more precisely diffraction by an ordered lattice of
particles gives rise to Bragg peaks at the nodes of the reciprocal
lattice defined with two basis vectors:

a∗ = 2π
b ∧ n

a. [b ∧ n]
, b∗ = 2π

n ∧ a
b. [n ∧ a]

, (171)

a, b are the two direct space basis vectors in the surface plane and
n is the surface normal. The total interference function is made of
sharp Bragg rods extending perpendicular to the surface:

S(q‖) =
∑
n

∑
m

S(q‖ − na
∗
−mb∗). (172)

For perfectly organized particles, the in-plane rod shapeS is a Dirac
peak; in practice, those rods are broadened by defects, by finite
size effects and by limited coherence of the beam. Their shape
depends on the prevailing disorders [27] and the inverse of their
width is a direct measure of the coherence length of the lattice. In
the case of diffraction by a super lattice of particles, the curvature
of the Ewald sphere is no longer negligible contrary to disordered
systems for which the approximation q‖ ' qy is appropriate.
Some experimental illustrations are given for patterned silicon
substrates (Section 8.5.9) or for the self-organized growth of
Co/Au(111) (see Section 9.4.1).

Paracrystalline domains. The paracrystalline description of scat-
tering [40,41,236] belongs to the second kind of disorder. The
paracrystal model was popularized in the 50th by Hosemann and
coworkers [42,237,238]. The paracrystal lattice of nodes is basically
a one-dimensional Markov chain where the loss of long range or-
der is introduced in a cumulative way from point to point through
the knowledge of the distance probability p(x) between two neigh-
boring nodes.
The node–node autocorrelation function g+(x) for positive

values x ≥ 0 reads:

g+(x) = p(x)+ (p⊗ p)(x)+ (p⊗ p⊗ p)(x)+ · · · . (173)
Each term corresponds to the distance probability of the nth
neighbors to the origin. For instance between the origin and the
second neighbor, the probability of having a distance x is the
product of the probability of having a distance y up to the first
neighbor p(y) and a distance x–y (i.e. p(x–y)) between the first
and second neighbor integrated over all the intermediate distances
y. This is nothing other than the folding product of p(x) by itself
(p ⊗ p)(x). Once added the contribution of the origin δ(x) and of
x < 0 i.e. g−(x) = g+(−x), the interference function is obtained
by Fourier transform of the total pair correlation function g(x) =
δ(x)+ g+(x)+ g−(x):

S(q) = 1+ P (q)+ P (q) · P (q)+ P (q) · P (q) · P (q)
+ · · · + c.c.+ · · · . (174)

where P (q) is the characteristic function of the probability law
p(x) i.e. its Fourier transform. The geometric sum of Eq. (174) is
convergent as |P (q)| ≤

∫
p(x)dx = 1:

S(q) = Re
[
1+ P (q)
1− P (q)

]
. (175)

Finite size effects can be easily accounted for by restricting the sum
to a given number of nodes [239,240,42,241,242]. For normally
distributed distances,

p(x) =
1

σD
√
2π
e
−
(x−D)2

2σ2D , P (q) = eπq
2σ 2DeiqD. (176)

the interference function is known as the Hosemann one:

S(q) =
1− φ(q)2

1+ φ(q)2 − 2φ(q) cos(qD)
, φ(q) = exp

[
πq2σ 2

]
.(177)

As shown in Fig. 51, the reflections get broader and broader
upon increasing the width of the distance distribution σ . The
generalization to higher dimensions [42,243,244] is possible only
in the framework of the perfect paracrystal for which the unit
cells are parallelograms. The inherent restriction is the uncoupling
of the distance distributions along all directions of space. This
leads to an unphysical divergence of the scattering close to the
origin and to scattering patterns that do not fulfill the symmetry
of the mean unit cell. Those drawbacks can be cured by finite size
effects [42,241] and symmetrization procedure [245]. Averaging
over orientations allows to define a radial pair correlation function
in dimension higher than one [27,239,240] (Section 6.3.4).
Among others, several applications of the paracrystal modeling

to GISAXS data analysis can be found in Refs. [246,150,247,155,
81,248] (see Sections 7 and 9.4). Scattering from stepped surfaces
(Ref. [215] and references therein, see Section 9.4.2) is a special
application of such paracrystal modeling for which the distances
between neighboring terraces is exactly related to their sizes.
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(a) Decoupling Approximation. (b) Local Monodisperse
Approximation.

(c) Actual sample with
correlated particles.

Fig. 52. Sketch of the morphology that would correspond to various approximations used to treat scattering from an ensemble of nanoparticles.
6.4. Accounting for the particle–particle correlations: DA, LMA and
beyond

Analytical results about small angle scattering by systems
of interacting polydispersed particles have been obtained only
for hard spheres in 3D. The equations developed by Vrij [249–
251] rely on the Percus-Yevick approximation. The use of
fluid thermodynamics theory applied to mixtures of different
components with arbitrary interaction potential is restricted
only to very few components because of the cumbersome
resolution of coupled integro-differential equations based on the
Ornstein–Zernike equations [252,77]. Clearly, such an approach
is intractable for actual SAXS data analysis all the more than, in
many cases, interaction potentials between particles are unknown
if they are relevant. For instance, the spreading of islands grown
on a substrate results from a subtle interplay between random
nucleation process, growth and coalescence kinetics, strain effect
etc . . . that can not be traced back to a ‘‘potential’’. This is one
of the reason of the use of approximations such as introduced
in Section 6.3.2 to handle the problem of partial pair correlation
functions. To go further the size and spatial correlations between
neighboring particles must be precisely known. For instance
MBE growth of nanostructures leads usually to a depleted zone
(capture area) around each particle [8,253,254] which scales with
the particle size. By GISAXS, Revenant et al. [29] demonstrated
this effect by comparing experimental GISAXS with the expected
diffuse scattering calculated from large scale in-plane electron
microscopy images (see Section 7.4.3).

6.4.1. Decoupling Approximation
As sketched in Fig. 52, DA offers no restriction about particle

overlap as a consequence of the underlying unrestricted disorder.
DA is known in the theory of liquidmixture as the RandomMixture
Approximation. The first successful numerical applications of DA
to colloid fluid were made by Kotlarchy and Chen [255]. The
authors already noticed that the applicability of the modeling was
restricted to low concentration or low size polydispersity. In fact,
DA overestimates the diffuse scattering [29] close to the specular
rod because of the too intense incoherent contribution Φ0(q‖) Eq.
(158) (see Fig. 53).

6.4.2. Local Monodisperse Approximation
This approximation introduced by Pedersen [234,256–258]

is widely used to analyze scattering from correlated systems.
According to the original presentation, the actual system of
interacting particles (kind α) is approximated by a set of non-
interacting pure monodisperse sub-systems. The intensity in LMA,
given by Eq. (162), is obtained as the incoherent sum of scattering
by each domain weighted according to the actual size-shape
distribution pα . As the interference function of each sub-system
SD(q‖) can be scaled on the particle size, LMA is, in practice, an
efficient way to reintroduce partial correlation between particles,
in particular the excluded volume effect. Pedersen [234] suggested
to use for SD(q‖) the hard core interacting one (see Section 6.3.4)
with an excluded volume that scales linearly with the actual
particle size. Thismimics the expected behavior of the capture area
of each particle during growth.
The LMA cross section (Eq. (162)) can be recovered from the

most general expression (Eq. (157)) by assuming no correlation
between particles of different kinds i.e. gαβ(r‖) = 0 ifα 6= β which
reverts to:

Sαβ(q‖) = 1− nS
∫
A
eiq‖.r‖dr‖ = 1− Nδ(q‖), α 6= β. (178)

Straightforward algebra applied to Eq. (157) leads to:(
dσ
dΩ

)
part
=

∑
α

pα
∣∣Fα(q‖, kiz, kfz)∣∣2 Smonoα (q‖), (179)
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Fig. 53. Born scattering at qz = 0 from a paracrystal of polydisperse cylinders
calculated in LMA (thick line; Eq. (162)) or DA (thin line with triangles; Eq. (160)).
The radii distribution and the paracrystal (Eq. (177)) distance distribution are
Gaussian: 〈R〉 /D = σD/D = σR/ 〈R〉 = 0.3;H/R = 1. The mean form factor〈∣∣F(q‖)∣∣2〉 (line with square), the incoherent contribution Φ0(q‖) = 〈∣∣F(q‖)∣∣2〉 −∣∣〈F(q‖)〉∣∣2 (line with circle) and the interference function S(q‖) (dotted line-right
scale) are also displayed. All the curves have been normalized by

〈∣∣F(q‖ = 0)∣∣2〉 =〈
V 2
〉
. The scattered intensity has been shifted down by one decade for clarity and

the specular rod is not shown.

Smonoα (q‖) = 1+ pα(Sαα(q‖)− 1)

= 1+ pαnS

∫
A

(
gαα(r‖)− 1

)
eiq‖.r‖ .

Eq. (162) is recovered under the assumption that Smonoα (q‖)
can be replaced by the interference function SD(q‖) of a truly
monodisperse system of density nSpα . In other words, gαα(r‖) is
assumed to be the pair correlation function of a monodisperse
domain although by definition, it includes the existence of the
other kinds of particles. Pedersen justified this approximation
on the ground of a physical picture of slow variation of the
size of the particles at a length scale lower than the coherence
length. This means that each particle is surrounded by neighbors
of the same size and shape. A smooth transition between DA
and LMA is obtained by gradually increasing the size correlation
between neighbors. Leroy et al. [235] illustrated this result in the
framework of particles aligned along one dimension (see Fig. 54).
The accuracy of LMA in 3D was tested against scattering from
computer generated polydisperse systems [259,258] as well as the
solvable Vrij scattering from hard core interacting spheres [233].
The failure of DA even at very low polydispersity was evident not
only at small q but also from the shape of the correlation peak. LMA
gives better agreement but without reproducing exactly the first
peak shape.

6.4.3. Size-Spacing Correlation Approximation
The Size-Spacing Correlation approximation (SSCA) [235,155,

81] is a one-dimensional analytical modeling of scattering from
correlated particles. It gives a fairly good illustration of the problem
at hand although its applicability to actual measurements of
SAXS [81] is questionable owing to its 1D character. SSCA is
derived from the paracrystal (see Section 6.3.4) by filling nodes
along a line with polydispersed particles and by accounting for a
coupling between the sizes of two neighbors and their spacing on
a statistical point of view.
The starting point is to build-up the autocorrelation function of
the electronic density along the chain Z+(r‖ ≥ 0). For the sake
of simplicity, the perpendicular direction is ignored here. Let us
p(R) be the size distribution of the particles along the chain and
S(r‖, R) the shape function of a particle of size R. The size R0 of the
particle at origin is chosen according to p(R). The size of its first
neighbor R1 is chosen independently of R0 but the particle is put
at a distance r from its previous neighbor following the probability
P(r‖/[R0, R1]) that depends on the sizes of the two particles R0, R1.
The following neighbors Rn are put using the same rule but starting
from the previous particle Rn−1. In terms of Z+(r‖ ≥ 0), this reads:

Z+(r‖ ≥ 0) = z0(r‖)+ z+(r‖)

z0(r‖) =
∫
p(R0)

{
S(−r ′

‖
, R0)⊗ S(r ′

‖
, R0)⊗ δ(r ′‖)

}
(r‖)dR0

z+(r‖) =
∫∫

p(R0)p(R1)
{
S(−r ′

‖
, R0)⊗ S(r ′

‖
, R1)

⊗P(r ′
‖
/[R0, R1])

}
(r‖)dR0dR1

+

∫∫∫
p(R0)p(R1)p(R2)

{
S(−r ′

‖
, R0)⊗ S(−r ′

‖
, R2)

⊗P(r ′
‖
/[R0, R1])⊗ P(r ′‖/[R1, R2])

}
× (r‖)dR0dR1dR2 + · · · . (180)

⊗ is the folding product along r‖. The particle at the origin leads
to z0(r‖), the first neighbor to the first term and so on. Like with
the paracrystal, the probability of having a distance r‖ with the
second neighbor is the product of the probability of having a
distance r ′

‖
between the origin and the first neighbor and a distance

r‖ − r ′‖ between the first and the second; this probability should be
summed over all possible particle sizes and intermediate distances
r ′
‖
; this is nothing other than the folding product of P(r‖/[R0, R1])⊗
P(r‖/[R1, R2]). The idea can be generalized to the nth neighbor. As
convolution products lead to simple products in Fourier space, the
intensity proceeds from z(r‖) = z0(r‖) + z+(r‖) + z−(r‖) with
z−(r‖) = z + (−r‖):(
dσ
dΩ

)
part
= Vδ(q)+

∫
p(R0)

∣∣F (R0, q‖)∣∣2 dR0
+ 2Real

{∫∫
p(R0)p(R1)F ∗0 (q‖, R0)F (q‖, R1)

×P (q‖/[R0, R1])dR0dR1 +
∫∫∫

p(R0)p(R1)p(R2)F ∗(q‖, R0)

×F (q‖, R2)P (q‖/[R0, R1])P (q‖/[R1, R2])dR0dR1dR2 + · · · .
(181)

F (R0, q‖) is the particle form factor and P (q‖/[Rn, Rn+1]) is the
Fourier transform of P(r‖/[Rn, Rn+1]). The Dirac term gives rise
to the specular rod of Eq. (157). To go on, an excluded volume
effect between neighbors is introduced by assuming a linear link
between the average neighbor spacing and their sizes:∫
+∞

−∞

rP(r‖/[Rn, Rn+1])dr = D+ κ [Rn + Rn+1 − 2 〈R〉] , (182)

D and 〈R〉 are the average distance and radius of the particles all
along the chain. A positive value of the correlation parameter κ is
expected for hard core interacting objects. This linear relationship
is changed into a product in Fourier space. The characteristic
function P (q‖/[Rn, Rn+1]) reads:

P (q‖/[Rn, Rn+1]) = φ(q‖)eiq‖Deiκq‖[Rn+Rn+1−2〈R〉]. (183)

φ(q‖)eiq‖D is the characteristic function of the underlying paracrys-
tal (κ = 0). Two additive contributions in the particle spacing can
be distinguished: (i) an intrinsic one due to the paracrystal σ 2D Eq.



G. Renaud et al. / Surface Science Reports 64 (2009) 255–380 303
a ρ = -0.99 ρ = -0.5 ρ = 0

ρ = 0.5 ρ = 0.75 ρ = 0.99

b
ρ = 0.99 ρ = 0.75 ρ = 0.5

1.6

1.4

1.2

1.0

0.8

Z
(x)/Z

0I(
q)

/I
0

qD/2π

ρ = 0 ρ = -0.5 ρ = -0.99

1.5

1.0

0.5

R
/<

R
>

2.0

0.0
252015105

x/D

300

14121086420

x/D

0.01

0.1

1

2

4
6
8

2

4
6
8

3.02.52.01.51.00.50.0

Fig. 54. Influence of size–size correlation between neighboring particles aligned along 1D. The correlation from site to site is normal with a correlation coefficient ρ and
σR/ 〈R〉 = 0.4. (a) Representation of the chain for several ρ values. ρ = 0 means uncorrelated particles (DA) while ρ = ±1 means perfect correlation or anti-correlation. (b)
Scattered intensity (thick line) and density autocorrelation function (thin line) for stick particles aligned along the chain. The particles are put according to the rule of a 1D
paracrystal. The DA (ρ = 0) diffuse scattering close to q‖ = 0 is absent in LMA (ρ = 1). Notice the splitting of the diffraction peaks for ρ = −1 because of the alternate of
small and large particles. From Ref. [235].
(176) and (ii) an extrinsic one due to the fluctuations of sizes 2κ2σ 2R
(σ 2R =

〈
(R− 〈R〉)2

〉
is the variance of the size distribution). Using

the hypothesis of Eq. (183), the sum in Eq. (181) reduces to a simple
geometric sum. The final calculation of the cross section is there-
fore easily handled:(
dσ
dΩ

)
part
= V 2δ(q‖)+

∣∣〈F (q‖)〉∣∣2
+ 2 Real

{
F̃κ(q‖)F̃ ∗κ(q‖)

Ωκ(q‖)
p̃2κ(q‖)

[
1−Ωκ(q‖)

]} , (184)

Ωκ(q‖) = p̃2κ(q‖)φ(q‖)eiq‖D. (185)

p̃κ(q‖) is the characteristic function of the centered particle size
distribution:

p̃κ(q‖) =
∫
p(R)eiκq‖(R−〈R〉)dR. (186)
A new average form factor defined through:

F̃κ(q‖) =
∫
p(R)F (q‖, R)eiκq‖(R−〈R〉)dR (187)

appears in the cross-section. Eq. (184) shows no clear separation
between coherent and incoherent scattering as in DA. By setting
the particle form factor to one in the previous formula, one ends
up with the total interference function:

S(q‖) = 1+ 2 Real

{
p̃2κ(q‖)Ωκ(q‖)

p̃2κ(q‖)
[
1−Ωκ(q‖)

]} . (188)

κ = 0 allows one to recover the DA cross-section or the Hosemann
function for S(q‖) Eq. (177) as F̃κ(q‖) =

〈
F (q‖, R)

〉
and p̃2κ(q‖) =

1. Through an expansion around q‖ = 0 (and ignoring the specular
term), one can demonstrate that the diffuse scattering is minimum
around the special value κ = κ0:

κ0 =
1
2
D
σ 2R

〈
F (q‖ = 0)(R− 〈R〉)

〉〈
F (q‖ = 0)

〉
.

(189)
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Scattering from 3D particles aligned in 1D can be described by
the SSCA if the form factor of the particle is evaluated in 3D (i.e.
F (q‖, R‖, q⊥,H⊥)) and if one realizes that all previous formulae
apply only for the alignment direction q‖, R‖. Finite-size effects
along the chain can also be included [155,239,240,234,241,242].
The contribution of correlations in SSCA [235,155] is illustrated

in Fig. 55 for several values of κ . Of course, whatever the
approximation, the scattering at high wavevector transfer (q‖ �
2π/D) is only given by the mean form factor. As compared to
DA or LMA for which I(q) ∼

〈
|F(q)|2

〉
S(q), the introduction of

correlations in disordered systems lead to a strong modification of
the shape of the correlation peak. Its smearing as compared to the
paracrystal interference function lies in the contribution of all the
partial interference functions [235] while its position is no longer
simply related to themean particle spacing D. Despite the constant
mean spacing D, it shifts toward low q‖ value upon increasing
κ until merging with the specular rod. In GISAXS, an interesting
cross-coupling between the parallel 2θf and perpendicular αf
directions shows up on Fig. 55b for 3D particles of fixed aspect
ratio. The scattering lobes along αf are tilted toward the origin
although the particle shape is a cylinder. The explanation is as
follows. The biggest and thus the highest particles are farther
apart and scatter closer to the specular rod and also closer to the
sample horizon. The reverse happens for the smallest particles
giving rise to this tilt. The tilt angle can be used as a measure of
the coupling parameter between size and distance of particles if
the particle aspect ratio is constant as when the thermodynamic
equilibrium shape is reached [79] (see Section 7.4.3). A comparison
between SSCA and LMA including correlations through a linear
link between the inter-particle distance and the size in each
monodisperse domain was undertaken in Ref. [155,81]. The main
conclusion was that D between LMA and SSCA differs by 10%–30%
while the discrepancies on the other parameters κ and σD are
much higher. The interesting finding was that LMA and SSCA
agree nearly perfectly on the estimate of the total fluctuations of
particle spacing but not the exact ratio of the intrinsic and extrinsic
components. Remember that this includes two contributions:
paracrystal plus size distribution.
Strictly speaking, SSCA cannot be used to analyze actual

data. However, experimentally in the case of gold islands on
TiO2(110) [81] (see Section 7.3), SSCA and LMA were compared
assuming interference functions given by the 1D paracrystal or by
a 2D function deduced from hard core interacting disks model [76]
(Fig. 50) with a hard core radius that scales linearly with the actual
radius [234]. The introduction of correlations was mandatory to
reproduce fairly well the shape of the correlation peak [29]. If
the uncorrelated q‖ range i.e. the average particle form factor
is suitably fitted, LMA and SSCA agree within the error bars on
the most important parameters 〈R〉 , σR,D giving confidence in
their evolution. The discrepancies comes only from the disorder
description κ, σD. Both LMA and SSCA end up with a Voronoï cell
size which is fully determined by the radius of the central particle.
This finding is in line with what is expected from the growth
theory of supported nanoparticles and with the overall self similar
behavior that is observed for this peculiar system [260].

6.4.4. Scaling Approximation
The Scaling Approximation (SA) [233,261] assumes a confor-

mality of all the partial pair correlation functions according to
gαβ(r) ' gmono(r∗λαβ); gmono is the pair correlation function of
a monodisperse system which is assumed to depend only on a
reduced distance r∗. Each gαβ is obtained by evaluating gmono at
a scaled pair distance r∗λαβ . For particles interacting through a
given pair potential, SA is a further step after the hypothesis of
conformal mixtures for which it is the interaction potential itself
uαβ(r) that is conformal to that of a monodisperse reference sys-
tem. This conformality hypothesis is well suited to particles in-
teracting through an hard core potential for which uαβ(r) = 0
if r < σαβ and r∗ = r/σmono. Gazzillo and coworkers proposed

the following scaling: λαβ =
〈
σ 2
〉1/2

/σαβ and σmono =
√〈
σ 2αβ

〉
leading to gαβ(r) ' gmono(r

〈
σ 2
〉1/2

/σαβ). The choice of this scal-
ing ensures that gmono has to be evaluated at the same coverage
η = nS

〈
σ 2αβ

〉
= nSσ 2mono of the whole mixture. At variance to DA

or LMA, SA takes better into account the excluded volume effect al-
though SA incorrectly assumes that pair correlation functions have
the same value at contact gαβ(σαβ) ' gmono(σmono). In terms of the
involved partial interference function, SA reads:

Sαβ(q‖) = 1+
〈
σ 2
〉1/2

/σαβ

[
Smono

(
q‖σαβ/

〈
σ 2
〉1/2)
− 1

]
. (190)

SA [233,261] was compared in 3D systems to either the analytical
solution of Vrij for polydisperse hard spheres [249,250] or to
molecular dynamics simulations considering a Lennard–Jones
interaction potential. The accuracy of SA is surprisingly good
whatever the packing or the degree of polydispersity. The shape as
well as the height of the correlation peak is very well reproduced.
The only discrepancy comes from the low q behavior of the
total interference function. SA is unable to reproduce the exact
fluctuations of the particle density [40] but, in the total cross-
section, this drawback is balanced by the product with the particle
form factor. One of the drawback of SA scattering cross-section is
that, instead of DA, LMA or SSCA, it involves a double sum over the
size-shape distribution (see Eq. (157)). Even though very appealing
in terms of accuracy, to our knowledge, SA was never applied to
actual data analysis.

6.5. The graded interface model and the nanoparticle form factor

Up to now, the nanoparticles have been treated as independent
or isolated perturbations of the wavefields obtained on flat
interfaces. The linearity of the wave propagation equation Eq. (96)
allows to decouple the parallel and perpendicular directions and to
introduce the notion of a parallel interference function. However,
increasing the particle packing leads to an enhanced absorption
and refraction of both the incident and the scattered beams inside
the particle layer itself. This is all the more true than the angles
αi, αf are close to the critical angle and the beam paths in the
particle layer is large. More accurate results are expected if the
reference medium is taken as the graded interface that includes
the particles themselves.
The method has been applied to the case of nanostructures

(Refs. [155,81]) randomly distributed on a surface. The reference
medium is defined through the average dielectric index perpen-
dicular to the surface:

ñ20(z) =


1 if z > t

ñ2l (z) =
n2i
A

∫
A

∑
i

Si(r‖ − r‖,i, z)dr‖ if 0 < z < t

n2s if z < 0
(191)

where Si(r‖ − r‖,i, z) is the shape function of the particle located
at r‖,i and t is the boundary with vacuum. The corresponding
reference field is made of upward and downward propagating
waves Ã+1 (z) at each height z of the interface. Their amplitudes
can be inferred through the matrix propagation formalism of
Section 5.2.7:

Ψ (kz,0, z) =

Ã
+

0 e
ikz,0z + e−ikz,0z for z > t

Ã+1 (z)e
ikz,1(z)z + Ã−1 (z)e

−ikz,1(z)z for 0 < z < t
Ã−2 e

−ikz,2z for z < 0.
(192)
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Fig. 55. Scattering from a line of size distributed cylinders. The size distribution and intrinsic fluctuations of distances are normal with σR/R = σD/D = 0.25 and D = 3 〈R〉.
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〉
. (a) 1D cut of intensity at q⊥ = 0 for

different κ values. (b) Simulated GISAXS patterns for supported gold particles on TiO2(110). From Ref. [155].
The perpendicular wavevector is given by the conservation of the
parallel component kz,j(z) = −

√
ñ2l (z)k

2
0 − k

2
‖
. The perturbation

to ñ20(z) is brought by the particles as well as by the vacuum holes
in between. As the shape of these latter is nothing else than the
inverse of the fingerprint of the particles, the useful scattering
potential is:

δn2(r‖, z) = [n2i − 1]
∑
i

Si(r‖ − r‖,i, z)

+ [1− ñ2l (z)][Θ(z)−Θ(z − t)]. (193)

where Θ(z) is the step function. If only the contribution of the
incoherent cross-section at q‖ 6= 0 is under concern as with
GISAXS, the second term can be dropped out since it involves only
a z-dependence. After a bit of calculation using the DWBA cross-
section Eq. (91), it can be shown that the concept of DWBA particle
form factor still applies but with an expressionmore complex than
in Eq. (134) [37]:

F (q‖, kiz, kfz) =
∫
dr‖eiq‖.r‖

∫
dzS(r‖, z)

×
{̃
A−1 [kiz,1(z)]̃A

−

1 [−kfz,1(z)]e
i[+kfz,1(z)−kiz,1(z)]z

+ Ã+1 [kiz,1(z)]̃A
−

1 [−kfz,1(z)]e
i[+kfz,1(z)+kiz,1(z)]z

+ Ã−1 [kiz,1(z)]̃A
+

1 [−kfz,1(z)]e
i[−kfz,1(z)−kiz,1(z)]z

+ Ã+1 [kiz,1, (z)]̃A
+

1 [−kfz,1(z)]e
i[−kfz,1(z)+kiz,1(z)]z

}
. (194)

The particle form is neither the Fourier transform of the particle
shape as in the BA nor the sum of four Fourier transform weighted
according to the reflection coefficients. Instead, it involves a
continuous integration in each slice of the particle layer of the
wave propagation equation, the scattering and the interference
between upward and downward propagating waves (Fig. 56). The
cross-section of Section 6.2 is recovered in the dilute regime as
ñ0(z)→ n0(z), kz,0 → kz,1, Ã+1 → Ã+0 and Ã

−

1 → Ã−0 ' r01.
The effect of a large density of particles can be dramatic as

shown in Fig. 57 for monodispersed supported full spheres. In
that case, the shape of the profile of dielectric index is parabolic.
The zero-coverage case should be understood as isolated particles.
Fig. 57 demonstrates that the diffuse scattering is highly dependent
on the coverage even for monodispersed particles in particular for
angles close and below the critical angle. Both the Yoneda peak
shape and the location of the interference fringes are modified
because of the propagation and attenuation of the waves inside
the layer of particles. The discrepancies between the two models,
namely DWBA on the flat substrate and graded interface appear
on the experimental results of Fig. 58. The cut of intensity from
Au islands grown on TiO2(110) have been fitted with the graded
interface model using a truncated sphere shape. The obtained
morphology allowed to deduce the profile of refraction index (inset
of Fig. 58) and to simulate the expected curve accounting only for
the substrate. The Yoneda peak intensity is overestimated as the
damping of the evanescent wave below the critical angle of the
layer itself is forgotten. The same behavior is observed at higher
angle because of the Croce–Névot factor.

6.6. Limitations of the quantitative analysis of GISAXS from nanopar-
ticles

The quantitative analysis of GISAXS patterns starts by the
acquisition of good data with the widest dynamical range ! This
obvious prerequisite includes background minimization [26] or
subtraction (a promising procedure being the use of anomalous
scattering [262]), detector correction and normalization, account
for the resolution function (beam divergence, wavelength spread,
detector acceptance, sample curvature and homogeneity) and
measurements far away in reciprocal space to be sensitive to the
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particle form factor only. The analysis of GISAXS data relies on
direct modeling using non-linear χ2 minimization [263] for fits.
One has to be aware of all the pitfalls of such a procedure in
terms of globalminimum finding, accuracy and reliability [82]. As a
rule of thumb, for a random distribution of nanoparticles, accurate
measurements can be obtained for the mean values (in-plane and
out-of-plane size, distance between particles) while larger error
bars are obtained for thewidth (and therefore the shape) of the size
distribution or the fluctuations of distances. The systematic error
introduced by the used approximation to treat partial correlation
(DA, LMA, SSCA, SA) should be balanced by a careful fit of the high
q range even at the expense of the correlation peak. For long range
ordered collection of particles, the form factor is sampled only at
10
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Fig. 58. Experimental cut of intensity from GISAXS of Au nanoparticles on
TiO2(110). The full line corresponds to the fit assuming size distributed truncated
spheres and using the graded interface model (Eq. (194)) (see Ref. [155] for further
details). The dotted line is the calculated scattered intensity starting from the
substrate only i.e. by assuming isolated particles. The profile of index of refraction
n = 1− δ − iβ is displayed in the inset.

discrete values of the reciprocal space by the interference function.
This hampers the accuracy of the shape and size determination.
Actual examples and analysis methodology are presented in the
next sections (Section 7).

7. Examples of extensive data analysis of GISAXS patterns

Beyond the rapid data analyses mentioned in 4.6, extracting
precise morphological parameters such as average lateral size,
height and separation distance needs the use of an appropriate
model, that accounts for the exact shape of the islands, the
distribution of sizes, an appropriate island–island pair correlation
function, as well as refraction effects when the incident or exit
angles are close to the critical angle for total external reflection. The
method to perform an extensive, quantitative analysis of GISAXS
patterns is described in detail in several papers [37,27,29] as well
as in the above theoretical Section 6. The IsGISAXS software [27,
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Fig. 59. A typical experimental GISAXS pattern of Pt deposited on MgO(001), with
two scattering lobes in the (qy, qz) plane. The two characteristic line cuts used in
the fit procedure are shown as bold line. From Ref. [247].

28] allows such a quantitative analysis through a simultaneously
fitting of several cuts of the 2D GISAXS data, performed in any
direction before simulating the complete 2Dpicture. In general, the
fitting procedure startswith one cut parallel with the surface at the
qz position of maximum intensity, and another one perpendicular
to it at the qy position of the interference maximum. Several
examples of such a quantitative analysis are gathered below, in the
case of the growth of metals on oxide surfaces.
Qualitatively, the experimental GISAXS data look similar in

all the cases encountered (Ag [78], Pd [29], Pt/MgO(001) [247],
Au/TiO2(110) [81], Co/NiO(111) [264], Ag/ZnO(0001)[150,151] . . . ).
The two-dimensional GISAXS patterns (see for instance Fig. 59)
present two large scattering lobes visible along the parallel
direction, separated by the specular rod, which is partly hidden
by the beam stop. The extent of the intensity parallel (resp.
perpendicular) with the surface is inversely proportional to the
average lateral size (resp. height) of the island. The separation
between the two main lobes is inversely proportional to the
average separation between neighboring islands.

7.1. First example: Pt/MgO(001)

The first example concerns the growth of Pt/MgO(001) [247]
(Fig. 59). The analysis used the DWBA [37] and LMA [234,256]
formalisms. The one-dimensional paracrystal [42] with Gaussian
statistic was chosen as the theoretical model to account for the
interference between scatterers. The size distributions parallel
with and perpendicular to the substrate were modeled by coupled
or uncoupled log-normal or Gaussian laws. Two cross-sections
(Fig. 60) along qy and qz at the maximum of scattered intensity i.e.
at the positions of the correlation and Yoneda’s peaks, respectively,
are first simultaneously fitted using a Levenberg–Marquadt χ2-
minimization. To improve statistics, additional profiles collected
farther away in the reciprocal space are also often fitted. Different
island shapes of increasing complexity are in general considered
to analyze the data. Scattering patterns from Pt/MgO(001) films
deposited at 600 K, 800 K and 1000 K were analyzed at several
thicknesses. Films grown at 600 K (Fig. 60) and 800 K were
simply fitted by means of truncated sphere shapes. Indeed, the
GISAXS intensity maps did not show any anisotropy upon rotating
the sample, nor any scattering rod characteristic of oriented
facets, and the behavior of the intensity at high wavevector
transfer [29] (‘‘Porod’s regime’’) was characteristic of such a shape.
The quality of the model was judged by the way it reproduced
the intensity profiles (Fig. 60c and d) and the 2D-GISAXS pattern
(Fig. 60b). However, models based on cylindrical and spherical
particle shapes failed in the case of films deposited at 1000 K.
Good fits were instead obtained only by representing clusters by a
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Fig. 60. 2D GISAXS patterns for a 0.3 nm thick Pt deposit on MgO(001) at 600 K.
(a) Experimental 2D pattern and (b) GISAXS pattern simulated with the parameters
obtained from the fits made along the (c) parallel and (d) perpendicular linear cuts
through the intensity maximum (shown in a-map). In (c) and (d), the continuous
lines correspond to the best fits and the dots to data points. Images are plotted on
a logarithmic color scale. From Ref. [247].

truncated pyramid with a square-basis. The fitted angle of the side
facets corresponds to islands that display (111) planes in cube-on-
cube (001)MgO ‖ (001)Pt epitaxy. Consistently, diffuse scattering
rods [25] inclined by 54.7◦ were observed on someGISAXS images.

7.2. Second example: Pd/MgO(001)

The second example concerns the growth of Pd/MgO(001)
at different temperatures [29] (550, 650 and 740 K), and for
different thicknesses (0.1, 0.9, 1.0, and 3.0 nm). The general GISAXS
formalism detailed in Section 6 has been used, within the DWBA
and the LMA, to analyze the experimental data. It has been checked
that the GISAXS simulation was not affected by the low roughness
of the MgO(001) substrate even at large q. Hence, the substrate
roughness was neglected in the Fresnel reflectivity for the GISAXS
calculation. For a 0.1 nm thick Pd/MgO(001) deposit at 650 K, the
mean island shape used to fit the GISAXS, a truncated pyramid
with a square base was deduced from microscopy works for
similar temperature and island size conditions [265]. A very good
agreement was obtained between simulated and experimental
data, with only a very small size distribution.
For a 1 nm thick Pd/MgO(001) deposit at 650 K, Fig. 61 displays

the 2D GISAXS experimental patterns and the corresponding
analysis with the incident beam along the MgO[110] (resp.
MgO[100]) direction). The 2D GISAXS patterns present a scattering
rod at 54.7◦ with respect to the surface normal in the 〈110〉
direction but not in the 〈100〉 direction. This indicates that
palladium forms oriented faceted islands with {100} and {111}
facets on the MgO(001) surface. Moreover, in case of faceted
islands, the second and even sometimes third order scattering
peaks perpendicular to the surface are indicative of flat (001)
terraces and of narrow height distribution. All these features point
to a truncated octahedron-like average shape as seen from TEM
plane views. The simulated GISAXS patterns well reproduce the
general features of the experimental ones, especially the scattering
rod along the (111) direction visible in Fig. 61a. As an example,
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Fig. 61. 2D GISAXS intensity for a 1.0 nm thick Pd/MgO(001) deposit at 650 K: (a) Experimental patterns with the incident beam along the MgO[110] direction and (b)
same as (a) but with the incident beam along the MgO[100] direction. Black lines show the positions of the two cuts used to fit the data, parallel with and perpendicular to
the surface. For sake of clarity, are only shown (c) parallel and (d) perpendicular cuts for the 2D GISAXS pattern taken with the beam along the island edge (b). Continuous
line: experimental cuts; filled squares: best fit of experimental cut. (e) and (f) Simulated 2D GISAXS patterns of (a) and (b) respectively obtained after fitting the above
experimental cuts and using an island shape of a truncated octahedron with a square base schematically drawn. (g) Same as (e) but within DA. The intensity is represented
with a logarithmic scale, the 2θf (resp. αf ) axis ranges from 0 to 2.9◦ (resp. 3.3◦). From Ref. [29].
one experimental GISAXS map (that with a scattering rod at
54.7◦ with respect to the surface normal in the 〈110〉 direction)
has been simulated within the DA (cf. Fig. 61g). Notice that
neither the DWBA-LMA, nor the DWBA-DA correctly reproduces
the experimental diffuse scattering close to the beam stop, which
will be discussed later.

7.3. Third example: Au/TiO2(110)

The case of the analysis of GISAXS during the growth of Au
on TiO2(110) [155,81] will be discussed in more detail later
(Section 9.1). We just compare here (Fig. 62) the experimental
and simulated 2D GISAXS patterns for a 1.6 nm-thick deposit
at room temperature. A good agreement between experimental
and simulated image is achieved except near the specular
rod. The simulated lobe displays a diffuse tail due to (i) the
interplay between the size-spacing coupling and (ii) the strong
correlation between the island radius and height [81]. The
discrepancy with the experimental image could result from
the beam stop shadowing. The above examples, for which the
experimental 2D GISAXS maps are very well reproduced by
the simulations, demonstrate on many different cases that the
theoretical treatment presented above is well adapted to analyse
2D GISAXS data, at least when the islands are not ordered. The
cases of ordered island repartition on the substrate will be treated
in Section 9.4.

7.4. Diffuse scattering due to correlations

7.4.1. Evidence of diffuse scattering in GISAXS
Any fluctuation from a perfect system, such as a distribution

of island sizes or correlations between sizes, positions or
both, induces some diffuse (incoherent) scattering. A detailed
analysis [29,235,155,81] of the induced diffuse scattering was
given in the theoretical part Section 6.3 which introduces various
approximations DA, LMA, SSCA, SA (Section 6.4). This diffuse
scattering is well evidenced by comparing the DA and LMA
approximations (cf. Fig. 63). In the DA, in the parallel direction,
incoherent scattering dominates over coherent scattering for small
(qyR < 1) and large (qyR > 3) qy values. Close to the position
of the interference function maximum (qyR ≈ 1.5), the situation
is reversed and the incoherent scattering is only equal to 10% of
S(qyR) × 〈|F(qyR)|〉2. In the LMA, this small angle scattering is
absent, which points to the fact that a long range size–position
or size–size coupling exists. Notice that at high qy values the
two approximations give essentially the same results since the
scattering is given only by the mean form factor for disordered
systems.

7.4.2. Estimated diffuse scattering in GISAXS
The influence of such correlations on the scattered intensity

was directly evaluated in the Pd/MgO(001) case [29] from the
positions and sizes of the islands deduced from TEM plane
views. Clearly, there was no size–size correlation, at variance to
LMA hypothesis, but a strong coupling between the particle size
and the distance to its nearest neighbors. This latter is easily
understood in terms of depleted zone around each particle [8,253,
254]. The expected scattering was calculated from real space TEM
images by assimilating each island scattering by that of a disk of
equivalent surface (cf. Fig. 64). The analysis followed the treatment
of scattering from correlated particles developed in the book of
Guinier [40]. The intensity is decomposed accordingly to:

I(qy) =
∣∣〈F(qy)〉∣∣2 S(qy)+∑

m

Idm

Idm =
〈[
Fn(qy)−

〈
F(qy)

〉] [
Fn+m(qy)−

〈
F(qy)

〉]〉
(195)

where 〈· · ·〉 is the average over the particles n and the indexm runs
over the closest neighbors shells. The scattering Id0 corresponds
to the Φ0(qy) =

〈∣∣F(qy)∣∣2〉 − ∣∣〈F(qy)〉∣∣2 term of Eq. (159), Id1 is
the diffuse scattering obtained by considering the nearest neighbor
(NN) shell around each island and Id2 is the diffuse scattering
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Fig. 63. (a) Intensity versus qyR for a cylinder within the DWBA. Open circles:
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LMA. (b) Same as (a) but versus qzH . The parallel (resp. perpendicular) direction is
taken at the maximum intensity in the perpendicular (resp. parallel) direction. The
numerical values used for the simulation are those of 0.9 nm Pd/MgO(001) at 550
K. From Ref. [29].

obtained up to the second shell. For larger cutoff, the obtained
curves were noisy due to poor statistics. For Pd/MgO(001) at
550 K (cf. Fig. 64a), the incoherent diffuse scattering intensity is
nearly independent of the size of the neighbor shell used for the
calculation. On the contrary, for the deposit at 650 K (cf. Fig. 64b)
and 740 K (cf. Fig. 64c), the Id3 peak is larger and narrower than the
Id0 one at small qyR. This example shows that high order correlation
between scattering objects can strongly influence the diffuse
scattering particularly close to the origin of the reciprocal space in
the parallel direction and reduce the intensity as compared to the
expected one in DA.

7.4.3. Size–position correlation deduced from GISAXS
In all cases shown up to now, either the DA (no correlations

between sizes or sizes and separations of nearest neighbors [73,
42]) or the LMA (full correlation between shape and sizes of
neighboring islands over the coherent area of the X-ray beam [234,
256]) were assumed, while in many physical cases, strong
correlations exist either between the sizes of nearest neighbors
(e.g. during the organized growth of nanoparticles on a lattice of
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Fig. 64. Diffuse scattering calculated with a cylinder shape versus qyR for Pd at (a)
550 K (0.9 nm thick Pd), (b) 650 K (3.0 nm thick Pd), and (c) 740 K (3.0 nm thick Pd)
deduced from the TEM plane views. Continuous line: Id0; filled squares: Id1; open
circles: Id2 . From Ref. [29].

nucleation-growth sites) or between the sizes and the separation
between nearest neighbors (which is the general case of growth on
surfaces, where the size of the Voronoï cell of an island scales with
the island size). It has been shown theoretically by Leroy et al. [235]
using a purely one-dimensional model that the GISAXS intensity at
small qy depends on such size–size or size-spacing correlations.
A close examination of GISAXS data from the Ag/MgO(001)

system [79] (see e.g. Fig. 21a and b) shows that the second and
third order maxima are often slightly tilted with respect to the
qz axis, with a positive slope tan(ε) = δqy/δqz . This tilt is a
signature of a size–position correlation. In first approximation,
D = 2π/qy,p, where qy,p is the qy coordinate ofmaximum intensity.
By derivation, δqy/δqy,p = δD/D. If the island is modeled by
a simple geometric shape like a parallelepiped or a cylinder, in
first approximation (i.e. neglecting the refraction effects): H ≈
2π/qz,0, where qz,0 is the smaller qz position ofminimum intensity.
In a similar way, δqz/δqz,0 = δH/HD. If there is a self-similar
relationship between H and d, δH/H = δd/d and thus δD/δd =
tan(ε)D2/Hd. For the 2-nm thick Ag/MgO sample at 540 K (see
Fig. 21a and b), tan(ε) = 6.3 × 10−2 and hence δD/δd = 0.279.
This was found to be in a very good agreement with an analysis
of plane view TEM data [78,79]. As a conclusion, this tilt slope is
a direct measure of coupling between the size and the spacing of
the islands as shown for many other ones (Pd/MgO(001) [29] and
Au/TiO2(001) [81]; see Fig. 55).
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On a theoretical point of view, those correlations can be
partially taken into account either (i) in 1D in the framework of 1D
paracrystal with the SSCA [235,155,81] (see Section 6.4.3) or (ii)
in LMA by linking spacing on size. A satisfying agreement with the
experimental lineshape of the correlation peak (Fig. 65) is obtained
even though the underlying hypothesis are somehow drastic.

8. Non-UHV GISAXS experiments

8.1. Embedded metallic nanoparticles

The fabrication of nanometer size clusters embedded in a
matrix may be very promising for future applications taking
advantage of thenewproperties of thesematerials (see for instance
Ref. [266]). For instance magnetic clusters inside an insulating
matrixmay induce TunnelMagneto-Resistance effects (TMR) [267,
55,19] with potential applications for spin dependent electronic
devices, or can be the building blocks for high density storage of
information [268]. Metallic clusters can be also efficient absorbers
of radiations in the visible andnear-infrared regions [269] or can be
inserted inside coatings for theirmechanical and bio-compatibility
properties [56]. However the controlled fabrication of these
materials needs the development of appropriate characterization
tools in the nanometer range. For that sake GISAXS has proved
to be very helpful for analyzing the size distribution and spatial
organization of buried clusters. Tuning the angle of incidence
around the critical angle of total external reflection [270,271] it is
possible to adjust the penetration depth of the beam and to extract
a depth profile of the clusters size/shape. The quantitative analysis
of the GISAXS patterns must take into account the refractions
effects the X-ray beam at the interfaces. The appropriate theory
for the X-ray scattering process in grazing angles conditions is the
DWBA [35,58,59,36,37].

8.1.1. Granular solids and multilayers of metallic clusters embedded
into oxide matrices
• In viewof the fabrication of newmaterialswith spin-dependent
magneto-resistance or Coulomb blockade effects, it has been
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Fig. 66. GISAXS patterns of (a) a Fe 35% Al2O3 granular solid and (b) a
[Co(0.7 nm)/Al2O3(3 nm)]30 granular multilayer (from Ref. [55]).

proposed to grow metallic (and ferromagnetic) aggregates of
nanometer size embedded in an insulating matrix [272,273].
In that purpose Naudon and coworkers [267,55] have grown
granular solids and granular multilayers. Granular solids, such
as Fe clusters embedded in an alumina matrix, are obtained
by cosputtering of both materials. To achieve a better control
of the size and ordering of the clusters granular multilayers
are grown by sequential deposition. This approach has been
applied to the growth of Co clusters in Al2O3. The spacing and
size of the Co clusters is tuned by choosing the thickness of
the Co layer and the temperature while alumina serves as a
spacer between layers. The deposition has been made at RT
on Si(001) substrates by RF sputtering with a base pressure of
5 × 10−8 Torr and an Argon pressure during deposition of 4
mTorr. The characterization of the granular solid/multilayers
has been performed ex situ by TEM and GISAXS at LURE
(D22) [274]. Fig. 66a and b show two GISAXS images of a
Fe–Al2O3 granular solid and a Co–Al2O3 granular multilayer. In
the case of Fe–Al2O3, the scattering pattern exhibits an elliptical
halo revealing a dense distribution of Fe clusters with a slight
anisotropy parallel with and perpendicular to the surface plane.
Analysis shows that the Fe clusters are slightly elongated along
the film growth direction (D⊥ = 3.3± 0.2 nm and D⊥ = 2.5±
0.2 nm). On the contrary the GISAXS pattern of the granular
Co–Al2O3 multilayer shows much more characteristic features
of ordering. The first Bragg peak from themultilayer periodicity
appears at qz = 1.745 nm−1 and is partially hidden by the
beamstop. The second characteristic feature is the presence of
two symmetric lobes arising from theCo clusters network. From
their positions an in-plane and an out-of-plane ordering of the
Co clusters induced by the vertical stacking of the layers is
clearly evidenced. In combinationwith TEMmeasurements, the
authors have proposed a fcc stacking model of the Co clusters
network.
• Similarly, Thiaudiere and coworkers [19] have grown and
characterized discontinuous Co/SiO2 multilayers. The samples
were prepared at RT by sequential deposition of Co and SiO2 (DC
sputtering for Co and RF sputtering for the oxide). The thickness
of the Co layer varies from 0.6 to 2 nm whereas the SiO2 layer
thickness is kept constant (4.3 nm) over the 60 Co/SiO2 bilayers.
The sample was annealed under vacuum (10−5 Torr) during
10 min at 200 ◦C and 400 ◦C. The typical GISAXS (ESRF, ID1)
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Fig. 67. Half GISAXS pattern of a [Co(0.6 nm)/SiO2(4.3 nm)]60 discontinuous
multilayer (adapted from Ref. [19]).

pattern shown in Fig. 67 displays characteristic Bragg peaks of
the period of the bilayer (4.9 nm) along the specular rod (qy =
0). The presence of scattering arcs show that the Co clusters are
short range correlated but no clear anisotropy is put in evidence.
The GISAXS data were fitted in the framework of the DWBA
for buried clusters and assuming a spherical shape. It is clearly
shown that the spacing between the Co clusters increases as
function of the Co layer thickness indicating a coalescence
process. Moreover from scaling theories of coalescence [275,
276], it was concluded that the nucleation mode of the Co
clusters is heterogeneous.
• Studies on magnetic clusters with a high magnetic anisotropy
are also stimulated by the demand for the fabrication of
devices with a large storage density [4,277]. For that sake
it has been shown that alloys of Pt and a transition metal
(Co, Fe or Ni) exhibit a large magnetic anisotropy thanks
to a large magnetocrystalline anisotropy and a hybridization
between Pt and the transition metal. However, the magnetic
properties of these clusters are strongly dependent on their
size, morphology and crystalline phase. Recently, mixed CoPt
clusters have been synthesized underUHVby laser vaporization
and inert gas condensation [268]. The cluster depositionprocess
(collimated supersonic beam) is simultaneously performed
with the evaporation of a matrix to produce diluted clusters,
either supported on a carbon-coated copper grid with a thin
amorphous Si layer on top or embedded clusters inside a
MgO or Si matrix. The morphology of the clusters has been
characterized by GISAXS (ESRF, D2AM) for embedded clusters
and TEM for supported ones. Fig. 68 shows a GISAXS pattern
of clusters embedded in MgO. No correlation peak is visible in
agreement with the presence of dilute clusters. The isotropic
shape of the GISAXS pattern indicates that the clusters are
roughly spherical. A quantitative analysis has been performed
considering a log-normal size distribution of spheres and
applying the DWBA for buried clusters [36]. Simulations of 1D
GISAXS cuts based on TEM measurements are in a qualitative
good agreement with the experimental GISAXS data (mean
diameter: 2.1 nm; and FWHM: 0.35 nm). Moreover no change
is detected between GISAXS images of clusters embedded in a
Si matrix and a MgO matrix. Accordingly, the matrix does not
play a role in the clusters’ shape and size. Interestingly, the
authors compared the determination of the size by GISAXS and
wide angle X-ray scatteringmeasurements. Contrary to GISAXS,
this technique is only sensitive to crystallized regions. From
the position and width of the Bragg peaks, the CoPt clusters
are disordered fcc alloys, and the mean diameter is 1.3 nm.
This value is smaller than the one deduced by GISAXS because
the core of the clusters is well crystallized but the shell is
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Fig. 68. GISAXS pattern of Co58Pt42 clusters embedded in a MgO matrix (from
Ref. [268]).

amorphous due to the surrounding matrix. Complementary
magnetic measurements by SQUID (Superconducting Quantum
Interference Device) and XMCD (X-ray magnetic circular
dichroism) have revealed that the blocking temperature is
determined by the ferromagnetic core of the clusters and not
the surrounding matrix.
• Confined metallic nanoparticles into an insulating matrix have
also a considerable interest as absorber of radiation and could
be used in the future as smart coatings for windows or as
non-linear optic devices. The plasmon absorptions on which
those systems rely depend strongly on the particle aspect
ratio and density. The GISAXS technique has been used in
combination with X-ray Reflectivity and TEM in the case
of Pt nanoparticles inside an Al2O3 matrix [269]. The thin
film is prepared by cosputtering of Pt and alumina onto a
wafer of Si(100) held at 300 ◦C. The X-ray experiments were
carried out at LURE (France) at the beamline D22. A typical
GISAXS image is shown in Fig. 69. A ring is clearly visible
related to an isotropic preferential distance between the Pt
particles. Interestingly, this distance is also observed by X-
ray Reflectivity: the reflectivity curve exhibits a very intense
oscillation at the same q which can be attributed to a layering
of the Pt clusters. To analyze the reflectivity curve and the
GISAXS pattern, the authors assumed that the thin film is
made of ordered regions with a layering of the Pt clusters
which is responsible for the reflectivity curve and disordered
regions giving rise to the scattering ring observed by GISAXS.
This hypothesis is clearly confirmed by TEM. The Pt layers are
more and more disordered as function of the distance from
the substrate. This shows the complementarity of real space
imaging techniques and scattering techniques to validate a
structural model.

8.1.2. Encapsulated Ag, Fe, Pt and Au nanoparticles into carbon and
boron nitride
Metal nanoparticles encapsulated in a cage of carbon or

boron nitride are protected against outside degradation or
coalescence by stopping the diffusion processes [278]. In case
of magnetic nanoparticles, the matrix is also useful to reduce
the particle–particle exchange coupling. These nanoparticles are
prepared by co-sputtering (KaufmanAr+ ion source at 1.2 keV) and
deposited on a substrate providing directly thin films formagnetic,
electronic or mechanical applications. Due to the limited solubility
ofmetals in thematrix, a unmixing process occurs (for Fe into C the
solubility is about 5% at 1100 K). It has been shown that a relative
control of the size of the metal nanoparticles could be achieved
by this method. In order to characterize encapsulated metal
nanoparticles, ex situ GISAXS and TEM measurements have been
performed completed in some cases with EXAFS and Mössbauer
Spectroscopy.
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Fig. 69. GISAXS pattern of Pt–Al2O3 nanocermet thin film. Cross sections (open
circle) and calculated profile (solid line) below (from Ref. [269]).

• Ag nanoparticles encapsulated in a cage of C [270,271].
Fig. 70 shows 3 GISAXS patterns of a C–Ag33% (293 K) thin

layer (210 nm) deposited on a Si wafer measured for different
grazing angles. Changing the angle of incidence, the X-ray beam
penetrates more or less into the bulk of the sample. It is a
means to distinguish between nanoparticles close to the surface
and deeply buried. For the largest incident angle (Fig. 70c), an
elliptical halo indicates the presence of short range correlations
between the Ag nanoparticles in the bulk of the sample. The
in-depth average distance is slightly larger than the in-plane
average distance (respectively 6.5 nm and 4.0 nm) and the in-
plane and in-depth diameters are respectively 2.2 nm and 5.1
nmas deduced from the radius of gyration. Decreasing the angle
of incidence (see Fig. 70a and b for αi = αc and αi = αc+0.05◦)
two intense spots appear on both sides of the beamstop close
to qz = 0. This reveals that large Ag nanostructures are also
present nearby the surface. The GISAXS data are accurately
fitted considering spherical Ag nanoparticles of 10 nmdiameter
and a first neighbor mean distance of 23.3 nm as confirmed
by AFM. To understand the formation of these two types of
Ag clusters, in the bulk and at the surface, the authors made
two additional experiments: (i) a similar C–Ag33% (293 K) thin
layer has been synthesizedwith an additional pure carbon layer
(20 nm) on top just after the co-deposition process and still
in vacuum, called C/C–Ag. (ii) a thin layer of Ag (0.8 nm thick)
has been grown on top of a sublayer of carbon (20 nm), called
Ag/C. The GISAXS characterization of the C/C–Ag sample shows
only an elliptic halo due to small buried Ag clusters elongated
perpendicular to the surface. However no intensity scattered
by Ag clusters close to the surface is found. On the contrary,
in the case of the Ag/C layer, GISAXS measurements reveal the
presence of large spherical Ag clusters at the surface similar
to the C–Ag33% sample. It is concluded that, in the case of
C–Ag33% thin films, the carbon layer is a barrier of diffusion for
Ag preventing the formation of large Ag clusters in the bulk
whereas at the film surface, large Ag clusters grow by surface
diffusion.
• Au nanoparticles on an amorphous C surface [53].
Fig. 70. GISAXS patterns of a co-sputtered C–Ag thin film (210 nm) measured at
different grazing angles: (a) αi = αc , (b) αi = αc + 0.05◦ , (c) αi = αc + 0.1◦ (from
Ref. [271]).

Similarly to Ag, Au nanoparticles have been grown on
an amorphous C surface [53]. In Fig. 71 is shown a GISAXS
pattern of 1.7 nm of Au deposited on a thin film of amorphous
carbon (25 nm) pre-deposited on a Si substrate. It exhibits
two characteristic correlation peaks on both sides of the
beamstop. The signal arises from in-plane short range ordered
Au nanoparticles. This pattern is typical from 3D nanoparticles
in agreement with the Volmer–Weber growth mode of Au
on C. The authors have analyzed the GISAXS pattern in the
framework of the DWBA but considering the calculation for
buried clusters, i.e. taking into account the refraction effects at
the air/C interface. A better approach should take into account
the DWBA for supported clusters [35,37]. Supposing that the Au
clusters are cylinders, the authors have deduced that the mean
diameter and height are respectively 5.9± 0.5 nm and 4.5± 0.4
nm. The peak of the interference function gives amean distance
of 10.2± 0.5 nm.
• Pt nanoparticles encapsulated in a cage of C [53].

Pt nanoparticles embedded into a carbon matrix have
been produced by the same physical process (co-deposition)
at RT with an additional irradiation (Ar+, 120 keV) during
growth [53]. Thanks to the phase separation of both elements,
Pt aggregates into clusters. The corresponding GISAXS pattern
shows the presence of a half ring indicating an isotropic spatial
distribution of the nanoparticles. The intensity versus q can be
analyzed considering a polar integration centered at the origin
of the reciprocal space. The mean diameter (1.6± 0.2 nm) and
the mean distance between the Pt clusters (3.4 ± 0.2 nm) are
extracted, and found to be in good agreement with TEM data.
• Fe nanoparticles encapsulated in a cage of C [279].

Very similar results have been obtained by Babonneau
et al. for Fe nanoparticles encapsulated into a C cage grown
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cross-section (from Ref. [53]).
Fig. 72. GISAXS patterns of C–Fe thin films prepared by different procedures depicted in the text: (a) Fe+ implantation into C, (b) C–Fe co-sputtering, (c) Ar+ implantation
during C–Fe co-sputtering and (d) Ar+ implantation after C–Fe co-sputtering (from Ref. [280]).
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by the same method. Fig. 72b shows a GISAXS pattern
of the as-deposited C–Fe thin film (co-deposition ion-beam
sputtering method at 573 K). The presence of an elliptical
hallo indicates the presence of correlations between particles
which depend on the directions perpendicular to and parallel
with the surface plane. The method of preparation of these
Fe nanoparticles has been compared with other approaches
(i) Fe+ implantation into C, (ii) He+ implantation during
C–Fe co-sputtering, (iii) Ar+ implantation during C–Fe co-
sputtering and (iv) Ar+ implantation after C–Fe co-sputtering.
In case of (i) Fe+ implantation into a C matrix, the GISAXS
pattern (see Fig. 72a) is a perfect half-circle corresponding
to correlated spherical nanoparticles without anisotropy. The
influence of ion beam assistance during the co-sputtering
process is different in the case of He+ and Ar+ implantation.
For (ii) He+ implantation, no change has been detectedwhereas
for (iii and iv) Ar+ implantation (Fig. 72c and d), the intensity
scattered by the Fe clusters shows no spatial correlation
(diluted clusters). Depending on the growth conditions very
different Fe nanoparticles can be obtained.
• Embedded Au clusters in amorphous hydrogenated carbon thin
films (a-C:H) [56].
Metal nanoparticles in an amorphous hydrogenated carbon

thin film is promising in view of the fabrication of biocompati-
ble coatings for medical implants (see for instance Ref. [281])
or coatings with selective optical solar absorber properties.
Among them Au nanoparticles embedded in an amorphous hy-
drogenated carbon thin film is a model system due to the low
reactivity of Au and C. Thin films were fabricated by magnetron
sputtering with a Au target combined with Plasma-Assisted
Chemical Vapor Deposition (PACVD) of a carbon monomer. The
thickness of the films were about 80 nm and the gold content
6.6 at.% and 8.2 at.%. To characterize the size and spacing of
Au nanoparticles GISAXS measurements have been performed
at the beamline D22 (LURE, France). Fig. 73 shows a typical
2D GISAXS pattern of the a-C:H/Au 8.2 at.% film. It can be
described as a quasi-isotropic half ring arising from a pref-
erential distance between neighboring Au clusters. Azimuthal
scans did not reveal any anisotropy and the Au clusters are
probably not far from a sphere as also deduced from optical
measurements. To extract more quantitative information con-
cerning the anisotropy of the thin films, the authors analyzed
1D GISAXS cuts as functions of the polar angle φ in the range
30◦ ≤ φ ≤ 70◦. The analysis is based on the DWBA the-
ory for buried nanoparticles [36] combined with a traditional
Guinier plot for monodisperse elliptic particles. An elongation
of the Au nanoparticles perpendicular to the surface is found
in contradiction with optical measurements. The Guinier plot
is however erroneous because of the interference peak and be-
cause of the polydispersity of the nanoparticles. The authors
proposed to solve both drawbacks considering a model based
on the Local Monodisperse Approximationwith an interference
function based on the Perkus–Yevick approximation for hard
spheres [282]. The fit of the GISAXS data show clearly that the
Au nanoparticles are indeed spherical in average.
• Assisted growth of Fe nanocolumns in a Boron Nitride
matrix [283,284]
Similar to encapsulated metallic particles in a C-cage,

it has been proposed to encapsulate metallic particles into
Boron Nitride (BN). BN provides not only corrosion and wear
resistance as graphite but also electrical insulating which
may be a great advantage for the sake of controlling the
spin-dependent tunneling between adjacent nanoparticles.
Babonneau et al. (see Ref. [283]) have prepared Fe–BN
nanocomposite films on Si(100) wafers at 200 ◦C with an ion-
beam codeposition process from a single target composed of
q z
 (

nm
-1

)

qy (nm-1)

Fig. 73. GISAXS pattern of the a-C:H/Au 8.2 at.% thin film. The interference function
is quasi-isotropic (half ring). From Ref. [56].

a pure BN disk and a high purity Fe platelet. The sputtering
was carried out at 2 × 10−4 Torr of Ar+. An additional
secondary ion beam was used to vary the growth conditions
using either a reactive gas (N) or an inert one (Ne, Ar, Kr).
A characterization of the samples has been performed ex situ
by GISAXS (LURE, DW31B beamline, France) and HRTEM for
the morphology of the Fe clusters; the chemical ordering has
been studied by EXAFS and Mössbauer Spectroscopy. Fig. 74
shows the evolution of the GISAXS patterns as function of
the preparation conditions. Qualitatively, the GISAXS patterns
show different characteristic features. The unassisted and N-
assisted films show an elliptic halo arising from correlated
Fe-rich particles in all directions (the anisotropy is larger for
the N-assisted sample). In the case of Ne, Ar or Kr assisted
thin films, a clear in-plane organization is put in evidence
but no ordering perpendicular to the surface. This anisotropy
can be assigned to a columnar shape of the Fe-rich clusters.
This result is consistent with microscopy images. The data fit
has been performed in the framework of the DWBA assuming
buried nanostructures [36]. The description of the system is
based on the Local Monodisperse Approximation considering
the Perkus–Yevick approximation (hard sphere approximation)
for the interference function and different shapes for the
clusters [282]: cylinder, oblate spheroid, capsule (cylinder
ending with hemispheres on both sides). The values deduced
from the fit shows that in the case of unassisted growth,
the Fe-rich clusters are quasispherical nanoparticles, whereas
oblate spheroids are found for the N-assisted growth. In the
case of assisted growth by inert gases, the most appropriate
cluster shape is an elongated vertical capsule. Therefore huge
morphological changes occur as function of the assistance
conditions. This result is confirmed by cross-sections images
by HRTEM and a plane view by TEM. From the fit, it is shown
that the Fe columns have a larger diameter than the spheroidal
clusters and the in-plane ordering is improved in the case of
Ar and Ne assisted films. The morphology change of the Fe
clusters can be attributed to the enhancement of the surface
diffusion induced by the ion beam (also responsible for the
increase of diameter). However in the case of N, this effect is
strongly reduced because N reacts with Fe or B to form nitride
compounds. The complementary use of EXAFS and Mössbauer
Spectroscopy provides details on the local chemical order of the
Fe-rich nanoparticles showing that they contain a large amount
of B. Growth of clusters inside BN has also been performed
with Ag and then extended to multilayers [284]. Similarly the
assistance of an ion beam in the encapsulation process plays a
key role in the morphology of the clusters.
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Fig. 74. GISAXS patterns of Fe–BN nanocomposite films: (a) unassisted, (b) N assisted, (c) Ne assisted, (d) Ar assisted and (e) Kr assisted (from Ref. [283]).
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Fig. 75. GISAXS pattern of CuNi sample. The φ angle (see text) is measured from
the vertical (from Ref. [285]).

8.1.3. Embedded clusters into glass by ion implantation
Nanoparticles into a matrix can be obtained also by ion implan-

tation. This method provides far from equilibrium systems and in
that way it is possible to avoid solubility and diffusion limitations.
It has been applied in the case of the sequential implantation of
Cu (90 keV) and/or Ni ions (100 keV) into silicates at RT. The em-
bedded clusters have been studied by ex situ GISAXS at the ESRF
(beamline ID1, France) combined with Rutherford Backscattering
Spectrometry (RBS) and TEM [285]. A GISAXS pattern is shown in
Fig. 75. The half-ring is a clear indication of spatially correlated par-
ticles without anisotropy as shown by radial scans at different po-
lar angles. To extract information on the ordering and size of the
clusters (assumed spherical), a complete quantitative analysis has
been performed in the framework of the Local Monodisperse Ap-
proximation (LMA) and the Decoupling Approximation (DA) but
in the Born Approximation. Both approximations give satisfactory
fits. However the values of the parameters are significantly differ-
ent. For instance themean radius of the particles deduced from the
LMA is 1.86 nm whereas it is equal to 2.26 nm in case of the DA.
Comparing the deduced density of particles with the metal con-
centration measured by RBS, the LMA seems to be the most re-
liable approximation. Similar isotropic GISAXS images have been
obtained on Au + Cu implanted silica [286]. However in the case
of Cu + Co implanted silica the presence of preferential in-plane
correlations [286] have been observed.

8.2. Porous materials

8.2.1. Mesoporous silica thin films obtained by self-assembly: ex situ
and in situ studies
Mesoporous thin films are potentially useful for a wide range

of applications such as sensors [287], catalysts due to the large
specific surface area, as well as waveguides [288], or nanofluidic
systems [289]. It has been shown recently that well-defined
mesoporous silica thin films could be obtained by controlling the
evaporation of a silica/surfactant/solvent solution to obtain self-
assembly of inorganic and organic constituents at the nanometer
scale [290–293]. The technique relies on the use of the complex
phase diagram of the surfactant/solvent system to orient the
final morphology through a template effect. A subsequent high
temperature thermal treatment allows one to condense the silica
precursor and remove the organic part. A better understanding
of the ordering mechanism during the evaporation-induced self-
assembly is a critical need to achieve reproducible samples.
For that sake, time resolved in situ GISAXS studies have been
undertaken at X22C, NSLS. They were combined with gravimetric
analysis to study the self-assembly process under controlled
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Fig. 76. GISAXS patterns measured at different times during the evaporation process. (a) isotropic phase, (b) lamellar phase, (c) and (d) correlated micellar phase, (e) and
(f) hexagonal phase (from Ref. [294]).
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Fig. 77. Chronological measurement by GISAXS of the phase transformation of a diluted liquid film into a structured mesophase. (a) Liquid phase. (b) Hexagonal phase
(RH = 0.4). (c) 2D hexagonal phase and onset of the cubic phase. (d) Coexistence of the 2D hexagonal phase and the cubic phase at high humidity (RH = 0.8). (e) Distorted
2D hexagonal phase and cubic phase at low humidity (RH = 0.3). (f) Distorted 2D hexagonal phase and cubic phase at high humidity (RH = 0.8) (from Ref. [295]).
environmental conditions [294]. Although true situ studies, we
have kept them in the present section to separate them from
in situ studies in UHV, during growth, which are gathered later.
Fig. 76 shows a series of GISAXS patterns measured as function of
evaporation time t . At time t < 396 s (Fig. 76a) no characteristic
features are observed in agreement with an isotropic micellar
phase. At t = 396 s (Fig. 76b) a Bragg spot appears on the
specular rod at qz = 1.78 nm−1 corresponding to an out-of-
plane ordering (lamellar structure). At t = 441 s (Fig. 76c and
d) the Bragg spot disappears and at the same time a broad halo
appears corresponding to correlated micelles (either spherical
or cylindrical). The halo is more and more intense resulting
from enhanced spatial correlations between the micelles. In the
meantime the mean radial position of the halo increases due to
an increasing number density. At last (t = 531 s, Fig. 76e), 3
well defined Bragg spots at 0◦ and ±60◦ with respect to the qz
axis appear at the boundary of the halo. They are characteristic
features of a hexagonal phase (p6 mm) with cylindrical micelles
oriented parallel with the surface plane in an AB stacking
configuration. Complementary X-ray Reflectivity measurements
on a solidified sample have proved that a disordered phase coexists
with two ordered hexagonal phases located at the solid/liquid and
liquid/vapor interfaces. These results provide clear evidence for
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a first order disorder/order phase transition and for the key role
played by the interfaces in the ordering.
From the above example, it is expected that relative humidity

strongly influences the structure of a dip-coated thin film under
evaporation. In order to study its role in the self-assembly process
of amphiphilic molecules, a solution containing surfactant, silica
precursor, ethanol and hydrochloric acid was dispensed on Si(100)
monitoring the relative humidity (RH) flowing either dry or humid
nitrogen on the thin film [295]. To characterize the internal
structure at the nanometer scale, in situ GISAXS measurements
were carried out on the liquid spectrometer of the X22B beamline
at NSLS (Stanford, USA).
Fig. 77 shows different GISAXS patterns collected at successive

stages of the process, i.e. either under high or low relative humidity.
The first pattern (Fig. 77a) is measured at the very beginning of
evaporation and corresponds to the liquid state since no local
order is detected. Fig. 77b is obtained after complete evaporation
of ethanol (1 min). It reveals a 2D hexagonal network as already
observed. This stage is known as the Modulable Steady State [290,
291] because the silica network is far from being completely
condensed (RH = 0.4). Therefore the lattice is flexible. Now
raising the RH to 0.8 (Fig. 77c and d), the hexagonal phase partially
transforms into a cubic phase (Pm3n). This process is induced by
the penetration of water into the thin film reducing the packing
density and changing cylindrical micelles into spherical ones. The
expansion of the network is directly deduced from the contraction
of the reciprocal space (Fig. 77b and d). Interestingly, the cubic
lattice coexists with the hexagonal phase for any RH. Varying
the angle of incidence of the X-ray beam it is clearly shown that
the cubic phase is located at the top of the thin film and the
hexagonal phase at the bottom. The structure of the hexagonal
phase has been studied in detail as function of the RH. After a
few humidity cycles, the flexibility of themicelles hexagonal phase
is reduced. From the GISAXS measurements at different RH, it is
shown that the hexagonal network is pinned in the surface plane
whereas in the perpendicular direction the network can expand
freely as function of the intrusion or extrusion of water. The in-
plane frozen state cannot be assigned to the condensation of the
micelles network because there is no reason to distinguish in-plane
and out-of-plane expansion properties. However it is probable that
the coexistence of different grains of micelles networks in many
different orientations prevents the grains from expanding in the
surface plane. This effect is enhanced by the highly anisotropic
shape of the micelles in the form of cylindrical rods.
The role of humidity is clearly proved in the above example and

also by Tate and co-workers [296]. However, this is not the only
parameter of control. Major changes in order and orientation are
observed as function of the concentration of the silica and surfac-
tant precursors solutions (silicate-to-ethylene oxide block molar
ratio, Si/EO). At high Si/EO an ordered rhombohedral phase (R3m)
is obtained (see Fig. 78a) whereas upon decreasing this ratio, a
transition to a C2 mm phase (distorted hexagonal phase) occurs.
The breakdown of the orientational order is evidenced by a ring in
GISAXS patterns (see Fig. 78c–g). This corresponds to a short range
order of the micelles with no preferential orientation. From these
measurements, it is possible to draw a phase diagram as func-
tion of RH and Si/EO. Therefore tuning the parameters of control
it is possible to chose the phase under interest. The rhombohe-
dral phase has been studied in details [296,297,154] by GISAXS,
SAXS and Field Emission Scanning Electron Microscopy (FESEM).
The films are highly oriented with (111) planes parallel with the
substrate but with a rotational freedom. Fig. 79 shows GISAXS im-
ages with overlays of simulated spots. The use of the DWBA allows
reproducing all the characteristic spots whereas the BA does not.
More importantly the BA predicts spots positions that are slightly
shifted preventing potentially the identification of the crystallo-
graphic phases. No other cubic, rhombohedral or hexagonal space
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Fig. 78. GISAXS patterns and corresponding FESEMmicrographs for different Si/EO
ratio: (a–b) 4.24, (c–d) 3.29, (e–f) 2.81 and (g–h) 2.43. The RH is 40% except for (c–d)
for which it is 60% (from Ref. [296]).

groups could reproduce quantitatively the experimental patterns.
The (111) oriented primitive rhombohedral lattice has a lattice pa-
rameter a = 11 nm and an angle α = 86◦–87◦.
More recently nanoporous silica films with the double-gyroid

structure have been fabricated [298]. These structures offer
interesting properties due to their high surface area (sensors)
and because they provide a periodic and well-defined access to
the substrate at the nanometer scale. The method of fabrication
is also based on the Evaporation Induced Self-Assembly process
controlling more particularly the curvature of the silica-surfactant
interface. Fig. 80 shows GISAXS patterns of such a thin film.
The predicted spot positions are exactly at the position of the
experimental spots. Moreover the silica double-gyroid thin film
was grown on electrodes in order to electrodeposit metals (Pt) into
the pores. By a subsequent etching of silica, an inverse double-
gyroid structure was fabricated.

8.2.2. Low-k and ultralow-k nanoporous dielectric films
Among various candidates of low-k dielectrics materials to

decrease power consumption of electronic devices and to reduce
interconnect parasitic capacitance, porous SiOCH is themost ready
for integration. Spin coating and PECVD techniques have been
proposed to fabricate pores of nanometric size compatible with
the Cu interconnections [299]. In all cases, the SiOCH matrix is
mixed with a porogen (organic molecule) removed by a thermal
treatment. The mechanical and dielectric properties are highly
dependent on the deposition process and thermal annealing. The
pore size, shape and spatial organization have been characterized
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by ex situ GISAXS at the ESRF (France) on the D2AM beamline.
Fig. 81 shows seven GISAXS images obtained on different samples.
The major observed differences can be described qualitatively.
For the samples prepared by PECVD, the intensity scattered by
the pores is much weaker than for spin-coated samples. This
is probably due to the small size and the small density of
pores. Moreover depending on the preparation conditions, a clear
anisotropy is measured. For instance in Fig. 81e, correlation peaks
are observed both in-plane and out-of-plane. The authors propose
that the pores are ordered in a ‘‘pseudo-cubic’’ lattice which
corresponds probably to a short-range order in the surface plane
and a layering of the pores vertically. Unfortunately, no X-ray
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Fig. 80. Experimental GISAXS pattern of the thin film overlaid with predicted
spot positions. The circles indicate diffraction spots from the incident beam (BA),
whereas squares indicate diffraction spots from refracted and reflected beams
(DWBA). (a) GISAXS pattern obtained with a CuKα X-ray source. (b) GISAXS pattern
measured with a synchrotron source. (c) same as (b) but with additional overlays
considering broken glide plane symmetry elements. (d) Simulation of the GISAXS
pattern calculated in the DWBA (from Ref. [298]).

Reflectivity measurements are shown to confirm this hypothesis.
The interpretation of the GISAXS data is based on the analysis
of the Porod (high q) and Guinier (low q) regimes. It appears
that for the Porod’s regime, the q−n power law is smaller than
4 which can result from fractal like interfaces. The Guinier’s
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regime has been analyzed considering spherical pores and a log-
normal distribution. The data are successfully compared with
Ellipsometric Porosimetry. However the model is limited because
the pore volume fraction as deduced from the fit is above the
percolation threshold. Moreover the pore size is about 1 nm for the
samples prepared by PECVD. Such a small size is not compatible
with a conventional analysis of small angle scattering and a more
detailed model of the pore morphology is probably necessary.
To improve the performance of integrated circuits in future mi-

croelectronics it has also been proposed to use different dielectrics
other than silicon oxide or silicon nitride. Organic materials have
attracted attention but due to their poor thermal and mechani-
cal stabilities they cannot be used [300–302]. Dielectric organosil-
icate films are probably an interesting alternative. Lee et al. [303]
have studied polysilsesquioxanes which exhibit good thermal sta-
bility (400 ◦C) and minimal moisture uptake. However the dielec-
tric constant k is still relatively high (k = 2.7) and it has been
proposed to incorporate air (k = 1.0) into the dielectric to de-
crease the dielectric constant (see for instance Refs. [304–307]).
The approach is to polymerize the polysilsesquioxanes precursors
(polymethylsilsesquioxane) in presence of thermally labile organic
porogens. The subsequent thermal decomposition of the porogens
creates pores in the dielectrics. In this study, many different poro-
gens have been tested to improve the miscibility properties with
Polysilsesquioxanes precursors and to avoid any chemical reaction.
It has been finally used globular 32- and 64- armed dendrimers
capped with suitable agents (ethyl acrylate) to improve the com-
patibility with the precursor.
The nanoporous thin films spun onto silicon wafers were

characterized by ex situ GISAXS at the BLC4C1 beamline of the
Pohang Accelerator Laboratory (South Korea). Fig. 82 shows a
GISAXS image of a nanoporous dielectric thin film. 1D GISAXS
cuts have been analyzed considering embedded nanopores inside
a thin film. All refraction and reflection effects at the surface of the
thin film and at the film/substrate interface are taken into account
using the Parratt formalism. However, a calculation of the intensity
scattered by the nanopores is not obtained by the coherent sum
of 4 scattering processes. The intensity of each scattering process
is summed (i.e. the phase is lacking). From a general point of
view this calculation is not rigorous in the framework of the
DWBA. However the roughness can probably partially suppress
the phase coherence between each scattering process. This point
is however not discussed by the authors. The quantitative analysis
of the GISAXS data is based on the description of the system
by spheres and a lognormal size distribution. Excellent fits are
obtained complemented with a power law analysis at high-q.
The scattering profile is found to vary as q−4 showing that the
nanopores/matrix interface is sharp.

8.2.3. Porosity in thin films prepared by chemical routes in solution
The controlled fabrication of thin films needs the development

of appropriate growth methods. In that field, dip coating, spin
coating or pyrosol processes are efficient and low cost techniques.
However during thermal treatments, the solution containing
precursors changes drastically by crystallization and degassing,
potentially creating pores. These poresmay alter the expected thin
film properties.
Hammer et al. have investigated (see Ref. [308]) the structure

of In-doped ZnO thin films grown by the pyrosol process. The
fabrication of doped ZnO thin films has potential applications as
gas sensors [309], transducers [310] or ultrasonic oscillators [311].
The characterization of the pores size has been performed by ex situ
GISAXS at the LNLS in Campinas (Brazil). Fig. 83 shows 2 GISAXS
patterns obtained for ZnO films deposited at 573 K and 723 K.
Qualitatively, a clear anisotropy is visible for the sample prepared
at 573 K whereas at 723 K the GISAXS intensity is isotropic. At the
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Fig. 82. GISAXS pattern of a 300 nm thick nanoporous film imprinted with 40 wt.%
EA-PPI-64 porogen (from Ref. [303]).

lower temperature it is proposed that nanopores are present inside
the ZnO thin filmwhich are elongated perpendicular to the surface
(growth direction). A detailed analysis is performed in the low q
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Fig. 83. GISAXS patterns of In-doped ZnO films (solutions with In/Zn = 5%)
deposited at (a) 573 K and (b) 723 K (from Ref. [308]).

regime (Guinier’s regime). The radii of gyration are 2.7 nm and
1.8 nm respectively perpendicular to and parallel with the surface
plane. On the contrary, at 723 K the pores are spherical with a
radius of gyration varying between 2.3 nm and 2.6 nm. The pore
size is a decreasing function of the In content. This reduction can
be assigned to the increase of nucleation sites with In. Concerning
the role of temperature, the pore density is a decreasing function of
temperature. This result is supported by the crystallization of the
ZnO thin film at high temperature reducing the number of defects
and voids. This is confirmedby resistivitymeasurements showing a
strong reduction of more than 5 orders of magnitude thanks to the
densification of the film. Similar experiments have been performed
on undoped and Sb-doped SnO2 thin films prepared by dip-coating
and subsequently fired [312]. The authors show that the density
of the thin films is affected by the doping (lower density) and
that even at 1173 K the sintering process is not complete (partial
elimination of the smallest pores and spheroidisation of the larger
ones).

8.3. Block copolymers thin films

8.3.1. Ordering of block copolymers thin films
Obtaining well defined patterned substrates at the nanometer

scale is a challenge in view of the fabrication of long-range ordered
nanostructures, e.g for magnetic storage [313,314]. Many different
routes have been followed, e.g.Evaporation Induced Self-Assembly,
shear (roll casting) [315], electric field [316]. In Ref. [317], it is
proposed to use the technique of directional casting, referred to
as zone-casting. A PBA-b-PAN diblock copolymers solution in N,
N-dimethylformamide (DMF) was deposited onto a moving sub-
strate with a syringe equipped with a flat nozzle. The control of
solution concentration, temperature (90 ◦C) and speed displace-
ment (6 µm/s) made it possible to vary the film thickness from
1 µm to 100 nm. The surface morphology of the thin films of BA-
b-PAN block copolymers has been studied by AFM and GISAXS
(Fig. 84). Large scale ordered domains of diblock copolymers are
observed by AFM. The striped morphology shows elongated do-
mains of PAN (bright) and PBA (dark) phases. The periodicity is 37
nm fromAFMand 36 nm from the position of the interference peak
by GISAXS. The GISAXS pattern has been measured with the inci-
dent beam at 90◦ with respect to the casting direction. By rotat-
ing the sample in the surface plane it has been deduced that the
axis of preferential orientation fluctuates by about±10◦. The one-
dimensional order is parallel with the flow of solution. This result
suggests that the orientation is induced by the solvent evaporation
front. The authors made a step further in the fabrication of pat-
terned substrates by thermally treating the thin films to obtain a
patterned carbon surface. The long-range order is preserved dur-
ing the process even though a very substantial part of material was
removed (sacrificial PBA phase). This stability is attributed to an
interaction with the underlying Si substrate. Similarly it has been
proposed by Müller–Buschbaum et al. [318] to fabricate shal-
low polymer nanochannels by wiping a highly diluted solution.
The polymer is the Polydimethylsiloxane (PDMS) deposited onto
a standard microscopy glass slide surface. The combination of
wiping and evaporation of the solvent induces an anisotropic
dewetting and the apparition of nanochannels (see Fig. 85). To
determine the orientation of the nanochannels over a large area
(inaccessible by AFM and optical microscopy), GISAXS has been
performed with high resolution at the BW4 beamline (HASYLAB,
Germany). The sample-detector distance is 13.0 m and the reso-
lution about 2.75 × 10−4 nm−1. A precise orientational order at
6.4◦ with respect to the edges of the glass substrate has been de-
termined. An other approach, in the fabrication of ordered copoly-
mers, consists of adding small molecules. This method is widely
used [319] in the fabrication process of bulk polymers. However
such additives in block copolymers thin films processing have not
been exploredmuch until now. Du et al. [320] studied three differ-
ent polymer systems with selected organic or inorganic additives.
Diluted solutions are spin-coated onto Si wafers and the appro-
priate choice of the chemistry enables to remove one of the com-
ponents. After processing, the thin film morphologies have been
observed by AFM and GISAXS. In all cases AFM measurements
show a hexagonal arrangement of pores and the GISAXS pattern
(CHESS, D-line) shows clear in-plane correlations and out-of-plane
intensity oscillations (Fig. 86). To extract quantitative informa-
tion on the pore shape, simulations were performed with the
IsGISAXS software [27] assuming cylinders or ellipsoid shapes.
The GISAXS intensity is better reproduced considering cylinders,
above all in the high q region. The typical deduced parameters
are the pore-pore spacing (34.6 nm) and the film thickness (14
nm). Going a step further in the understanding of ordered sys-
tems, the Kosterlitz–Thouless–Halperin–Nelson–Young (KTNHY)
description [321–323] of the behavior of a bidimensional phase has
been addressed by Stein et al. [324]. The KTNHY behavior is charac-
terized by a long-range orientational order but an algebraically de-
caying translational order with a correlation function g(r) ∼ r−η .
In order to study the decay exponent η, GISAXS measurements
have been performed on an array of 2D single crystals formed by
the self-assembly of a monolayer of spherical block copolymers.
The whole surface area is a few millimeters square providing reli-
able statistical information compared to near field microscopy or
scanning electron microscopy. By standard lithography an array of
hexagonal wells is fabricated (12µmwide). Inside each cell, a sin-
gle crystal of spherical block copolymers is confined exhibiting a
hexagonal lattice of 29 nm lattice parameter. The diblock copoly-
mer is the poly (styrene-b-2vinyl pyridine) (PS-PVP) with a minor-
ity of PVP forming spherical domains surrounded by amatrix of PS.
The equilibrium is reached by a long thermal annealing (215 ◦C)
just below the transition temperature from crystalline to hexatic
(232 ◦C). Fig. 87 shows an in-plane map of the reciprocal space ob-
tained by GISAXS and rotating the sample in the surface plane over
an angular range of 80◦ by 0.25◦ increments. Clear diffraction peaks
from the hexagonal lattice are measured: {10}, {11}, {20}, {21} and
{30}. Both orientational and translational order have been analyzed
theoretically taking into account the finite size of the network. The
long-range orientational order is confirmed and the broadening of
the reflection as a function of themodulus of thewavevector trans-
fer is consistent with the KTNHY theory (η ∼ q2). The exponent η
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Fig. 85. AFM image and optical micrograph (inset) of polymer nanochannels (from
Ref. [318]).

is strongly dependent on the elastic properties of the lattice and on
the temperature. It is shown that the shear modulus µ of the lat-
tice at 215 ◦C is 2× 10−4 N/m. This study shows that the detailed
GISAXS characterization of a 2D network bymapping thewhole re-
ciprocal space provides the opportunity to deeply understand the
mechanical properties of the structure.

8.3.2. Phase transition of block copolymer thin films
The phase transitions of Polystyrene-b-Polyisoprene (PS-b-PI)

diblock copolymers thin films have been investigated by Park
et al. [325]. In bulk, PS-b-PI diblock copolymers upon annealing
at 120 ◦C for 1 day [326] exhibit the Hexagonally Perforated
Layer (HPL) structure. It changes into the Gyroid phase (G) upon
annealing at 170 ◦C. To characterize the structure and ordering
of the thin films, GISAXS measurements have been performed
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at the Pohang Accelerator Laboratory (Korea) on 4C1 and 4C2
beamlines. Fig. 88 shows a GISAXS pattern of a PS-b-PI thin film
(∼1250 nm) spin-coated on a silicon wafer and annealed at 120 ◦C
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Fig. 88. GISAXS pattern of PS-b-PI thin film spin coated on silicon wafer (1.25 µm
thick). From Ref. [325].

during 1 day. The incident angle is 0.22◦. The relative in-plane
positions of the peaks are 1:

√
3:
√
4:
√
7:
√
9 (a–e), corresponding

to the sequence of peaks of a hexagonal packing. This proves
that the hexagonal arrangement forms microdomains randomly
oriented in the surface plane. The out-of-plane interpretation of
the peaks is more complicated due to the effects of reflection and
refraction of the incident, reflected and transmitted beams at the
different interfaces. In order to fully take into account these effects
the simulations have been performed in the framework of the
DWBA [204]. A good agreement between the calculation of the
peak positions and the experimental ones is found considering
a perfect ABC stacking sequence confirming that the block
copolymer thin film has the HPL morphology. No AB stacking was
detected. Increasing the temperature to 140 ◦C and 160 ◦C for 1
day, the GISAXS patterns (see Fig. 89) show different characteristic
features. At 140 ◦C, new peaks arise from the G phase and at 160 ◦C
the thin film has fully transformed. The HPL {003} plane is changed
into the G {121} plane with a slightly larger in-plane spacing:
24.2 nm instead of 22.0 nm. Interestingly the authors found that
the transition in a thin film occurs at a higher temperature than in
the bulk. This can be assigned to the epitaxial relationship of the
thin film with the substrate which freezes the lattice distortions in
the surface plane.
8.3.3. Dewetting of polymer thin films
The dewetting of thin polymer films has attracted much in-

terest in view of the controlled fabrication of surface coatings
or bio-technologies. Müller–Buschbaum et al. [327] investigated
the dewetting of thin polymer blend films of thickness smaller
than the radius of gyration of the polymer chains. The studied
blend is amixture of deuterated polystyrene (dPS) and polyparam-
ethylstyrene (PpMS). The dewetted film morphology and internal
structure have been characterized by AFM, GISAXS (BW4 USAXS
beamline, HASYLAB/DESY, Germany) and GISANS (D22 beamline,
Institut Laue Langevin, France). From the density contrast point of
view, X-rays and neutrons behave differently fromX-rays the poly-
mer blend film canbe regarded as homogeneous (δdPS/δPpMS = 0.9)
whereas for neutrons, the main scattering component is the
deuterated polymer (δdPS/δPpMS = 4.1). The dewetting process
is activated in presence of a toluene vapor. Incorporating toluene
into the polymer blend, the viscosity is decreased, accelerating the
kinetics and promoting the dewetting process. The samples were
characterized at the end of the process. Fig. 90 shows (i) the power
spectral density function of an AFM image, (ii) the in-plane X-ray
scattering curve, and (iii) the in-plane neutron scattering curve
for a 3.1 nm thick-film. In all cases a peak at ζA = 2π/qA =
490 ± 40 nm is visible. It corresponds to the mean inter-droplet
distance. However, except for neutron scattering a clear shoulder
is observed at ζB = 2π/qA = 150±20nmbyGISAXS andAFM. This
shoulder can be attributed to the mean diameter of the droplets. It
is distinctly measured by X-rays due to the sharp interface of the
droplets with the surrounding environment. By AFM the interface
is broadened because of the finite resolution of the technique giv-
ing rise to a less pronounced shoulder in the power spectral density
function. The absence of shoulder for neutron scattering provides
additional information on the internal structure of the droplets. Be-
cause neutrons are mainly sensitive to the deuterated polymer, it
reveals that inside the droplets, their is no ordering of the poly-
mers. They aremore or less randomly distributed and therefore the
interface profile is not sharp for neutrons. The dewetting induced
by toluene shows no phase separation. However changing the thin-
film thickness a clear in-plane peak is observed at high q (period
72 nm) by GISANS corresponding to a chemical ordering of both
polymers [328]. Similar experiments have been performed on the
dewetting of polystyrene thin films on Si(100) [329] by combin-
ing X-ray reflectivity and GISAXS. In-plane scattered intensity (see
Fig. 91) provides information on the local correlations in the sur-
face plane. The authors put in evidence a new type of thin film in-
stability exhibiting dimples of nanometer size surrounded by large
droplets of micrometer size. This result is confirmed by AFMmea-
surements of the surface morphology. In both examples AFM and
(A) 140° C (B) 160° C

qx qx

Fig. 89. GISAXS patterns of PS-b-PI thin film spin coated on a silicon wafer annealed at different temperatures for 1 day (a) 140 ◦C and (b) 160 ◦C (from Ref. [325]).
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Fig. 91. Horizontal slice of the intensity scattered by a polystyrene thin film on
Si(001) measured at αf = 0.15 (from Ref. [329]).

scattering techniques are very complementary tools. AFMprovides
a local morphological characterization which can be successfully
comparedwith X-ray or neutron scattering techniques on amacro-
scopic area. Additionally, the internal structure of the polymer film
can be extracted by small angle scattering techniques using neu-
trons or X-rays to enhance the contrast.

8.4. Thermal stability and reactivity of supported clusters

The control of the size and shape of metallic clusters is
mandatory to make new catalysts or sensors [330]. However
sintering of these nanoparticles during chemical reactions leads
to their loss of selectivity and catalytic activity [331]. In order to
study thermal effects on sintering as well as the role of gases,
in situ GISAXS measurements (APS, BESSRC/12-ID beamline, USA)
were performed in real time on supported Pt and Au clusters
deposited on a naturally oxidized silicon surface [332,333] or on a
thin alumina film [334]. The Al2O3/SiO2/Si(100) films are obtained
by the Atomic Layer Deposition (ALD) technique, with repeated
cycles alternating exposures to trymethyl aluminum followed by
deionized water in a viscous flow at 200 ◦C. The metal clusters
are produced by vaporizing a source of Pt or Au with a YAG laser
and He is used as the carrier gas. A narrow size distribution can
be produced (characterized by mass spectroscopy) adjusting the
source temperature and the He pressure. The coverage rate of the
surface is controlled by the number of shots of the laser applied on
the metal target. The effect of temperature on the size distribution
of Pt clusters deposited on silica has been first studied in Ref. [332].
A SiO2/Si(111) surface was covered with Pt particles without
mass selection, corresponding to 0.34 ML equivalent thickness,
and then gradually heated until 400 ◦C. Fig. 92 shows slices of
GISAXS patterns and the Guinier plot at increasing temperature.
The radius of gyration at RT is Rgh = 1.16 nm for the horizontal
slice and Rgv = 1.11 nm for the vertical one. It corresponds
to roughly spherical nanoparticles with a diameter of 2.97 nm.
During heating the vertical slices did not change whereas the
horizontal slices changed at temperatures higher than 320 ◦C. The
coalescence of the Pt clusters leads to the formation of oblate
particles elongated in the surface plane (e.g. Rgh = 1.45 nm
at 400 ◦C). To avoid the coalescence of Pt clusters, it has been
proposed to change the substrate using a thin alumina film [334]
(2-cycles Al2O3/SiO2/Si(100)) grown by the ALD technique. The Pt
clusters size distribution has been selected between 7 to 10 atoms
and the surface coverage rate is about 0.02ML to avoid aggregation
of the clusters during the deposition process. The GISAXS signal
arising from the nanoparticles is very weak at RT. Upon annealing
the clusters size increases from 0.6 nm (mean radius of gyration)
and reaches 0.8 nm at 400 ◦C in the vertical direction (1.05 nm
in the horizontal direction). The particles shape changes from a
sphere to an oblate ellipsoid. By increasing the thickness of the
alumina film (6-cycles Al2O3/SiO2/Si(100)) and making the same
experiment the clusters size is kept constant after annealing at
400 ◦C. Moreover, the cluster size is extremely small (<0.3 nm)
corresponding to aggregates of about 10 atoms. The comparison
between these different results shows that surface diffusion is not
activated on alumina at these temperatures. The different results
obtained on the 2-cycle and 6-cycle alumina thin films can be
assigned to the surface structure of both films. It seems that the 2-
cycle alumina thin film still exposes large area of silica promoting
the surface diffusion processes and therefore clusters aggregation.
Similar experiments have been performed with Au [333]. The
stability of Au clusters on oxide surfaces has been addressed
as function of clusters size, level of coverage, temperature and
presence of hydrogen or not. The real-time kinetics of clusters
aggregation was monitored by GISAXS. As for Pt clusters, the
aggregation of Au clusters can be avoided for level of surface
coverage smaller than 0.05 ML. Moreover the role of the substrate
is crucial. The alumina surface prevents clusters from aggregating
whereas the silica surface does not (see Fig. 93). Concerning the
role of gases on the aggregation processes, two identical samples
were prepared by depositing 0.02 ML of size selected clusters
(Au4−10) on SiO2/Si(111). Both were heated at 400 ◦C either in
presence of hydrogen (pH2 = 30mTorr) or not. Without hydrogen,
the increase of temperature leads to a slow increase of the lateral
dimensions whereas the height is kept constant in agreement
with a 2D agglomeration of clusters. Under hydrogen, the particle
size increases in 3D (see Fig. 94). This result may be assigned
to exothermic processes of reactions involving H2, activating the
mobility of the clusters at the surface. In these studies one of
the main drawbacks of the characterization of such small clusters
by GISAXS is the lack of a background subtraction method to
separate the diffuse scattering arising from the clusters and from
the surface roughness. For that sake, it has been proposed by B. Lee
et al. [262] to use anomalous GISAXS. Changing the incident beam
energy the electronic density contrast of the clusters is modified
and assuming no interference between the waves scattered by the
surface roughness and by the clusters, it is possible to extract only
the clusters’ contribution.
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8.5. Ex situ GISAXS studies of semi-conductor nanostructures

8.5.1. Introduction
During the last decade, many efforts have been done to

characterize low-dimensional semi-conductor structures such as
quantum dots because of their potential applications in electronics
and optoelectronics. Most of these nanostructures are naturally
obtained by MBE through the standard Stranski–Krastanow
growth in which, due to the lattice parameter mismatch between
the overlayer and the substrate, the growth proceeds first layer-
by-layer, then, above a critical thickness, through the formation
of islands of different shapes, size, size distribution, composition
and strain. Their physical properties depend very intimately on
these structural parameters, which have thus been the object of
intense research. Among the many structural tools available, such
as AFM, STM, SEM, HRTEM . . . , X-rays under grazing incidence have
become unavoidable, both concerning the detailed average strain
and composition, but also concerning their shape and organization.
Indeed, of great interest were self-organized nanostructures, since
self-organization leads to much narrower size distribution, which
is much needed for application. For that sake, GISAXS started to be
used by several German groups around 1998.

8.5.2. Self-assembled Si1−xGex islands
The semi-conductor island system that has been the most

studied by GISAXS is certainly the Si1−xGex islands grown on
Si(001) substrates.
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Fig. 94. Evolution of width and height distributions of Au clusters during heat
treatment in presence of H2 (from Ref. [333]).

As early as 1998, Metzger et al. [60,61] published review
articles containing GISAXS data and analysis on two different
GeSi quantum dot systems. The first one consisted of Ge (15 nm)
deposited on boron terminated Si(111). It was shown to have
three-fold symmetry, in the form of triangular Ge pyramids with
no orientational dispersion. Fig. 95 shows a sketch of the used
setup, aswell as in-planeGISAXSmeasurements taken for different
azimuths ω. This study beautifully demonstrated that GISAXS is
able to determine the complete symmetry of arbitrary shaped
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objects on a surface (see Section 6.2.7). Indeed, GISAXS clearly
revealed the 3-fold symmetry of the islands, which would not
be the case of conventional SAXS in transmission, since then the
Friedel’s law would induce a 6-fold symmetry of the scattering
pattern. Further investigations of this system were published in
1999 and 2000 by Rauscher [37] and Paniago [335].
The second system consisted in coherent Ge islands embedded

in a Si/Ge superlattice showing correlations both laterally and in
the growth direction. On the surface, probed with small values of
the incident angle αi, the dots were organized in a short-range
order square lattice, while buried dots, probed when increasing αi,
were found to be strongly correlated in the growth direction.
In 1998–99, Schmidbauer and co-workers [23,24] analyzed co-

herent Si1−xGex islands grown by liquid-phase epitaxy (LPE) on
Si(001) by a combined AFM/GISAXS analysis. Samples with dif-
ferent spatial island densities, i.e., different mean island–island
distances, were investigated. They found initial stages of devel-
oping ordering of the island array at very low island densities,
which ismanifested as island dimers oriented along the island base
diagonal 〈100〉. At medium densities extended chains of islands
along 〈100〉 appear; however, also increased ordering along 〈110〉
could be observed. At high island densities there is strong order-
ing along both 〈100〉 and 〈110〉 directions. There are interesting
features revealed by in-plane GISAXSmeasurements taken with qy
along these twodirections (Fig. 96). The close relationship between
GISAXS and AFM power spectra is discussed. They concluded that
these islands have the shape of {111} faceted truncated pyramids
with a square base, exhibiting a unique shape and a narrow size
distribution, with a strong ordering tendency along the 〈100〉 and
〈110〉 direction.
In this study, GISAXS was used to characterize the island

ordering, rather than to determine the island shape, which was
inferred from the AFM measurements. A detailed analysis of
similar GISAXS data plus additional reciprocal space maps around
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Fig. 96. Si1−xGex dots grown by LPE; GISAXS intensity profiles (along qy) of sample
with a high island density for different azimuthal sample orientations with respect
to the incoming beam. The specular beam has been displayed in curve (a) in order
to illustrate the resolution achieved. In curve (b) the specular beam has been
attenuated by awire. The satellite peaks (−4,−3, . . . , 3, 4) are due to lateral ordering
of the islands. The broad features appearing at about qy = ±0.033 Å are caused by
the CTR originating from the {111} facets of the island. The inset clearly shows the
different satellite line shapes observed along the two directions. From Ref. [23].

Bragg peaks was performed in 2005, on the basis of the 1D
paracrystalmodel [336]. Note that the same group [337] developed
further the DWBA to analyze the diffuse scattering from islands
on a substrate both at small and wide angles, adding a fifth
term with respect to the four introduced by Rauscher et al. [37]
for scattering near Bragg reflections from the substrate. This
fifth term arises from scattering by island-induced deformations
in the substrate, below the islands. The theory was beautifully
illustrated by simulating GISAXS and GIXD reciprocal space map
measurements performed on such LPE-grown SiGe islands.
In 1999, Stangl [22] and co-workers usedGISAXS to characterize

the shape and size of carbon-induced self-assembled Ge quantum
dots multilayers grown on Si(001) by MBE. The dot distribution
was found isotropic (Fig. 97), and no correlation of the dot positions
along the growth direction was found. The shape, mean radius,
height and dot distance were determined by an original analysis
using the Fourier transform of the experimental intensity (Fig. 98).
Indeed, it can be shown that, for small r-values, the Fourier
transformation IFT (r) of the measured intensity is proportional to
S(r) ⊗ S(−r) where S(r) is the shape function of the dot (unity
inside and zero outside the dot volume). For large r, IFT (r) shows
a maximum for the average inter-dot distance 〈L〉. It turned out
that the CGe quantum dots are of a symmetrical lens shape, about
12 nmwide and 1.7 nm high, with amean distance of about 30 nm.
These values agree reasonably well with AFM investigations of a
single, uncapped CGe dot layer, and previous TEM investigations
of the multilayer sample, having in mind that in the latter it
is quite difficult to determine the exact dot dimensions due to
the particularly large strain contrast in the CGe system. For the
correlation properties, which are also difficult to obtain from TEM
due to the small probed area, they found neither a vertically nor
laterally ordered dot distribution.
GISAXS was further used by Stangl et al. [62,338] in 2000 to

demonstrated the strain-induced ordering of SiGe quantum dots
in a SiGe/Si multilayer. Step bunching of the vicinal Si substrate
was used to reduce the fluctuations in lateral dot distances.
Fig. 99 illustrates the resulting lateral ordering, revealed by the
several orders of satellites parallel with the surface, when the
incident beam is parallel with the steps, thus probing the island
ordering perpendicular to the steps. They arise from constructive
interferences between the waves scattered by the array of islands.
When the beam is set perpendicular to the steps, some ordering
remains, but much less pronounced.
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This team presented a method to interpret reciprocal-space
maps recorded in GISAXS geometry to obtain the shape and the
lateral correlation properties of buried islands. From the maps,
which have been recorded for various penetration depths, the
autocorrelation function is calculated, from which the island
parameters are obtained by comparisonwith simulations based on
the distorted-wave Born approximation. As a demonstration of the
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Fig. 99. GISAXS scan of the SiGe/Si dot multilayer (upper panel) in the azimuth
qy perpendicular to the step edges. The inset shows the measurement geometry.
The lateral maxima have been fitted by Gaussian peaks to determine their width,
which is displayed in the lower panel. Fromaquadratic fit to these values, the lateral
correlation properties in the short-range order model have been obtained. From
Ref. [62].

sensitivity of the method, measurements on self-organized SiGe
islands in a Si/SiGemultilayer have been performed. Itwas possible
to detect different shapes of the islands at the sample surface and
those embedded in the multilayer.
The same group [64,21,339] investigated in 2001 self-organized

SiGe quantum wires (and no longer dots as above) buried at
the interfaces of a SiGe/Si multilayer, grown on a vicinal Si
substrate with a rather large miscut angle. As shown in Fig. 100,
a nearly periodic distribution of wires, induced again by step
bunching of the vicinal Si(001) substrate, was found in the
direction perpendicular to the steps (Fig. 100a), while no ordering
was found parallel with them (Fig. 100b). The scattered intensity
was analyzed using a model based on the distorted wave Born
approximation. The lateral wire distributionwas found to obey the
short-range-order model based on the 1D paracrystal description,
the mean distance of the buried wires equals that of the ripples
at the sample surface. The shape of the wire cross section was
determined from the relative heights of the intensity maxima as a
function of qz . From the heights of the lateral satellite maxima, the
mean width of the wire was determined to be 35 nm i.e. less than
the half of the wire distance, and the angle of its side facet to be 6◦.
Since this angle is larger than the crystallographic miscut, the self-
organization process creating thewires cannot be explained by the
bunching of monolayer steps alone.

8.5.3. Other self-assembled semi-conductor quantum dots
The planar ordering of dense self-organized arrays of InP/InGaP

quantum dots was investigated in 2000 [340] using GISAXS, AFM
and TEM. 2D in-plane GISAXS maps were recorded. They showed
that the degree of in-plane ordering increased with increasing
InP dot density. In 2001, Zhang et al. [63] investigated InAs
quantum dots grown byMBE on GaAs(001) combining GISAXS and
GIXD. Pronounced diffuse scattering peaks were found in GISAXS
(Fig. 101), with high diffraction orders along the 〈110〉 and 〈100〉
in-planedirections. Rods of scattering by facetswere also observed,
from which an octagonal-based shape was deduced, with {111}
and {101} facet families. The ordering of the dots was found to be
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anisotropic, as deduced fromanalysis of themean dot–dot distance
and correlation length.
In 2001, V. Holy et al. [65,341] investigated the morphology of

free-standing and buried triangular self-assembled PdSe quantum
dots/PbEuTe superlattices with various thicknesses of PbEuTe
spacer layers, grown by MBE. Fig. 102 shows AFM images of the
PbSe dots on PbEuTe, illustrating the perfectness of the individual
pyramids as well as their nice in-plane hexagonal arrangement.
Fig. 103 shows in-plane two-dimensional intensity distributions
for three samples. In sample 966, the dots are arranged vertically
and their lateral positions are random. In sample 950, the dot
stacking is trigonal in three-dimensions, leading to well defined
in-plane intensity satellites. In sample 906, the positions of the
dots are random, which implies that no satellites are present in the
reciprocal space maps, and the measured intensity corresponds to
the scattering from a single dot. These data were fully simulated
using the DWBA. Fig. 102 also shows the intensity along line scans
extracted along the arrows of Fig. 103 for themost ordered sample,
together with the best fits. It reveals several orders of satellite
intensity peaks which confirm the excellent hexagonal ordering at
short scale.
In 2002, Li and coworkers [342] analyzed the lateral composi-

tion modulation in (InAs)n/(AlAs)n short-period superlattices by
combining again GISAXS and GIXD. The GISAXS measurements
were used to determine the interface profile of the vertical super-
lattice, which then served as the basis for the diffraction analysis of
the lateral composition profile. The interfaces in the vertical super-
lattice were found to have an asymmetric profile with an average
undulation wavelength of 28 nm, and an average amplitude of 0.1
nm. The lateral composition modulation was found to be predom-
inantly caused by the morphological undulation of the individual
short-period superlattice layers, rather than intermixing and de-
composition.
In 2005, Krause and coworkers [343] presented GISAXS and

GIXD measurements on free-standing, self-assembled InAs/GaAs
quantum dots grown by MBE, with different arrangements of the
dots: isolated, randomly distributed single dots, or dots assembled
into a bimolecule, or into a quadmolecule (Fig. 104). As an example
of their amazing results, Fig. 105 shows the GISAXSmeasurements
obtained on the bimolecule, as a function of the azimuthal sample
rotation. They clearly reveal the effect of the product of the dots’
form factor by the structure factor of the bimolecule.
Another amazing GISAXS measurement is that of Sztucki

et al., published in 2006 [344], in which nanoscopic InGaAs ring
structures on GaAs(001) were formed by covering InAs quantum
dots grown by Stranski–Krastanow self-assembly with a thin GaAs
layer. The data (Fig. 106), revealing the circular symmetry of the
shape, were nicely fitted by the squared Fourier transform of
an empty ring, of which they could determine all dimensions,
including side angle and width of size distribution.

8.5.4. GISAXS analysis of vertical stacking of semi-conductor quantum
dots
In the following example, the vertical periodicity and stacking

of quantum dots will be considered. Ordering in such systems can
be enhanced by the growth on a template, or self-organized by
surface anisotropy of the elastic constants and hence a mutual
influence between the quantum dots and their positions relative
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Fig. 104. AFM images of (a) conventional, single quantum InAs/GaAs dots, (b) bimolecules, and (c) quadmolecules. The inset in (c) shows an enlarged area of 0.1µm×0.1µm.
From Ref. [343].
to each other. In the case of quantum dot superlattices, vertical
stacking can occur even without the presence of lateral order. This
stacking is strain-mediated by the distortion field around quantum
dot in the spacer layers.
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Fig. 105. GISAXS measurements of the quantum dot InAs/GaAs bimolecules and their simulations, shown in logarithmic intensity scale (arb. units, values below the range
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reader is referred to the web version of this article.)
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A system widely studied for its applications in the field of wide
bandgap semiconductors are GaN quantum dots embedded in an
AlN multilayer matrix. For dots that are supposed to serve as
light emitting media, a growth in multilayers means an increase
in the number of dots but also can provide an improvement in
size homogeneity, if self-ordering occurs in this process. Numerous
studies have been published on the topic of the self-improvement
of the order and the size homogeneity as a function of spacer layer
thickness and the amount of deposited quantum dot layers. For
such multilayered structures, the order can be studied best under
GISAXS conditions since the typical distances and correlations
are of the order of 10 to several 100 nm. In Fig. 107a, a typical
GISAXS image from a GaN/AlN multilayer is shown. In the middle
of the figure, a sketch presents the structure of the multilayered
sample. During the deposition of 2.5 monolayers of GaN, a 2D-
monolayer wetting layer grows before the QDs spontaneously
form, thereby elastically relaxing the mismatch-induced elastic
strain. Each of the n QD layers is covered by an AlN spacer layer.
A steady state of the QD growth is reached after the deposition
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Fig. 107. Typical GISAXS pattern for a multilayered GaN/AlN sample of quantum
dots separated by spacer layers. (b): sketch of the model used to describe the
random walk like decay of the vertical order. From Ref. [345].

of 2–3 bilayers. The 2D GISAXS image shows periodic intensity
maxima along qz which are substantially extended in qy. Their
distance in qz is directly related to the spacer bi-layer thickness
of the multilayer. These so-called ‘‘Bragg sheet’’, diffuse intensity
of the multi-layered structure (see Section 5.4.3), can be used to
analyze the strain driven vertical stacking order.
The strain propagation from the GaN dots through the

AlN spacer layers creates a strain-modulated surface and thus
preferential nucleation sites for the successive layer of GaN dots.
An analytical model of strain driven stacking order and its effect
on the scattered X-ray intensity has been developed by Kegel
et al. [345]. It is based on the assumption that the strain ismediated
only through one spacer layer, i.e. that every layer of quantum
dots influences only one successive layer. Thus the probability
that an island nucleates vertically aligned to the island underneath
can be described in a random walk like manner. The random
displacement from the aligned position depends on the correlation
strength and is thus certainly dependent on the strain propagation
and the capping layer thickness. For the nth layer, this random
walk model results in a displacement σn =

√
n × σ . As we

have a vertically periodic layered structure, we expect intensity
oscillations in qz along the specular direction. Assuming a perfect
vertical periodicity with a layer spacing D, it was shown [345] that
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Fig. 108. (a): Full width∆qz of the Bragg sheet in Fig. 107a as a function of qy for three different samples with spacer thicknesses D from 60 to 120 Å and a low number of
deposited bilayers as a function of spacer thickness D. (b): For D = 80 or 100 Å and a high number of deposited bilayers. (c): Mean displacement σ as a function of spacer
thickness D. From Ref. [346].
the full width at half maximum of the intensity maxima along
qz (∆qz) as a function of qy can be approximated as: ∆qz =
2σ 2/Dq2y + 2µ/D. ∆qz is expected to increase as q

2
y and the

only open parameter describing the degree of order, σ , can be
quantified from the experiment. The parameter µ describes the
absorption correction that has an important contribution in the
grazing incidence geometry. The most interesting parameters to
be varied in a growth of a sample series are the spacer layer
thickness D and the number of deposited bilayers n, as in the case
of strain driven ordering, one expects an increase of order with a
higher number of layers. Chamard et al. published studies [346,
347] showing that the order increases substantially for a high
number n of bilayers, even for high values of the spacer thickness
D. Fig. 108 shows the half width in qz as a function of qy along
one Bragg sheet. With this parabolic dependency and the known
parameters D and µ, the average lateral displacement σ can be
extracted from the fits in Fig. 108. This average displacement
between stacked quantum dots is plotted as a function of the
spacer thickness D in Fig. 108. It is about 7 Å for a high number of
bilayers, independent on the spacer layer thicknessD. For a smaller
number of periods n, this deviation still depends on the spacer
layer thickness D. These results and in particular the parabolic
relation between ∆qz and qy served as an indirect proof of the
strain driven nature of vertical stacking in these heterostructures.
The orderingmechanism of stacked CdSe/ZnSSe quantumdotswas
studied in 2004/2005 by Schmidt et al. [348,349]. GISAXS was
used to analyze the influence of the ZnSe spacer layer thickness
(ranging from 2 to 8 nm), as well as the influence of the stacking
number (3-10). Satellite spots (Fig. 109), indicative of quantum dot
ordering, both laterally and vertically, have been observed for a
spacer thickness of 4.5 nm, and for a stacking number of at least
5. This was explained by a self-organized ordering process driven
by the lattice mismatch induced strain. The mean lateral quantum
dot distance, ranging from 12 to 14.5 nm, was found to depend
on the spacer thickness. In addition, an anisotropy with a two-fold
symmetry has been observed, with the strongest correlation along〈
11̄0

〉
. On the left-hand side of the figure, typical images obtained

from the samples with 4.2 nm spacer thickness are shown. For the
tenfold (a) and the fivefold (b) QD stack, satellite spots are clearly
visible, the width along qz of which is smaller (larger) for sample a
(b). This can be understood in terms of the finite thickness of the
layer from which the correlation signal originates, i.e., in an ideal
case the total thickness of the QD stack region. For the threefold
stack sample (c), no satellite spots have been observed, not even
for further enhanced image contrast. For sample (c) and for the
reason mentioned above, the satellite spots are expected to be
even wider along qz , with a smaller integral intensity, since the
correlation signal is generated in a smaller volume. However, this
effect is not sufficient to explain the complete absence of satellite
spots within the detection limit. Hence the ordering within the
threefold QD stack (c) must be significantly weaker compared to
samples (a) and (b). This can be interpreted in terms of a gradually
increased ordering by self-organization, inwhich the bottom layers
act as a seed for ordering in subsequently deposited layers, in
agreement with theoretical predictions and experimental results
obtained from other material systems. GISAXS images obtained
from samples d–f are shown on the right-hand side. Assuming a
comparable correlation for all three samples, the satellite spots
are expected to be sharpest along qz for sample (f) and therefore
should be easily visible. However, satellite spots are clearly seen for
sample (d) and (e), but not for sample (f). Hence it was concluded
that there is virtually no QD correlation for sample (f), which
has the largest spacer thickness. This further indicates that the
strain fields originating from the mismatched QDs in lower layers
is indeed the reason for the ordering of subsequently deposited
layers.With increasing spacer thickness, these strain fields overlap
progressively, smearing out the lateral strain modulation in the
next layer, suppressing preferential nucleation sites.

8.5.5. Characterization of defects induced by implantation in semi-
conductors
The morphological characteristics of defects induced by the

implantation of inert gases into silicon has attracted much
attention [350]. For instance He implantation in crystalline Si
leads to the formation of bubbles [351] (gas-filled cavities) that
upon annealing coarsen and degas creating voids [352]. The size,
shape and spatial organization of these internal structures are
strongly dependent on the implantation parameters (energy, flux,
temperature). The so-called {113} defects are probably the most
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Fig. 109. Typical GISAXS images from stacked CdSe/ZnSSe quantum dots samples
(a) with 10 stackings with spacing of 4.2 nm, (b) with 5 stackings, 4.2 nm, (c) 3
stackings, 4.2 nm, (d) 5 stackings, 2 nm, (e) 5 stacking with spacers of 4.5 nm, and
(f) 5 stackings, 8 nm spacers, each taken at αi values around 1◦ . From Ref. [348].

common extended defects into He-implanted Si. GISAXS studies of
the early stages of bubble formation in helium-implanted [353], H-
implanted [354] and deuterium-implanted [355] monocrystalline
silicon where reported in 2003. For the He+ implantation
study [353], the early stages of bubble formation in Si(001)
were investigated by implanting He+ at 20 keV and treating
the samples in the temperature range 100–450 ◦C. GISAXS
combined with elastic recoil detection was used to measure the
helium content and depth distribution, while the gas release
was studied by thermal desorption spectrometry. To evidence
the radiation damage evolution and the defect behavior, the
results fromRutherford backscattering spectrometry in channeling
conditions, cross-sectional transmission electron microscopy, and
GISAXSwere critically analyzed and compared. The study led to the
identification of the steps followed by the defects during annealing
and suggested that critical condition for the production of stable
bubbles is the presence at low temperature of agglomerates
composed of more than four vacancies decorated by helium. This
kind of defect offers helium the room necessary to transform into
gas phase and confer thermal stability to the bubble embryos.
For the H+ implantation study [354], the samples were implanted
with H+ ions at an energy of 31 keV and to the dose of
1016 ions/cm2. Samples were annealed isochronally at different
temperatures. Although the H depth distribution was expected
to be smooth initially, nanosized features, like agglomerates of
defects, have been detected. Annealing destroyed this feature
due to the relaxation of defects, i.e. redistribution of vacancies
and hydrogen. Above 300 ◦C a well defined film with highly
correlated borders was found to form on the edge of the layer rich
in defects, whose thickness was found to decrease slowly from
25 to 22 nm with increasing annealing temperature. Moreover,
defects as well as hydrogen were found to migrate toward the
surface with increasing annealing temperature, as indicated by
the increase in surface roughness. In the deuterium implantation
study [355], monocrystalline silicon samples were implanted
with deuterium ions at an energy of 24 keV and at a dose
of 2 × 1016 ions/cm2. Samples were annealed isochronally at
different temperatures in the range from 393 to 973 K. Due to the
relaxation of the defects structures, i.e. redistribution of vacancies
and deuterium, strong particle like contribution was observed in
addition to the rough surface scattering, already at 393K annealing.
During the annealing, these particles (agglomerations of vacancies)
gradually dissolved until 623 K annealing temperature. Another
agglomeration mechanism took over at about 773 K when a
different type of particle growthwas observed, and these dissolved
again at about 973 K. The sizes of detected particles were in the
2–3 nm range. Also, the interference type of scattering from a
film of about 30 nm thickness (the top layer, mostly unaffected
by implantation) was observed. This film was gradually getting
thinner with the increasing annealing temperature, due to the
redistribution of the defects and the structure relaxation.
In the study of Refs. [356,357], He+ and Ne+ ions have been

implanted into Si(001) at 873 K. The incident energy is 50 keV and
the fluence is 5× 1016 cm−2. Another sample was implanted with
5×1016 cm−2 He+ at 473 K and then annealed at 873 K. For Si(001)
wafers implanted with Ne+ ions at 873 K or implanted with He+
ions at 473 K post-annealed at 873 K, an isotropic diffuse scattering
signal is measured by GISAXS which can be assigned to spherical
cavities. On the contrary, in the case of He+ implantation at 873
K, the GISAXS pattern is highly anisotropic (Fig. 110). Very narrow
streaks are observed at 25.2◦ with respect to the surface normal.
They correspond to voids exposing {113} facets. Enlarged streaks
at 54.7◦ which can be assigned to {111} facets are also observed.
The result is confirmed by rotating the sample in the surface plane.
These characteristic streaks are observed only when the incident
beam is aligned along the 〈110〉 direction (weak streaks are also
observed in the 〈310〉 direction). The quantitative analysis of the
GISAXS patterns are performed in the framework of the DWBA
considering buried cavities [36]. A lognormal size distribution is
used to fit the data assuming different kinds of shapes (sphere,
faceted sphere, or disk). The authors attribute the streaks at 54.7◦
to faceted spheres exposing two {111} facets and the streaks at
25.2◦ to large disks exposing {113} planes. In the calculation all
equiprobable orientation are considered, e.g. 4 orientations for the
faceted spheres ({111} facets) and 12 orientations for the disks
({113} facets). It is found that the mean diameter of the faceted
spheres is 20.1 nm and the FWHM is 26.7 nm. The disks are
approximately 100 nm large with an average thickness of 2 nm.
The simulations of the GISAXS patterns are in good agreementwith
the data. However onemaywonder if themodel of faceted spheres
exposing only two {111} facets is relevant as faceted spheres
should expose height {111} facets by symmetry. Similarly, the
disk shape assumes no preferential crystallographic orientation
in the radial direction whereas faceted edges (e.g. {111} planes)
are probable. These points are not discussed. Nevertheless the
GISAXS measurements unambiguously reveal that the vacancy-
type defects induced by the He+ implantation can agglomerate
at high temperature into large faceted {113} voids. At lower
temperature (<573 K) or in the case of implantation with Ne+,
clustering of defects is not promoted, and small spherical voids
are observed because the diffusion processes are not activated.
Capello et al. investigated by quantitative GISAXS the hydrogen
implantation induced cavities in silicon [359], with H+ ions of
energy (76 keV) and doses (1 × 1016 to 6 × 1016 cm−2) typical
of the irradiation used for the Smart CutTM technique. In this
technology, ion implantation is used to stress and weaken a
specific region of material below the surface, in which the fracture
will be later induced, by thermal treatment for instance. During
annealing, point defects and platelets transform to form cavities
and microcracks, which finally enable the full wafer splitting. Two
types of platelets, {111} and {001}, were shown to be present. They
contain a large pressure of H2 gas. Fig. 111 shows a typical GISAXS
map with the incident beam along [110] for a sample implanted at
200 ◦C and annealed at 500 ◦C for 1 h. Strong intensity streaks are
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found along {001} and {111} directions, these latter being absent
when the beam is along the [100] direction. They arise because of
the two types of platelets. Fig. 112 shows cuts of this image parallel
to the surface. A full quantitative analysis allowed to deduce not
only the length and the thickness of the cavities, but also their
density.
In another study, GISAXS was also combined with vibrational

spectroscopy to analyse the nanostructural properties of hydro-
genated amorphous silicon and Si–C thin film alloys [360]. Amor-
phous hydrogenated silicon (a-Si:H) with high hydrogen content
(10 to 40 at.%), and non-stoichiometric silicon–carbon thin film
with a variation of the carbon to silicon ratio up to 0.3, were de-
posited by using a magnetron sputtering source. The Si1−xCx thin
films were partially crystallized after deposition by thermal an-
nealing up to 1050 ◦C. The GISAXS spectra of all of the prepared
specimens indicate the presence of particles in the bulk of the films.
For the a-Si:H samples, particles aremost probably void agglomer-
ates with a variation in size between 3 and 6 nm. The mean value
of the size distribution of the particles increases while its width
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slightly decreases with the hydrogen content in the film. This in-
dicates a better structural ordering which is consistent with the
results of Raman spectroscopy that show a decrease of the ratio be-
tween intensities of transversal acoustic (TA) and transversal op-
tic (TO) phonon peaks, ITA/ITO, and a narrowing of the TO peak
with increasing hydrogen content. These results are discussed as a
consequence of the beneficial influence of hydrogen bombardment
during the film growth. For Si1−xCx thin films, the particles are as-
sumed to be SiC nanocrystals with a size between 2 and 14 nm and
they are larger in films with a higher carbon concentration. Inside
each of the films, the crystals are larger closer to surface and they
grow faster in the direction parallel with the surface than in that
which is perpendicular to it.
GISAXS was also used to analyze structural modifications in

implantation-damaged Ge [361]. Samples were implanted by
different doses of 74Ge, at room- or liquid nitrogen-temperature.
They found that the micro-structure in amorphous Ge was
continuously and consistently evolving as a function of iondose but
differed according to the implantation temperature. In RT-samples
small vacancy nanoclusters agglomerated in the end-of-range
region of implanted layer even before complete amorphisation.
With higher doses nanoclusters increased and coalesced into
nanovoids. For the highest dose, the onset of porosity was
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Fig. 113. GISAXS pattern of a nanoporous p-doped Si substrate. From Ref. [363].

confirmed. On the other hand, in LN-implanted samples, the
clustering-related signal was much weaker and evolved more
slowly.

8.5.6. Porous materials
Porous silicon obtained by electrochemical etching routes has

been much studied in the past decades due to its luminescence
properties [362]. However, the mechanisms of pore formation are
unclear due to the difficulty of characterizing the shape, size and
spatial organization of pores at the nanometer scale in thin layers.
GISAXS is an ideal tool for characterization thanks to its sensitivity
to the near surface region and the length scale probed (1–100 nm).
Ex situ GISAXS measurements have been performed by Chamard
and coworkers [363] at the ESRF on the ID1 beamline. Different
anodization conditions have been used for the etching process of
Si. Fig. 113 shows a typical GISAXS pattern obtained for a p-doped
substrate. The main characteristic features are intense correlation
peaks parallel with the surface plane. They can be assigned
to a highly anisotropic spatial organization of pores oriented
preferentially perpendicular to the surface. At high wave vector
transfer, the intensity is roughly isotropic. The GISAXS intensity is
fitted in the framework of theDWBA for buriednanostructures [36]
and assuming a spherical shape (Gaussian distribution) of pores
and an isotropic spatial distribution parallel with the surface plane.
The average pore diameter is 6 nm (standard deviation 1.6 nm) and
the first neighbor distance is about 8.6 nm. This is a very rough
model because pores are interconnected due to the etching process
and the in-plane organization of the pores is a clear indication
of the presence of irregular channels oriented perpendicular to
the mean surface plane. Moreover the porosity calculated from
these parameters is 20% whereas it is 47% if one considers the
angular position of the critical angle of total external reflection.
A more sophisticated model of the morphology of porous Si is
necessary. To complement GISAXS experiments, X-ray reflectivity
measurements have been performed to characterize the surface
morphology and the porous-Si/Si interface roughness generated
by the pore front propagation. Simon et al. [299] compared
GISAXS measurements on nanoporous low-k materials obtained
by different routes. They showed that the pore morphology was
drastically affected by the process used, ranging fromwell-defined
pore sizes and shapes to ill-defined pores.
A combined XRR and GISAXS study of silicon oxynitride

films [364] is worth mentioning here. A single chamber system
for plasma enhanced chemical vapor deposition was employed to
deposit different films of SiOxNyHz with 0.85 ≤ x ≤ 1.91. All
films were previously characterized by Rutherford back-scattering
and infrared spectroscopy to determine the stoichiometry and the
presence of various bonding configurations of constituent atoms.
XRR was used to determine the electron density profile across the
depth, and the top layer was found to be densified. GISAXS was
used to study inhomogeneities (clustering) in the films, and it was
shown that plate-like inhomogeneities exist in the top and sphere-
like particles at the bottom part of the film. Their shape and size
were shown to depend on the stoichiometry of the films.
The same group also investigated by GISAXS amorphous
SiO/SiO2 superlattices [365–367], which were prepared by high
vacuum evaporation of 3 nm thin films of SiO and SiO2 (10
layers each) on Si (100) substrate. Rotation of the Si substrate
during evaporation ensured homogeneity of the films over the
whole substrate. After evaporation samples were annealed at
1050 or 1100 ◦C for 1 h in vacuum. The analysis of the 2D
GISAXS pattern has shown that Si nanocrystals are present in
the annealed samples. From the 2D GISAXS pattern it is possible
to determine the shape, size and inter-particle distance. Using
a Guinier approximation, their inter-nanocrystal distance (5 nm)
and radius of gyration (1.5 nm) have been obtained.
GISAXS was also used to investigate the influence of the

substratemorphology on the growthof thin silicon films [368]with
thicknesses between 100 and 300 nm, deposited by PECVD (Plasma
Enhanced Chemical Vapor Deposition) in silane gas (SiH4) highly
diluted by hydrogen. The degree of dilution and the discharge
power were varied in order to obtain different crystalline to
amorphous fractions in the films. Two types of substrates were
used. The first one was amorphous and relatively flat while the
second one was polycrystalline with a roughness of a few tens
of nanometers. The crystal fraction in the deposited samples, as
estimated by Raman spectroscopy, varied between 0% and 40%,
and the individual crystal size was between 2 and 8 nm. The larger
individual crystals were usually present in those samples with the
highest crystal fraction. The sample density, estimated upon the
spectral distribution of the dielectric function in the infra red, was
15% to 25% less than the density of crystalline silicon. The GISAXS
pattern of all of the examined samples indicated the presence of
non-spherical-like particles in the bulk of the thin films, with an
average particle size between 1.5 and 4 nm. These particles were
most probably voids and their shape indicates columnar growth.
By applying the GISAXS technique on samples deposited on
different substrates, the borderline deposition conditions between
transport limited growth and growth dominantly influenced by
plasma surface reactions was estimated. In 2007, they reported
on a study of amorphous nanocrystalline thin silicon films [369,
370]. The films with thicknesses between 100 and 400 nm, were
deposited by radio frequency plasma enhanced chemical vapor
deposition in silane gas (SiH4) highly diluted by hydrogen. The
growing conditions were varied to obtain different degrees of
crystal fractions and a variety in individual crystal sizes. The
crystalline to amorphous volume fraction, as estimated by Raman
spectroscopy, varied from 5% to 45% while the individual crystal
sizes varied from2 to 8 nm. The average density of the sampleswas
estimated by using near infrared spectroscopy and the effective
medium approximation. All samples were porous and contained
void volume fraction between 15% and 25%. The GISAXS patterns
of all examined samples indicate the presence of particles in the
bulk of the thin films with gyration radii in the range of 2 to 5
nm. The higher values were found for the samples with a higher
crystalline fraction. The size and the size distribution of particles
depend upon the deposition conditions. The samples which had
been deposited with a higher discharge power and a lower silane
fraction had larger particles and the roughness of their surface was
higher.

8.5.7. GISAXS studies of semi-conductor nanocrystals
Semiconductor nanocrystals like CdS formed by ion beam

synthesis and subsequent annealing in SiO2 substrate were also
characterized by GISAXS [371]. From the fits to the theoretical
expressions, the average particle diameter, the shape, as well as
the size distribution were determined. The obtained results were
found to be in good agreement with TEM results performed on
analogous samples. In 2004, the same group [372] studied the
direct synthesis of nanoparticles formed by dual implantation
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Fig. 114. (a) 2D GISAXS pattern recorded at 8 keV of a hexagonally ordered EuSe quantum dot layer as shown in the AFM image (inset). (b) X-ray absorption across the Eu
MV edge at 1129 eV. (c) Anomalous small-angle X-ray scattering pattern at 1129 eV (squares) and 1125 eV (crosses). From Ref. [376].
of large and equal doses of Cd + S, Zn + Te, Cd + Te
or Pb + Te ions into SiO2 substrate. GISAXS, transmittance
measurements and Raman spectroscopy were used to investigate
implanted composites. The 2D GISAXS patterns suggest the
synthesis of nanoparticles already during ion implantation,
performed either at 300 or at 77 K, while annealing at higher
T causes an increase of the fraction and the average size of
synthesized nanoparticles. After high-T annealing both optical
methods detected nanocrystals of compound semiconductors CdS,
ZnTe or CdTe through the appearance of the respective first
optical gaps, Eg , in transmittancemeasurements and characteristic
LO peaks in Raman spectra. It was proposed that at high
ion doses a fraction of implanted atoms already synthesize
during implantation into amorphous aggregates of compound
semiconductors, which transform into crystalline nanoparticles
after annealing. In 2005, the influence of stoichiometry deviations
on the properties of ion-beam synthesized CdSe quantumdotswas
investigated [373]. CdSe quantum dots (QDs) were synthesized
by ion-implanting constituent atoms in SiO2, thermally grown
on Si wafer. The influence of implantation and post-implantation
treatment parameters was studied. The effect of stoichiometry
deviations was analyzed for various Cd/Se ratios in the range of
0.75 to 1.95. The best correlated ensemble of QDs in implanted
layerwas found for 1.33 and 1.1 Cd:Se ratios, and 30 s post-implant
annealing at 700 ◦C. These findings were related with the amount
of well-crystallized CdSe QDs, as found by Raman scattering.
Themorphology of Ge nanocrystals formed by ion implantation

in SiO2 [374] was also characterized by GISAXS. Ge ion doses were
up to 1017/cm2, and subsequent annealing temperatures up to
1000 ◦C. Results suggest that ordered and correlated Ge QDs can
be achieved by high-dose implantation followed by medium-T
annealing.

8.5.8. Other GISAXS studies of semi-conductors
A few other GISAXS studies could not be classified under

the above presentation. Stemmer et al. [375] combined GISAXS
and HRTEM to investigate the phase separation in 4-nm-
thick hafnium silicate films with 80 and 40 mol% HfO2 after
rapid thermal annealing between 700 and 1000 ◦C. Films
of the two compositions showed distinctly different phase-
separated microstructures, consistent with two limiting cases
of microstructural evolution: nucleation/growth and spinodal
decomposition. Films with 40 mol% HfO2 phase separated in
the amorphous by spinodal decomposition and exhibited a
characteristic wavelength in the plane of the film. Decomposition
with a wavelength of '3 nm could be detected at 800 ◦C.
At 1000 ◦C the films rapidly unmixed with a wavelength of
5 nm. In contrast, films with 80 mol% HfO2 phase separated
by nucleation and growth of crystallites, and showed a more
random microstructure. The factors determining specific film
morphologies and phase separation kinetics are discussed.
Schülli et al. [376] used GISAXS to characterize EuSe nanois-

lands grown on a nanopatterned PbSe template. The islands were
shown to form a regular hexagonal pattern, by performing 2D
in plane GISAXS maps (Fig. 114). They combined it with soft X-
ray magnetic scattering, which showed a coupling between the
Eu spins at low temperature. Finally, the work of Vartanyants
and co-workers [231] on the coherent X-ray imaging of individual
islands in GISAXS geometry is worth pointing out. This is a the-
oretical work which shows that there are some favorable condi-
tions with incident angle close to the critical angle when GISAXS
diffraction patterns originating from the individual islands can be
directly inverted using iterative phase retrieval techniques (see
Section 6.2.9 for further explanation). Coherent X-ray scattering
(see recent works Refs. [218–222] and all references therein) is a
fast-growing field that allows a reconstruction of the shape of ob-
jects, and possibly their internal strain (with wide angle data), un-
der favorable conditions, without resorting to any modeling, but
only to some known real-space and reciprocal space constraints.
Recently, the same team [377] achieved experimentally the model
free reconstruction of square basis Ge/Si quantum dots using the
GISAXS geometry which is free of strain effects [222] at variance
to diffraction conditions but suffers frommultiple scattering. They
took benefit of the low polydispersity and low density of particles
to enhance, by an incoherent sum, the coherent scattering from
individual particles. They achieved a final resolution of 10–15 nm
(see Fig. 115).

8.5.9. The use of qx and qy in plane directions to distinguish long-range
and short-range order: The case of bonded Si wafers
The integration of quantum dots (QDs) into optoelectronic

or microelectronics devices requires controlling both the size
and density of semiconductor islands. The Stranski–Krastanow
growth mode does not fulfill these requirements, and the use
of patterned surfaces is a promising way to control lateral self-
organization of QDs. For semiconductors, patterned surfaces can
be achieved by subsurface arrays of dislocations [378,379]. As
shown above, misfit dislocation networks may be used, but the
periodicity of the networks is only controlled by the choice of the
materials. This constraint may be overcome by using edge and
screw dislocations obtained by molecular bonding with accurate
control of the periodicity [380]. Using direct wafer bonding [381],
a thin monocrystalline silicon layer of'200 nm is transferred to a
bare silicon substrate. The in-plane rotation angle ψ between the
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from a simulated pattern is also shown. From Ref. [377].
bonded crystals defines a square network of screw dislocations,
of periodicity d = a/(2

√
2 sin(ψ/2)), where a is the silicon

lattice parameter. The flexion θ between the two crystals creates a
network of average parallel lines, the periodicity of which is given
by l = a/2 sin(θ). One average line is formed by consecutive
alternated mixed-dislocation lines [382]. These networks induce
a periodic strain field which propagates to the surface. To enhance
the resulting deformations at the surface, the bonded silicon layer
is thinned with sacrificial thermal oxidation down to a nominal
value of 10 nm. STM investigations of the topology of such a surface
after deoxidization show clearly smooth long-range undulations
which look like one dimensional (1D)waves. These undulations are
created by the flexion and rotation angles [383].
GISAXS experiments [384] were performed on the ID32

beamline. Knowing the sample-to-camera distance (1.25 m), each
pixel can be related to a (αf , 2θf ) couple, and therefore to a
scattering vector q = (qx, qy, qz). Note however that the orders of
magnitude of the qx and qy scattering vectors are clearly different
for the same number of pixels along the x or y direction. Let us
calculate the ratio qy/qx, for a given, identical angular deviation
β , for qy within the sample plane (O, x, y), and for qx within the
specular plane (O, x, z). This means that qy is defined by (αf = 0,
2θ = β), and qx is defined by (αf = β, 2θ = 0). We derive the
ratio |qy/qx| = | sin(β)/(cos(β) − cos(αi)). This ratio is larger
than 100 for angles β between 0.1◦ and 1.2◦, corresponding to
our experimental conditions. Since the scattering vector is related
to the real-space periodicity d by the relationship d = 2π/ |q|,
this means that the characteristic length along the x direction is
about twoorders ofmagnitude larger than the characteristic length
Fig. 116. GISAXS patterns from bonded silicon wafers for two different azimuths:
(a) ω = −68.3◦ and (b) ω = −20◦ . The vertical and horizontal scales are given by
the bars down left of the pictures, each bar corresponds to an angular deviation of
0.128◦ . The scattering spot pointed by an arrow is two orders of magnitude more
intense than any other part of the picture. From Ref. [384].

along the y direction. Fig. 116a and b showGISAXS patterns for two
different azimuths. A striking feature can be observed, within the
trail of specular scattering: a scattering spot (pointed by arrow) is
present close to the specular plane, with a vertical position that
depends on the azimuth. Since the spot is close to the specular
plane, the angle 2θ is very small, and the horizontal deviation
measured on the CCD camera is only a few pixels, which is within
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the error bar. This will only affect the qy evaluation due to its
sine dependence. This horizontal deviation can be observed on
Fig. 116a, which is not symmetrical. On the contrary, the amplitude
of the verticalmovement of the spot ismuch larger and the relative
error bar is smaller. In Fig. 117 is reported the plot of dx = 2π/ |qx|
with respect to the azimuth angle ω (down triangles). These data
can be fitted considering that the scattering objects are parallel
lines spaced by a length d. The length dx(ω), which is the distance
between two parallel lines measured along the X-ray direction,
is simply related to d by dx(ω) = d/ cos(ω). A periodicity d =
157± 4 nm is deduced by fitting (full line on Fig. 117). Within the
framework of DWBA, the scattered intensity can be calculated as
a function of qx [35,174]. The height–height correlation function
in these calculations was deduced from the STM observation of
the surface. The plot of dx = 2π/|qx| with respect to the azimuth
ω extracted from the bump positions is reported in Fig. 117 (up
triangles). Calculations are in good agreement with data extracted
from GISAXS, and with geometrical fit. It proves that the scattering
spot observed on GISAXS patterns can be related directly to a qx
component of the scattering vector. Geometrical fit (d = 157 nm±
64 nm) is in a quite good agreement with the STM measurement
(135 nm ±65 nm). These periods correspond respectively to
flexion angles of 0.099◦ ± 0.003◦, and 0.115◦ ± 0.005◦, since
GISAXS and STM invoke the inhomogeneities of the flexion angle
to explain this discrepancy of 0.016◦. These inhomogeneities can
be induced by bowing and warping of the wafer before bonding.
In summary, this study has shown that GISAXS patterns could

contain non-negligible signals related to the qx scattering vector
component for specific surface correlation length. This analysis
of GISAXS differs from the classical interpretation in terms of q‖
and qz (noted here, respectively as qy and qz) which forgets the
curvature of the Ewald’s sphere (see Section 2.2). To the first order,
it is shown that a well-defined surface corrugation periodicity can
be extracted from GISAXS with a simple geometrical model.

9. In situ GISAXS measurements in ultra-high vacuum, during
growth

9.1. 3D-island growth: The metal/oxide interfaces case

9.1.1. Motivations
The oxides and their interplay withmetals are of central impor-

tance in environmental and earth science as well as in technologi-
cal applications [385,386]. The latter include catalysts, gas sensors,
as well as optical, electronic and magnetic devices [387]. Vapor-
deposited metals grow generally on oxide surfaces in the form of
three-dimensional (3D) nanometer-sized clusters rather than in a
monolayer-by-monolayermode [2,13]. A variety of related param-
eters is involved in the growth process (the surface free energies of
the two materials, the interface energy, their respective electronic
and crystalline structures, the lattice parameters, kinetic factors)
which condition the shape and the size of the metallic nanoclus-
ters. The cluster morphology and their statistical organization on
the substrate determine in turn the physical and reactive proper-
ties of the overall system [388–390]. Many other questions have to
be addressed to characterize the growth, among which, the type
of nucleation, homogeneous or heterogeneous, the type of coales-
cence, static or dynamic, the adhesion energy between the metal
and the oxide substrate, the diffusion energy of metal on the oxide
surface, the equilibrium shape of the islands, the spread of the is-
land size and shape, the possible existence of correlations between
the sizes and separation of neighboring islands,most of these prop-
erties depending on growth temperature and thickness. In a mass
non-conserved system i.e. upon arrival of newmaterial on the sur-
face, two main coalescence mechanisms are often invoked: [253,
8] static or dynamic. In static coalescence, neighboring growing
islands merge when they touch, leading to a new island occupy-
ing the center of mass of the two primary islands. In all theoretical
studies, the coalescence times and the reshaping time are supposed
to be very small compared to the (inverse) flux of incoming atoms
so that the islands are supposed to always keep the same shape. By
contrast, dynamic coalescence involves the diffusion of islands (in
the form of clusters of adatoms or small particles) on the surface.
Deltour et al. [391] showed that island diffusion can be significant
for non-epitaxial or non-coherent, small enough islands (typically
less than 1000 atoms/island). Despite these numerous studies, very
few experimental works are available regarding the type of nu-
cleation, the diffusion energy, the coalescence mechanisms or the
adhesion energy between metal and oxide surfaces. It is thus fun-
damental to characterize the morphology during the growth. For
all these metal/oxide systems, many electron or tunneling-based
tools available to characterize the morphology are hampered by
the insulating character of the insulating substrate. In situGISAXS is
thus very useful to overcome these limitations. In addition, if many
studies of the early stages of nucleation and growth exist, none or
only few deal with the growth and coalescence regimes, which is
the object of the GISAXS studies summarized below.

9.1.2. Investigated systems
In this section, we discuss the different growth of metals on ox-

ide surfaces thatwere investigated in situ byGISAXS: Ag/MgO(001)
[78], Pd/MgO(001) [29,79], Pt/MgO(001) [247], Fe/MgO(001) [57];
Co/NiO(111) [264]; Au/TiO2(110) [81]; Ag/ZnO(0001) [150,151].

Metal/MgO(001). The very first in situGISAXS study dealt with the
growth of Fe on MgO(001) [57]. The Fe/MgO epitaxial system is
also of technological interest, since Fe has been found to act as
a seed layer for subsequent epitaxial deposition of other layers
and multilayers [392]. Thin layers and multilayers of Fe also have
interesting and potentially useful magnetic properties [393] which
are related to their structure. Fe epitaxially oriented with MgO has
been reported to possess highermagnetization and coercivity than
bulk Fe.
The non-reactive Ag/, Pd/ and Pt/MgO(001) systems are

test beds for the fundamental issues regarding the contact
between dissimilar materials [394,395,389,13,2] because they
offer favorable conditions for both experimental and theoretical
investigations. Moreover, these systems have been thoroughly
investigated asmodel catalysts [389,2]. The structural and epitaxial
properties of these interfaces have been investigated in depth both
experimentally (Ag/MgO [396–398], Pd/MgO [399], Pt/MgO [247]
and Ni/MgO [400]) and theoretically [401–403], however, much
remained to be done regarding the exact growth modes.
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Ag/ZnO(0001). Zinc oxide exhibits physical (direct band gap in
the UV region, high exciton binding energy, . . . ) and chemical
(mixing of covalent-ionic characters, high solubility of group III
donor impurities or transitionmetal atoms) properties [404]which
give it considerable potential in many fields. Concerning metal-
oxide interfaces, ZnO is already employed on industrial scale as
a support of copper for methanol synthesis and water–gas shift
reaction [405]. Another application of particular relevance is the
use of ZnO as a support of silver for low-emissive and anti-
solar coatings on glazing [406,407], the metal film acting as a
mirror in the infrared wavelength range. A central concern in
manufacturing the coatings is the way the silver film wets the
oxide support. The peculiarity of the growth of noble and late
transition metals on the basal planes of zinc oxide, namely the
(0001) Zn-terminated and the (0001) O-terminated surfaces, is
its enhanced two-dimensional character. The critical coverage,
defined as the fraction of the surface covered by the metal
at the onset of the formation of the second layer, has been
estimated equal to 1 for platinum [408–410] and equal to
0.55 [389] (0.35 [411]) for copper on O (Zn) face. Copper has been
shown to form flat-top clusters [389,412] and a pseudo layer-by-
layer growth is inferred,tentatively explained considering either
electronic transfer from metal to surface states [413] or purely
kinetic mechanisms [389].

Au/TiO2(110). Recently, catalysts made of gold nanoparticles
[414] have attracted the interest of numerous scientists because
of their potential applications to many reactions of industrial
and environmental importance. Gold catalysts are extraordinarily
active for the oxidation of CO at room temperature and by far
more active than other noble metals below 400 K. The titania
support is the warhorse of numerous fundamental studies aimed
at understanding the catalytic mechanisms and at elucidating
the origin of this surprising reactivity as neither titania nor
bulk gold alone are active. Because the cluster morphology
seems a key parameter in the understanding of the catalytic
activity of gold [415], many studies were performed by using
vacuum techniques on planar TiO2(110) substrate (see reviews
Ref. [416,417]). The growth of gold on titania was characterized
by microscopy techniques (STM [388,418–427], HRSEM and
HRTEM [428,429]) and LowEnergy Ion Scattering [430,411,390]. At
low coverage (0.1 ML), the gold clusters grow as quasi-2D particles
of one or two atomic layers high, with diameters between 1–2 nm,
which appear to be the most catalytically active [388]. For higher
coverages (>0.2 ML), they are rapidly mixed with hemispherical
3D particles with a diameter in the range 2.5–4 nm. The biggest
particles (diameter larger than 4 nm) have a higher contact angle
(θc ' 122◦).

Co/NiO(111). The Co/NiO(111) interface was investigated [264]
because it involves a ferromagnetic medium on an antiferromag-
netic one. It is then involved in the fabrication of spin valves sen-
sors, used asmagnetic readheads in computer hard drives, position
sensors, andmagnetic randomaccessmemory elements. The inter-
facial magnetic characteristics and behaviors are often explained
by speculations on the interface properties such as roughness, dif-
fusion, etc. A detailed in situ study of the structure andmorphology
evolution during growth was then thought to be mandatory.

9.1.3. Preparation of samples
Very important for these studies is the sample preparation,

since in general, surfaces as ideal as possible are needed to avoid
heterogeneous nucleation due to roughness or contamination. For
the Fe/MgO(001) study [57], the MgO substrates were simply
organically cleaned, and next annealed at 360 ◦C in the UHV
chamber. As a result, the surface was rough, which implies direct
3D growth with heterogeneous nucleation on the many steps
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on MgO(001) versus the scattering vector magnitude along the MgO[l00] direction.
From Ref. [57].

edges. Fe was deposited monolayer after monolayer at a high
sputtering rate of 0.25 Å/s thanks to planar magnetron sputter
guns. For the growths of Ag, Pd and Pt onMgO(001), the MgO(001)
substrates provided oriented and polished by Earth Chemical
(Japan) were first annealed in air at 1500 ◦C for 24 h, which
yielded crystals of very high quality with micron-size large (001)
terraces. The contaminants segregated at the surface were next
removed in a remote UHV chamber by Ar+ ion bombardment
at 1500 ◦C, thus yielding clean flat terraces while keeping the
high crystallinity, and finally annealed at 900 ◦C for 20 min
and cooled down under 10−4 mbar of O2 in order to restore
a perfect surface stoichiometry [431]. This procedure used to
prepare the MgO(001) substrate results in extremely flat surfaces
with a rms surface roughness of typically 0.24 nm. These surfaces
were protected by an approximately 100 nm thick Ag film before
being transferred in the X-ray chamber, where the Ag film was
desorbed by annealing at approximately 700 ◦C. For the NiO(111)
surfaces, a special procedure was also developed. The NiO boule
was first annealed at 1850 K for 24 h in air, then cut, polished, and
reannealed at 1300 K for 3 h, which yields a flat, shiny surface.
A mosaicity of 0.054◦ and a typical mean terrace size of 1800
Å were obtained. The TiO2(110) and ZnO(0001)-O,Zn surfaces
were prepared in a standard way by cycles of ion bombardment
followed by annealing, with a last annealing and cooling under
O2 partial pressure. The deposition procedures are described in
corresponding papers, using either effusion cells (e.g. for Ag or Au)
or Omicron EFM4 e-beam bombardment deposition cells equipped
typically with 2 mm diameter, high purity (99.99%) rods for Pd, Pt
or Co. Typical evaporation rates were '1 Å/min except for Pt, for
which it was 10 times smaller. The fluxes were calibrated in situ by
a quartz microbalance and X-ray reflectivity.

9.1.4. General trends during growth and coalescence of islands

Fe/MgO(001). The very first in situ study [57] was done during
the growth of Fe/MgO(001), by performing a (0D) detector scan
parallel with the surface, while integrating (over 1◦) perpendicular
to it. Fig. 118 shows the GISAXSmeasurements for various average
thicknesses, where the background intensity for zero coverage
has been subtracted from the scans. Some residual intensity near
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Fig. 119. Evolution of the 2D GISAXS patterns during the in situ growth of Ag on a MgO(001) surface at 300 K (ID32 setup), with the incident beam along the MgO[100]
direction, for different equivalent deposited thicknesses: (a) 1 nm, (b) 1.8 nm, (c) 2.2 nm, (d) 3.6 nm, (e) 4.4 nm, (f) 6.2 nm, (g) 7 nm, and (h) 10 nm. The intensity is
represented on a logarithmic scale. Each black contour between two colors corresponds to an order of magnitude change in intensity. The qy (respectively qz ) axis ranges
from 0 to 2.5 nm−1 (respectively 2.6 nm−1). From Ref. [79].
qy = 0 remains after the background subtraction. An offset has
been applied to each of the curves shown for clarity in the figure.
A clear peak at 2.1 Å−1 in the scattered intensity appears at a
coverage of 1 monolayer (ML), which moves to lower angle with
increasing thickness. This peak was related to a nearest-neighbor
island distance either by assuming Bragg law or by locating peaks
in the radial distribution function for cylindrical symmetry, since
in this case the diffuse in-plane scattering yields the height–height
correlation function of the surface. These two different approaches
yielded indistinguishable inter island spacings. The inter island
distance was found to increase continuously with coverage.
The total volume of scattering material was inferred from the
integrated scattering intensity. It was found to increase up to a
coverage of 20 ML, and subsequently decrease. The transition was
attributed to the onset of continuous films growth, i.e. of parallel
distances too large to be probed by GISAXS.

Other metal/oxide studies. Similar measurements were performed,
also in the 90th, during the growth of Ag/MgO(001) by Guenard
et al. [397] and Robach et al. [398] in Renaud’s group. We do
not present these results obtained by scanning slits along one
direction while integrating over the other, since they are by far
less informative than 2D GISAXS measurements performed later.
Detailed 2D GISAXS studies were performed during the in situ
growth of Co on NiO(111) surfaces [264], but were not fully
exploited. Only the evolution of the average dimensions D, d and
hwith deposited thickness were analyzed. They were mostly used
to evaluate the coverage, and thus the sticking coefficient, as a
function of deposited thickness.We concentrate in the following
on complete 2D GISAXS measurements.

2D GISAXS studies during growth. For most metal/oxide systems
studied, and whatever the growth temperature, the 2D GISAXS
patterns and their evolution during growth look qualitatively
similar: they are characteristic of the Volmer–Weber three
dimensional growth mode expected from the poorly adhesive
noble metal-oxide systems [389]. We thus illustrate the in situ
GISAXS measurements during growth on only two systems:
Ag/MgO(001) for two deposition temperatures (Fig. 119): 300 K
and 540 K, and Au/TiO2(110) at 300 K (Fig. 121). Measurements
were always performed with the incident X-ray beam oriented
along at least the [100] and [110] directions of the MgO(001)
substrate and several in plane directions of the TiO2(110). In all
cases, qualitatively, the experimental GISAXS patterns present two
intensity maxima visible along the parallel direction, separated by
the specular rod, partly hidden by the beamstop, as exemplified in
Figs. 119 and120. They arise because the islands are not completely
distributed at random, but are separated by a preferential nearest
neighbor (center-to-center) distance D. As a consequence, for a
given value of qy, there are constructive interferences between the
waves scattered by neighboring island. The absence of intensity
minima parallel with the surface reveals a wide distribution
of lateral sizes. When growth proceeds, the two scattering
maxima along the parallel direction move toward the origin and
become more intense as the metal deposit increases. This reveals
an increase of the average inter-island distance D, which can
only be explained by the coalescence of neighboring islands.
In addition, the overall diffuse scattering becomes more and
more concentrated toward the origin of the reciprocal space. As
the extension of the scattering is inversely proportional to the
size of the islands, this means that the islands become larger.
The observed evolution is thus characteristic of a growth and
coalescence mechanism.

Ag/MgO(001). In the Ag/MgO(001) case (Figs. 119 and 120),
for large enough thicknesses, a second and even a third order
maxima along the perpendicular direction are observed (e.g. at
Ag thicknesses of 2.2 nm and 3.6 nm for the 300 K growth),
meaning that the height of the islands is well defined, with a small
distribution. Note that the second order maxima are at a smaller qz
coordinate than the specular one. As amatter of fact, the separation
in qz of the off specular peaks is inversely proportional to the
average height of the islands, while that of the specular peaks is
inversely proportional to the average film thickness. Hence, this qz
coordinate difference is linked to themetal morphology. Finally, in
the case of Ag, this third and then second order maxima along the
perpendicular direction disappear and the GISAXS pattern looks
like an apex (at a Ag thickness of 10 nm), meaning that the islands
become flatter. This corresponds to the percolation regime, in
which neighboring islands become connected and evolve toward
very large, flat islands, exposing a top (001) surface and side {111}
facets [432].
In the Ag/ZnO cases (not shown), on the O terminated face, the

second-order lobes observed along the surface normal direction
for Ag thicknesses higher than 0.4 nm, suggest the formation



G. Renaud et al. / Surface Science Reports 64 (2009) 255–380 339
Fig. 120. Evolution of GISAXS patterns during the in situ growth of Ag on a MgO(001) surface at 540 K with the incident beam along the [100] direction of the MgO(001)
substrate for (a), (c), (e), (g) and with the incident beam along the [110] direction for (b), (d), (f), (h). Several equivalent thicknesses are reported: (a) and (b) 0.1 nm, (c)
and (d) 0.3 nm, (e) and (f) 2 nm, (g) and (h) 7 nm. The intensity is represented on a logarithmic scale. Each black contour between two colors corresponds to an order of
magnitude change in intensity. The qy (respectively qz ) axis ranges from 0 to 2.7 nm−1 (respectively 3 nm−1). Inset: top view of the truncated cubo-octahedron island shape
with the {001}, {111}, and {010} facets. From Ref. [79].
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of clusters with a high diameter/height aspect-ratio and a well-
defined top-facet. The second-order lobes correspond indeed to
interferences between the waves scattered by the island/support
interface and the waves scattered by the top facets. Because of the
epitaxial relationship, this top facet is of (111) orientation.

Au/TiO2(110). For RT growth of Au/TiO2, the analysis method
will be further discussed as a last example. In this case [81], upon
increasing coverage (Fig. 121), (i) interference fringes appear in the
perpendicular direction (0.6 nm) up to show three bounces and
(ii) the Yoneda’s peak becomes round and shifts from the critical
angle αc of TiO2 (0.1311◦) to a value close to αc of gold (0.2528◦)
(inset of Fig. 121). Shifts and rounding cannot be accounted for by
the standard DWBA which refraction effect only comes from the
substrate [155]. In the parallel direction, the in-plane correlation
peaks are clearly separated from the specular rod. As previously
suggested [29], the analysis of such a profile is not tractable within
theDecoupling Approximation [73,217,40,42,255] as neglecting all
correlations leads to a too intense incoherent diffuse scattering
for size distributed island collections. The Local Monodisperse
Approximation (LMA) [433,234,259,233] would better fit the
result, but it assumes scattering by independent monodisperse
domains, an unphysical hypothesis in the present context. In an
attempt to overcome these difficulties, the analysis of the data has
been performed through two new approximations developed by
Lazzari et al. [155], the DWBA on the graded interface and the SSCA
model (see Section 6.4.3). Note that, contrary to Ag and MgO(001),
in the case of the RT growth of Au/TiO2(110), GISAXS patterns
were nearly independent from azimuthal rotation [81]. Thus, the
analysis was limited to data collected with the X-ray beam aligned
along the [110]TiO2 direction.
As explained in Section 6.3.3 and in Ref. [29], the sensitivity

to the particle shape is found in the high-q wave vector transfer
range. The Porod’s plot of the 8 nm film (Fig. 122) demonstrates a
power law behavior in the high-q range I(q‖) ∼ qn‖ and I(q⊥) ∼
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qm
⊥
. If considering only shapes with z-revolution axis, the found

exponents n = 4.02 andm = 3.63 are consistent with a truncated
sphere profile (n = 4,m = 2 for a hemisphere; n = 4,m = 4
for a sphere; n = 3,m = 2 for a cylinder [29]). Analyses were
consistently performed with truncated spheres over the entire
study. The radius R and height H distribution has been taken as
a joint-normal law with a correlation coefficient ρ between R and
H . The data have been fitted with the IsGISAXS software [27,28]
using aχ2 criterion,with error bars proportional to the square-root
of the intensity, as checked from the fluctuations of data points
along each cross-section. At each coverage, two cross sections
(averaged over a window of five pixels to keep the resolution on
the Yoneda’s peak) were fitted, (i) along αf ∼ qz at the correlation
peak and (ii) along 2θf ∼ qy at an exit angle αf equal to three
times that of the Yoneda’s peak (αf = 3αc). To avoid distortions
in fitting the sharp Yoneda’s peak, the fit was only performed on
data points αf > 3αc . The total χ2 and the total reliance factor
RB [27] laid always below 4 and 0.12, respectively, at any coverage.
The shape of the correlation peak, the decrease in intensity near
the specular rod and the high-q‖ range were well reproduced. The
agreementwas also good in theperpendicular direction (Fig. 123b),
except perhaps fringes at the highest coverage. A likely explanation
is the oversimplified description of the particle shape and size
distribution. If fitted, the incident angle αi was found close to
that determined from sample-beamalignment. The goodmodeling
of the Yoneda’s peak (even though not explicitly included in the
fitting process !) gives confidence in the theoretical treatment of
DWBA on the graded interface.

9.1.5. Evolution of morphological parameters with thickness: Nucle-
ation, growth and coalescence

Ag/MgO(001) case: Comparison between the very fast and the
extensive GISAXS data analyses. In the Ag/MgO(001) case, the
very fast and quantitative GISAXS data analyses have been
compared [29]. The inter-island distance, the lateral size and the
height of the islands obtained from both analyses are plotted in
Fig. 124 as a function of the Ag deposit for three temperatures:
300, 540 and 640 K. The three sizes D, d and H increase steadily
with the deposited thickness at the three studied temperatures.
The inter-island distance determined by the rapid data analysis
is similar to that determined by the extensive data analysis. The
relative difference between both D determinations is less than
15%. On the contrary, the relative difference between both H (resp.
d) determinations is much larger and can reach 30% (resp. 35%).
This discrepancy originates in the difference between both island
models used. In one case, the island is modeled by an arbitrary
shape without any size distribution. In the other case, the island
is modeled by the real shape with a size distribution.
One may thus conclude that a quick analysis can be used if

only the average morphological parameters are needed within
an accuracy of ±15% on the distance and 30%–40% on the size,
knowing they probably will be over estimated. In addition, the
average distance and diameter obtained from TEM for the 2-nm
thick Ag deposit at 540 K (D = 15.7 nm and d = 10.5 nm) are in
very good agreement with the results obtained from the complete
GISAXS analysis for this sample.

Pt/MgO case. In the case of Pt/MgO(001), the evolution with
deposited thickness of the obtained morphological parameters
(diameter, height and inter island distance) are presented in
Fig. 125, for three growth temperatures (600 K, 800 K and 1000
K). A comparison between the mean film thickness calculated
from these latter and the expected one shows that the sticking
coefficient of Pt/MgO(001) is between 0.35 and 0.55 at the studied
temperatures. At the smallest coverage of 0.3 nm, the inter island
distance is around 2.5 nm at 600 and 800 K, which is characteristic
of nucleation on defects because the corresponding density of
particles is very high (ρ ∼ 1/D2 = 1.6× 1013 cm−2) and does not
depend on temperature. However, for the same coverage at 1000K,
D = 6 nm is twice higher probably because of a temperature-
enhanced detrapping of atoms from defect sites and an increase
of the critical nucleus size needed to avoid dissolution.

Pd/MgO(001) case. In the Pd/MgO(001) case, the validity of
the GISAXS analysis was tested by comparing the dimensional
parameters deduced from GISAXS and from TEM for 0.9 nm thick
Pd at 550 K and 3.0 nm thick Pd at 740 K [29]. For the latter
case, the agreement is excellent for all parameters, unambiguously
demonstrating the adequacy of the GISAXS measurements and
quantitative analysis. For the former case, the agreement is good
as concerns the width of the size distribution. However, the inter-
islanddistance and radius deduced fromGISAXS are approximately
20% smaller than those deduced from TEM. Note that the TEM and
GISAXS statistics are very different. TEM probes only a very small
portion of the surface, as opposed to GISAXS. Hence, the observed
difference in the TEM and GISAXS results might arise from
inhomogeneity of the island distribution on the surface. Moreover,
this difference is most likely related to the very diverse and not
always compact shapes of the particles for this low temperature
deposit. Obviously, in this case, representing these diverse shapes
by a simple spherical shape is a crude approximation. At the
very beginning of growth, in the nucleation regime, the 0.1 nm
thick Pd/MgO(001) deposit has small vertical and lateral size
distributions, which are similar. Then, for a Pd deposit from a few
0.1 to several nm, a striking result is that the height distribution is
smaller than the lateral size distributionwhatever the temperature
is from550 to 740K. This behavior, which seems to be independent
of temperature and film thickness, is believed to originate from
growth mechanisms. First, the denser (111) faces grow faster than
the (001) facets. Second,while the (111) side facets grow fromboth
vapor phase and atom diffusion, the (001) top facets grow mostly
from the vapor phase as if they were isolated, because of the high
energy barrier an atom has to overcome to jump from a (111) to a
(001) facet [434,435].
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Au/TiO2(110). For the Au/TiO2(110) system, the central radius
〈R〉, central height 〈h〉 and distance between islands D are shown
in Fig. 126. In the following, we discuss how the evolution of
the morphological parameters with deposited thickness can be
used to examine the type of nucleation, the growth modes, the
characteristics of the coalescence, as well as the equilibrium shape,
the interfacial energy and the adhesion energy.

9.1.6. Information on growth modes
Further insight on the growth mode can be gained by studying

the evolution of the inter-island distance and of the lateral size
versus the deposition time. Since the growth process is interrupted
during GISAXS acquisitions, before comparing with theoretical
models, it should be determined whether the film might evolve
during the measurements upon coarsening. Such coarsening can
fortunately be discarded for Au on TiO2(110) at 300 K [390], aswell
as for Ag/MgO(001) and Pt/MgO(001) at all studied temperatures.
As shown below, for these three cases, the growth exponents lead
to very similar conclusions.

Pt/MgO(001). For Pt/MgO(001), the continuous increase of inter
island distance D (Fig. 125) evidences that coalescence occurs all
along the deposition and that the nucleation-growth step happens
before the start of the GISAXS measurements, i.e. before 0.25 nm
thickness. Data points at all temperatures can be represented by
power laws with evaporation time, i.e. d ∼ t0.5 and D ∼ t0.3,
respectively (Fig. 125). The coalescence mechanism may involve
the static meeting of particle growing at fixed position or a
dynamic diffusion of clusters. If the reshaping of particles is
faster than the time scale of impinging atoms, analytical models,
scaling descriptions and numerical simulations [436–438] of static
coalescence agree on a d ∼ t1 power law behavior. Power laws
relative to the spacing between clusters aremore scattered:D ∼ t1
(Refs. [436,437]), D ∼ t0.135 (Refs. [439,275]) for homogeneous
nucleation and D ∼ t0.5 (Ref. [275]) for heterogeneous nucleation.
The discrepancy with the actual measurement on the diameter d
rules out the static mechanism. Instead, the actual d ∼ t0.5 and
D ∼ t0.3 laws are close to that derived for dynamic coalescence
in breath figures [440] in a case in which the diffusion of droplets
leads to a bimodal size distribution where the biggest particles
follow d ∼ t0.48 and D ∼ t0.25.

Au/TiO2(110). For Au/TiO2(110), during the first stage of growth
at constant particle density, i.e. during the nucleation and growth
regimes, the power law 〈R〉 ∝ t0.31±0.1 corresponds to that ex-
pected (〈R〉 ∝ t1/3) for particles growing by a diffusion limited
mechanism (and not an attachment limited one) with a negligi-
ble direct impingement on the particle and a nearly full condensa-
tion [441,436]. A similar result comes from the analytical solution
of the growth of a droplet by attachment of diffusing monomers
with a constant flux at infinity [440]. The found exponent is closer
to that expected from the rate equations of growth [75] for a nucle-
ation on defects (〈R〉 ∝ t1/3) than a homogeneous nucleation be-
havior (〈R〉 ∝ t2/9) in the case of complete condensation. Indeed,
on one hand the sticking coefficient is found close to one and on the
other hand, strong re-evaporation would lead to 〈R〉 ∝ t whatever
the defect concentration is. The corresponding density of particles
1/D2 ∝ 1013 cm−2 is a typical concentration of defects (vacan-
cies and step edges) on TiO2(110) surface obtained by ion bom-
bardment and annealing procedure [416]. The regime observed at
higher coverage most likely corresponds again to dynamic coales-
cence. Theoretical works on dynamic coalescence of 3D particles
on a 2D substrate are scarce [253]. For a mass conserved system, a
logarithmic correction was found for the exponents of the power
laws 〈R〉 ∝ [t/ ln(t)]1/3(1−γ ) and D ∝ [t/ ln(t)]1/2(1−γ ) within sim-
ulations in which the Brownian particle diffusion coefficient scales
with the volume of the particles DF ∝ R3γ (Ref. [438]). Fitting the
data leads to γR = 0.63±0.18 for the radius and γD = 0.20±0.14
for the distance, thus to an enhanced diffusion of the biggest par-
ticles.

Ag/MgO(001). In a similar way for the Ag/MgO(001) system,
the hypothesis that the deposited thickness is proportional to an
equivalent ‘‘deposition time’’ of a hypothetical growth without
interruption is validated by the fact that, for all deposits and
all temperatures, the GISAXS data were found steady during
annealing. This arises because the diffusion energy of Ag on
MgO(001) (0.05 eV, see below) and of Ag on Ag (less than
0.1 eV) [442] are very small. As a result, the islands and their
distribution on the substrate reach their equilibrium state just after
the deposit is made, in a timemuch shorter than themeasurement
time. In Fig. 127, two regimes can be distinguished, as a clear
slope break appears on the inter-island distance for a deposited
thickness of 2–3 nm. Below this value, at least at 300 and 540
K, the inter-island distance is nearly constant and the lateral size
increases according to a power law d ∝ tm, with m ' 0.32–0.35.
This regime can be assigned to the nucleation and growth of islands
at nearly constant density with an increase of surface coverage
(Fig. 128). Again, the m ' 1/3 exponent on the lateral size power
law corresponds to the growth of islands by capture of diffusing
species in their surface of influence with a negligible direct
impingement on the islands [436]. Above a 2–3 nm thickness, the
inter-island distance increases according to a power law D ∝ tn,
n varying from 0.70 to 0.85 in the temperature range 300–640 K.
The lateral size also increases according to a power law d ∝ tm,
with m ' 0.62–0.64. This regime can be assigned to coalescence
with a nearly constant surface coverage (30%–40% according to the
temperature) (Fig. 127) below the jamming limit of 55% for the
percolation and formation of interconnected structures [253,443].
A static coalescence process would yield a power law d ∝ t1 for
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the island lateral size, and can thus be ruled out as the dominant
process [436–438]. The smaller m value corresponds rather to
dynamic coalescence. The logarithmic correction for the power law
of the droplet diameter and distance given above in the Au/TiO2
case are verified with γ ' 0.8. This positive value leads to a
behavior of enhanced diffusion of the largest islands contrary to
what is expected from standard models [444] of diffusion of the
center of mass of the particle through periphery atom mobility.
As a matter of fact, in this dynamic coalescence regime, the Ag
islands are no longer in coherent registry onMgO(001), and display
interfacial dislocations [398]. As a result, they may diffuse much
more easily than coherent islands as shownbymolecular dynamics
simulations [391]. This behavior has been already observed for
Au islands on amorphous Al2O3 combining TEM and Kinetic
Monte Carlo Simulation, [445], as well as for small Pd islands on
MgO(001) [446]. In summary, the three above examples show how
the growth modes can be inferred from GISAXS measurements.
Similar analyses, not discussed here, were performed in the other
metal/oxide growth studies.

9.1.7. Equilibrium shape, Wulff–Kaischew construction and adhesion
energy
GISAXS yields unique information on the island shape, in situ,

not destructively, which is especially interesting on a theoretical
point of view. In most of the studied systems, there are regimes
in which the islands reach their equilibrium shape, allowing to
deduce the adhesion energy by application of the Wulff–Kaischew
construction [447,448] or of the Young–Dupré equation. Indeed,
when the metal diffusion on the surface is fast enough, the
islands reach their equilibrium shape on a time scale much shorter
than that of the measurements, i.e. a sub-second time-scale.
This procedure has been applied in the different growth cases
presented above for Pd/MgO(001) [25,29], Pt/MgO(001) [247],
Au/TiO2(110) [81] and Ag/MgO(001) [79].
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Ag/MgO(001). In this last case, for instance, at 640 K, the island
shape is a truncated octahedron whose aspect ratios, height over
widthH/d, and rH = h/(H−h)between the top andbottomheight,
are constant below 1.6 nm deposited (Fig. 129). The adhesion
energy is related to the aspect ratio as:

β = σ001(1− 1/rH), (196)

where σ001 = 1.20 J m−2 (Ref. [449]) is the surface free energy
of the (001) facet of Ag. rH ' 3.0 yields β ' 0.80 ± 0.1 J m−2,
which compares well with the most recent determination. In the
deposition thickness range of 1.6–2.2 nm, the ratio H/d decreases,
meaning that the islands become flatter. This is expected as during
the nucleation and growth regime, the island growth occurs by
capture of diffusing species in its surface of influence with a
negligible direct impingement on the island. Indeed, while the
(111) side facets grow from both vapor phase and atom diffusion,
the (001) top facets grow mostly from the vapor phase as if they
were isolated, because of the high energy barrier an atom has to
overcome to jump from a (111) to a (001) facet [434,435]. Then,
above a deposited thickness of 2.2 nm, the ratio H/d increases.
During the coalescence regime, it has been pointed out that the
facets play an important role. Due to the facets, the diffusion is
not the limiting process, but the limiting step of the relaxation
following the coalescence is the nucleation of a germ of the size
of the smallest facet on a larger facet [450,451]. In the considered
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cubo-octahedron, the larger facets are the {001} and {111} facets
of the upper island part, and the smaller facets are the {111} and
{011} facets of the bottom part. Due to experimental uncertainties,
one cannot distinguish which facet among {001} or {111} is the
largest. The increase of theH/d ratio would indicate that the island
growth occurs preferentially on the {001} facet, which would be
the largest facet of the cubo-octahedron.

Au/TiO2(110). In the Au/TiO2(001) case, during the coalescence
stage, the aspect ratio 〈H〉 / 〈R〉 is nearly constant while the
correlation coefficient ρ between the particle height and radius
is close to one, indicating that clusters are close to equilibrium.
The truncated sphere shape and the full size distribution allow
to calculate a mean contact angle θc and an adhesion energy
from the Young–Dupré formula Eadh = γAu(1 + cos θc), where
γAu = 1.131 J/m−2 is the surface energy of gold [389], as a
function of the coverage. The value of θc = 130◦ ± 5◦ for
the contact angle of large particles is again in good agreement
with the most precise determinations [417]. The finding of a
change in contact angle (adhesion) around a mean size of 〈R〉 ∼
1.3 nm (∼500 atoms/cluster, average thickness of 0.6 nm) at the
onset of the particle coalescence is compatible with the transition
from ‘‘flat’’ 3D shape to spherical 3D shape around a coverage
of 0.4–0.6 nm [418,417]. The GISAXS measurements are less
sensitive to the 2D or quasi-2D particles seen by low energy ion
scattering [430] or scanning tunneling microscopy [418]. These
quasi-2D particles are dispersed on terraces and appear at the early
beginning of the growth (below 0.2 nm); their height is between 1
and 3monolayers. But they are in factmixedwith ‘‘flat’’ 3D clusters
that mainly grow along the step edges [418,423], a fact that may
explain the slight GISAXS anisotropy observed at the beginning of
the growth on the mean spacing between particles in the [110]TiO2
and [001]TiO2 directions. The morphological transition from 2D or
quasi-2D to ‘‘flat’’ 3D particles was interpreted by a stabilization of
‘‘flat’’ 3D particles thanks to an accumulation of vacancies on the
substrate below the particles [423].

9.2. Looking by GISAXS at nanoparticles during a catalytic reaction

9.2.1. Scientific background: Bridging the pressure gap in surface
science
One major issue in heterogeneous catalysis by supported

metallic particles is to relatemicroscopic properties such as atomic
composition, morphology and electronic structure to macroscopic
quantities such as catalytic activity and selectivity. Unfortunately,
the complexity of actual catalysts precludes a detailed knowledge
of their microscopic properties. Surface science studies bypass
the complexity gap by looking at flat extended metallic surfaces
or supported metallic particles on oxide substrates or thin
films. However, a pressure gap of more than ten orders of
magnitude does exist between ultra-high vacuum studies and
real world catalysts. New physics and chemistry is expected
simply by raising the pressure due the huge increase of chemical
potential of gas phase reactants; not only the thermodynamic
equilibrium of the surface is modified but also the kinetics of
phenomena because of the high impinging rate of molecules
on the surface. To bridge this pressure gap, a current trend of
surface science is to develop characterization techniques beyond
the molecular regime in pressure conditions close to realistic ones
but startingwith the knowhow of UHV to prepare and characterize
extended surfaces. There is a wealth of new techniques (or
a renewal) to tackle such issues: environmental transmission
electron microscopy [452], high pressure STM [453–456], ambient
pressure photo emission spectroscopy (Ref. [457] and references
therein), high pressure surface X-ray diffraction [458–461,33]
etc. . . . Contrary to electron probes for which specially designed
cells or differential pumping set-ups are needed, the X-ray
techniques are intrinsically compatible with any kind of pressure
range by simply backfilling the chamber with reactive gases, the
only constraints being the inertness of the gas/surface system
under beam. The first X-ray set-up was developed at ESRF on
the ID03 beamline [458]. Among others, it was used to show
that Ni(110) experiences a massive restructuring at high CO
pressure and above room temperature [459], and that the reaction
of oxidation of CO at atmospheric pressure does not happen
on metallic Pt(110) but on metastable oxides. Recently, a batch
reactor [33,34] (see Section 3.4) inspired from a classical chamber
for surface X-ray diffraction was designed to combine scattering
studies (SXRD, GIXD and GISAXS) and reactivity measurements.
Promising results are expected with such a tool, in particular for
supported particles as size and shape effects on the nanometer
scale are thought to play an important role. Among others,
gold catalyst is a good example. Inert in its bulk form, it
becomes highly reactive for the reaction of oxidation of CO
(even at RT contrary to Pt) when the particle diameter is
reduced to a few nanometers [462]. The explanation of the
mechanism of the reaction and the nature of the active sites
are highly debated [3]. ‘‘Gold-only’’ explanations involve either
the promotion of absorption/dissociation of O2/CO on highly
uncoordinatedmetal sites or a quantumsize effectwith an opening
of a band gap for two layer high flat particles [388]. Other
arguments involve anionic or cationic gold species (depending
upon the defectiveness of the support or the preparation method)
or reaction/activation at the perimeter between the particle
and the support [463]. A clear consensus exists on the strong
dependence of the activity on the particle size below 3 nm.
However, measuring concomitantly the particle diameter in situ
and its reactivity is difficult.Work has started in this directionwith
GISAXS [33,34].

9.2.2. In operando study of gold nanoparticles on TiO2(110)

Experiment conditions. The morphological and crystallographic
modifications of TiO2(110) supported gold nanoparticles were
studied during the CO oxidation reaction at millibar pressure
by GISAXS and GIXD [34]. The used setup [33,34] was briefly
described in Section 3.4. The gold particles were grown by
vapor deposition from an effusion cell in the additional UHV
chamber on a clean TiO2(110) surface that was Ar+ sputtered
and annealed at 1100 K under 10−5 mbar of O2. The deposition
rate of 0.1 nm/min was calibrated by a quartz microbalance. After
transfer in the reactor, the deposit was submitted to various gas
and annealing treatments while recording GIXD and GISAXS from
the nanoparticles and while monitoring the gas composition by
mass spectrometry. The partial pressures were determined after
ionisation and fragmentation cross section corrections and by
introducing a small amount of Ar as calibration. It was checked by
blanking the beam that X-rays do notmodify the chemical activity.
The measurements steps of roughly two hours long were:

• as deposited in UHV at RT;
• during exposure to 20 mbar of O2 at RT;
• after adding 0.1 mbar of CO;
• after pumping down to UHV;
• after annealing up to 470 K under UHV;
• during exposure to 20 mbar of O2 at 470 K;
• after adding 0.1 mbar of CO at 470 K;
• after pumping down to UHV at 470 K.

Following previous work of the literature, a strong excess of O2
and thermal activation were used to get high enough conversion
rates.
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Fig. 130. GISAXS patterns acquired on a 0.1 nm thick gold film grown on TiO2(110)
under the following conditions: (a) UHV at room temperature (RT); (b) under
20 mbar of O2 at RT; (c) under the reactive mixture 20 mbar of O2+0.1 mbar of CO
at RT; (d) under UHV at 470K; (e) under 20 mbar of O2 at 470 K; (f) under 20 mbar
of O2 + 0.1 mbar of CO at 470 K. The vertical line pinpoints the correlation peak
evolution. αi = αc ; beam along the [110] direction. From Ref. [34].

Sintering of the nanoparticles and catalytic activity. Following
Refs. [155,81], cuts of intensities on the GISAXS patterns were
fitted using LMA or SSCA and DWBA on the graded interface
assuming a truncated sphere shape. Similar results as those of
Lazzari and coworkers [81] (see Fig. 126) were found for the
overall morphology in the thickness range of 0.1–0.7 nm i.e. for
particles pinned on defects. The aspect ratio h/d was close to 0.6
and thus larger than the expected three layer high clusters that
were described as the more reactive [388]. The fits are clearly
worse if the particle height is fixed at such a value while the
GISAXSmeasurement are less sensitive to the exact shape (cylinder
or sphere). Fig. 130 evidences that the particles do not undergo
anymorphological changes at room temperature whatever are the
gas partial pressures (a large range was explored). At variance, at
higher temperature T = 470 K, the particles sinter only during the
reaction, not under gas nor upon annealing in vacuum. For 0.1 nm
of equivalent thickness (Fig. 130), their diameter increases from2.4
to 2.8± 0.7 nmwhile their spacing increases simultaneously from
4 to 5.1 ± 0.5 nm, keeping the same aspect ratio. Simultaneously,
the reaction product is detected. This sintering affects mainly
the most reactive particles of size lower than '3 nm that are
pinned on defects. For a coverage higher than 0.23 nm, neither
morphological changes nor reactivity were detected. Indeed, the
bigger particles have already undergone coalescence as shown by
the UHV study of the growth mode [81]. Sintering under reactive
mixture was already observed by others authors [419] but also,
at variance to the present work, under pure oxygen [464,420].
These discrepancies may be due to the substrate preparation and
density of defects. The evolution of the partial pressures of CO
and CO2 (Fig. 131a) is deduced from the evolution of mass 28
and 44 after various corrections. The reaction rate is obtained
by the slope at the beginning of the exposure. It is given by the
number of CO molecules converted per second per gold atom
and is plotted in Fig. 131b against the equivalent film thickness
and particle diameter estimated from GISAXS. Unfortunately, the
measurements could not be performed for all thicknesses during
the available beam time. Therefore, the experimental conditions
were carefully reproduced at the laboratory. A clear result is that
the rate of reaction increases continuously while reducing the
particle sizewithout anymaximum in the range 2.4–5.2 nm. Such a
finding differs from previous STM results [388] where a maximum
was found. GISAXS experiments have been undertaken recently
to confirm accurately those results with the actual particle size
accounting for the observed reaction induced sintering. This opens
the possibility of the determination of the relationship between the
size and the reactivity of gold catalysts really during the chemical
reaction itself with a sampling of a vast collection of nanoparticles.

9.3. Stranski–Krastanow growth in the Ge/Si(001) system

The physical properties of semiconductor nanoparticles de-
pend entirely on their size, shape, internal structure, strain and
composition, which thus have to be fully controlled and under-
stood. Semiconductor nanostructures are classically grown by the
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Fig. 131. Activity of gold nanoparticles supported on TiO2(110)measured in a batch reactor for 10mbar O2+0.1mbarCO partial pressures. 1ML corresponds to one compact
Au(111) plane. (a) Evolution of the decrease of CO pressure and uptake of the CO2 pressure as deduced from the mass 28 and 44 after ionization factor and fragmentation
corrections. The gray curve corresponds to the background reactivity while the blue one corresponds to 0.4 ML measured during X-ray experiments. (b) Atomic rate of CO
conversion into CO2 as function of the film thickness after background subtraction. The diameter dmeasured by GISAXS has been reported on the top axis. From Ref. [34].



346 G. Renaud et al. / Surface Science Reports 64 (2009) 255–380
(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 132. GISAXS patterns collected during the in situ growth of Ge/Si(001) at 700 K (incidence angle αi = 0.2◦ and beam energy of 10 keV). (a) Bare substrate GISAXS signal.
From (b) to (h), patterns have been recorded for an equivalent thickness ranging from 2 to 8 Å. Observation of the diffusion halo indicates that the Stranski–Krastanow
transition occurs between 5 and 6 Å of Ge. The GISAXS images do not depend on the direction of observation thus implying an isotropic shape for the islands. From Ref. [475].
Stranski–Krastanow (SK) mechanism for which, beyond a critical
thickness, islands are formed on a two-dimensional wetting layer.
Themechanism of the SK growth of Ge layers on Si(001) substrates
has been investigated extensively. By increasing the Ge coverage
the shape of the islands changes from square pyramids having
{105} facets to dome-shaped islands with {105}, {113}, {15 3 23}
facets, and the top (001) facet [465,466]. Finally, the dome islands
may evolve into coherent islands, called ‘barns’ with additional
{111} and {20 4 23} facets [467,468] before the appearance of large,
dislocated islands named ‘superdomes’ [469]. Recently, it has been
shown that the shape transition from pyramids to domes is ther-
modynamically driven, i.e., during the growth the islandswith sub-
critical sizes (pyramids) shrink and the over-critically sized islands
(domes) grow [470]. However, the kinetics of the island growth
and of the shape transitions is still not completely understood.
In particular, the evolution with temperature [471] and deposited
thickness of the islands size and shape are not fully determined,
neither the state, equilibrium or transient, of the dome-shaped
islands during growth. This calls for in situ investigations as a
function of temperature. The morphology of islands during their
growth has been investigated by many in situ methods, such as
electron or synchrotron diffraction [472], scanning tunneling or
low-energy electron microscopy [473,474]. With in situ GISAXS,
contrary to other in situ techniques, not only the average diame-
ter and height of the islands but also the average size of each facet
can be directly estimated during the growth. We report here on
several in situ GISAXS studies during the growth of Ge on Si(001).

First experiments on ID32
The first experiments [475] were performed using the ID32

setup. Ge was deposited on Si(001) by amounts of 1 Å, at a
substrate temperature of 700 K, up to an equivalent thickness
of 10 Å. GISAXS pictures were recorded for each deposited Å of
Ge, keeping the sample at constant temperature. Fig. 132 shows
a typical set of GISAXS pictures. From these observations, the
Stranski–Krastanow transition takes place between 5 and 6 Å.
Indeed, up to 4 Å (Fig. 132a–c), the GISAXS signal is consistent
with a weakly rough surface: only a very small scattering out of
the specular beam is observed. At 5 Å (Fig. 132d), the scattered
intensity starts to increase on each side of the specular beam,
which is related to an increase of the roughness. Nevertheless,
there are not yet well-defined features that could indicate the
presence of 3D islands. The 3D islands appear only above 6 Å,
as revealed by the symmetrical rounded shapes of the scattered
intensity. GISAXS patterns do not depend on the direction of
observation, which means that the island distributions at the
surface and their shape are isotropic. The sizes and separations
of these islands was deduced by a fast analysis [475]. After the
growth of 10Å of Ge at 700K, a progressive annealing of the sample
was performed to investigate the morphological evolution of the
islands as a function of the temperature. No significant change was
observed until 900 K, where a 15 min anneal induced a dramatic
change in morphology. The corresponding GISAXS data (Fig. 133)
revealed clear scattering double streaks, corresponding to {311}
and {111} facets. The streaks were found to be double. For αi =
0.1◦, they point at the refracted beam, while for αi = 0.4◦ they
point at the transmitted beam. In the case of αi = 0.2◦, when
there is a doubling of the truncation rods, the upper (in terms
of qz) set of streaks points at the refracted beam whereas the
lower set points at the transmitted beam. These observation are
perfectly consistent with the DWBA treatment of GISAXS. Within
this framework, the IsGISAXS software was used to simulate
the scattering by facets. Ge islands shape was taken as a square
basis truncated pyramid with {311} facets. The mean lateral size
of Ge islands was 50 nm, with a Gaussian distribution of sizes,
of width σR/R = 0.2. The height to lateral size ratio of the
islands is 0.3. Fig. 134 shows such a simulation for a grazing angle
αi = 0.2◦. The calculated scattered intensity as a function of
the exit angles αf and 2θf shows the splitting of the truncation
rods when the incident angle is near the critical angle. The inset
part of Fig. 134 shows a cross-section of the amplitudes associated
with each term of the DWBA. This cross-section is performed as a
function of αf , at fixed 2θf = 0.5◦. This discrimination between
the different terms of the DWBA shows that, apart from the first
component corresponding to the Born approximation, only the
second component is non-negligible in the observed pattern. This
indicates that the main scattering process to explain the second
truncation rod is a reflection of the incoming beam by the surface
prior to a scattering by the islands. Simulations performed at
incident angles of 0.1◦ and 0.4◦(not shown here) reproduce the
main experimental observed features. These simulations also show
that the third and fourth terms of theDWBAare of little importance
as soon as αi > αc . To conclude, GISAXS measurements during
the thermally activated faceting of Ge/Si(001) yielded a direct
experimental evidence of grazing incidence scattering effects. In
particular, the origin of the doubling of the facets truncation rod
was well reproduced within the DWBA.
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(a) (b) (c)

Fig. 133. GISAXS study of scattering by Ge facets, as a function of the grazing angle, after 15 min of annealing at 900 K. (a): αi = 0.1◦ , (b): αi = 0.2◦ , (c): αi = 0.4◦ . The
incident beam is along the 〈110〉 direction. From Ref. [475].
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Fig. 134. GISAXS simulation of {311} faceted Ge islands on Si(001) within the
DWBA framework, for a grazing angle αi = 0.2◦ . The intensity map is calculated as
a function of the exit anglesαf and 2θf . The intensity scale is in arbitrary logarithmic
units (top color band). One can notice the splitting of the truncation rods associated
to the facets. Inset: cross-sections of the scattered amplitudes, for each term of
DWBA, as a function of αf , at fixed 2θf = 0.5◦ . From Ref. [475].

Ge island nucleation and wetting layer
Further studies, performed using the BM32 setup, were aimed

at fully characterizing the shape, size, strain and composition of
Ge islands on Si(001), in situ, during their growth, by combining
GIXD, XRR, GISAXS and GI-MAD. This last technique, Grazing
Incidence Multiple Anomalous Diffraction, consist of performing
GIXS measurements (GIXD or GISAXS or XRR) at several energies
(typically 12) around an absorption edge of the element whose
composition has to be determined. This strongly varies the
scattering factor of this element, thus rendering X-ray scattering
composition sensitive. It thus allows determining the composition
of zones that are selected by their strain value. Fig. 135 sketches
the different probed regions in reciprocal space of such a sample.
All Si(001) surfaces were deoxidized at 900 ◦C under ultrahigh

vacuum conditions in the BM32 UHV chamber, and characterized
for their surface quality with GIXD and RHEED. The surfaces
showed a 2 × 1 reconstruction whose average domain size was
'1 µm. For each deposited Ge monolayer, GISAXS patterns were
Fig. 135. Sketch of the in situ X-ray scattering setup for the study of the growth
of Ge on Si(001). Under grazing incidence conditions, the evolution of the sample
morphology can be followed in the small angle regime; the formation of facets
is indicated in the GISAXS pattern. The lattice relaxation is monitored by the
appearance of Bragg peaks in GIXD. Intensity maps around the (220) and (400) Si
and Ge Bragg peaks, integrated perpendicular to the surface, are also shown. From
Ref. [476].

collected in the 〈110〉, 〈100〉, and 〈15 3 0〉 azimuthal orientations.
For a growth temperature of 500 ◦C, a series of radial scans (not
shown) across the (400) reflection were performed. No lattice
relaxation was visible up to 4 ML coverage. For 5 and 6 ML
deposit, two shoulders developed, indicating a bimodal growth
in this temperature regime. The shoulder closest to the Si peak
corresponds to highly strained islands that form in very early
stages of the nucleation. For depositions higher than 6 ML, only
more relaxed islands continued to grow. After the growth, domes
of variable size and hut clusters were observed by AFM. In order
to further characterize this morphological transition, the recorded
GISAXS patterns have to be considered. For the bare Si(001)
surface, a typical GISAXS pattern is shown in Fig. 136a. It is
dominated in its central part by stray radiation from the direct
beam (hidden by a beam stop) and by diffuse scattering from the
surface. To record the appearance of islands and, in particular, of
facets, different low-index azimuthal orientations were regarded.
Fig. 136b shows a GISAXS image in the 〈100〉 azimuth for early
nucleation stages at 500 ◦C. Broad and diffuse streaks in the
〈105〉 direction (highlighted by arrows) indicate the formation of
{105} faceted hut clusters and/or pyramids. Due to the flat facet
orientation (11◦) with respect to the (001) surface, these islands
are highly strained. For the 〈110〉 azimuth, no evolution can be
observed for low deposits (see Fig. 136c) up to 5 ML. For 6 ML
deposition (Fig. 136d), streaks in the 〈113〉 direction appear. The
splitting of the streaks occurs as a consequence of the fourfold
scattering process found by the DWBA when working close to the
critical angle. The same behavior is observed for 〈15 3 0〉 azimuth,
where 〈15 3 23〉 facets appear at 6 ML (not shown here). The
previously described {105} facets remain almost unchanged at this
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Fig. 136. Growth of Ge on Si(001). GISAXS images for different deposition stages
and azimuthal orientations for a deposition temperature of T = 500 ◦C. (a) From a
flat surface in the 〈100〉 sample azimuth; the central beam is blockedby a beamstop.
(b) {105} facets attributed to pyramids at 5MLdeposited. The bare substrateGISAXS
from (a) was subtracted. The indicated angle of 2 × 11◦ corresponds to twice the
angle between the facet normal 〈105〉 and the surface normal 〈100〉. (c) The 〈110〉
azimuth for a deposition of 5 ML. (d) At 6 ML the sharp pyramid to dome transition
is reached and {113} facets appear. From Ref. [476].

point. These latter three orientations describe the multifaceted
dome shape as reported in earlier works.

Growth laws of Ge superdomes on Si(001), as studied by GISAXS
The experiments described above were again performed in the

BM32 UHV chamber with a very slow Ge deposition rate (170 s
for one Ge monolayer (ML). Ge was deposited monolayer after
monolayer at four growth temperatures (773 K, 823 K, 873 K and
923 K). To avoid any evolution of the islands between successive
deposits, the samples were immediately cooled down to 723
K after each added monolayer, as a reference temperature at
which theX-raymeasurementswere performed, so that significant
morphological evolution or Si-Ge intermixing between successive
deposits can be safely neglected [476,477,474]. Consequently, the
successive deposits are almost equivalent to a continuous deposit
with constant rate, as a function of time: the deposited amount θ
is proportional to an equivalent deposition time t . Fig. 137 shows
the measured GISAXS data for the growth temperature of 923 K
as functions of the qy and qz coordinates of the scattering vector,
i.e., for the [110] azimuthal directions of the primary beam. Very
similar results were gained for the X-ray beam along the [15 3 0]
direction.
The intensitymaps exhibit nearly no changes for thenominalGe

coverages θ between 0 and 4–5 MLs for a growth temperature of
923 K along the [110] and [15 3 0] azimuths. Above this thickness,
diffuse intensity streaks are visible along the 〈113〉 and 〈15 3 23〉
directions. At 8–9MLs, additional streaks along 〈111〉 appear in the
[110] azimuth. No changes are observable (images not shownhere)
between 0 and 4 MLs along the [110] and [15 3 0] azimuths for the
growth temperature of 873 K and between 0 and 5 MLs at 823 K
and 773 K.
For the analysis of themeasured data the DWBA for islands [37]

(Section 6.2) was adapted to deduce directly the average height
of the facets [478]. Let F(q) be the Fourier transform of the shape
function S(r) of a single island. In the case of islandswith flat facets,
it is suitable to convert the volume integral calculating F(q) into
an integral over the island surface A = ∪j A(j) using the Stokes
formula, which yields

ΩFT(q) =
I
q2
∑
j

q(j)
⊥
e−iq

(j)
⊥
r(j)
⊥ Fj(q

(j)
‖
). (197)

In this equation, n(j) denotes the unit vector of the outer normal of
the facet jwith the area S(j), then r (j)

⊥
= r.n(j) is the distance of this

facet from the origin (the origin is at the center of the bottom of
the islands), q(j)

⊥
= q.n(j) is the component of q perpendicular to

the facet and q(j)
‖
= n(j) × (q× n(j)) is the component of q parallel

to the facet. The Fourier transformation of the shape function of the

facet j is equal to Fj(q
(j)
‖
) =

∫
S(j) d

2r(j)
‖
e−iq

(j)
‖
.r(j)
‖ .

The above equation makes it possible to analyze the contri-
bution of individual facets to the intensity I(q). Assuming that
the island positions are completely random, the intensity of the
scattered radiation is an incoherent superposition of intensities
scattered by individual islands. The expression for the scattered in-
tensity can be simplified as follows

I(q) ' const.
∑
j

4∑
n=1

|An|2
(
q(j)
⊥n

q2n

)2 〈∣∣∣Fj(q(j)‖n)∣∣∣2〉 , (198)

where the sums run over the scattering processes, An and qn are
the amplitude and scattering vector of process n. The direct (kine-
matical) process n = 1 is the scattering of the incident wave,
the indirect processes n = 2, 3, 4 comprise the scattering of the
wave specularly reflected from the flat surface between the islands
(n = 2), specular reflection of the wave scattered from the island
(n = 3), and specular reflection of both the primary and the scat-
tered waves (n = 4) (see [37] and Section 6.2 for details). Within
this approximation, the intensity is a sum of the contributions of
individual facets. Each facet gives rise to a narrow streak in recip-
rocal space parallel with n(j). The width of the streak is inversely
proportional to the facet width L. Along the streak, the intensity
drops as (q(j)

⊥
)−2. In the case of a non-faceted islandwith a rounded

surface, the scattered intensity decreases as q−4 (the Debye–Porod
law [73,217]), so that from the asymptotic intensity decrease it
is possible to identify individual facets. The intensity distribution
across the streaks is determined by 〈|Fj(q‖)|2〉, where the average
is taken over the distribution of facet sizes. Numerical estimates
have revealed that this intensity distribution obeys the asymptotic
formula 〈|Fj(q‖)|2〉 ∝ |q

(j)
‖
|
−3 for large |q(j)

‖
| for any facet shape and

any statistical distribution of the facet sizes. The full-width at half
maximum (FWHM) δq‖ of the streak is inversely proportional to
the mean facet size L0 ≡ 〈L〉, however, the proportionality factor
decreaseswith increasing rootmean square (rms) deviation σL of L.
For σL → 0, L0 → 2π/δq‖ holds. The indirect scattering processes
(n = 2, 3, 4) give rise to an additional streak for each facet, if its
wave vector transfer qnz > 0. The intensity streaks stem from two
scattering processes, namely for n = 1, 2 (if αf > αc) or n = 1, 3
(αf < αc). Due to the reflection from the free surface, the addi-
tional streak is shifted vertically by 2k sinαi, and its intensity de-
pends on the incidence or exit angles due to the reflectivity coeffi-
cients ri,f . The distance between the peaks stemming from various
scattering processes is∆q‖ = 2k sinαi,f sinβ , where β is the angle
of the facet with (001). This effect has to be taken into account in
the determination of the facet size from the streak width.
Fig. 138 shows an example of a fit of a line scan extracted from

the GISAXS measurement in the [110] azimuth for θ = 10 MLs
for the growth temperature of 873 K. This line scan is fitted by the
sumof threemodified Lorentzian functions, one corresponds to the
streak of the top facet (on the right side of the figure), the other two
stem from {113}. The study was not performed for the {105} facets
appearing in the [100] azimuth because the flat facet orientation
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Fig. 138. Figure (a) shows a GISAXS image (azimuth [110], θ = 10ML), fromwhich
the line scans in panels (b), (c) are extracted along the q‖ and qz axes. (b) The linear
scan extracted from the GISAXS intensity map across the {113} facet streak (points)
and its fit by a sum of three f (q‖) functions (see text); the inset shows the tail of
this line scan in a loglog representation. (c) The line scan along the facet streak.
From figures (b) and (c), the q−2z and q

−3
‖
slopes are clearly visible. From Ref. [478].

(11◦ with respect to the (001) axis) and the small facet size induce
a broadening of the {105} diffuse streaks whichmakes difficult the
analysis. Therefore, only the {113} and {15 3 23} facet sizes were
characterized. The insets in Fig. 138 show the linear scans extracted
from the intensity map in the [110] azimuth for θ = 10 MLs
at a growth temperature of 873 K along and across the intensity
streaks. The above predicted q−2z and q
−3
z asymptotic dependencies

are clearly visible. The values of the mean sizes L0 for the last
deposits deduced from these fits are consistentwith those deduced
from the ex situ AFM measurements performed after growth. In
Fig. 139 is plotted the dependence of themean sizes L0 of the {113}
and {15 3 23} facets, for the growth temperatures of 773 K, 823 K,
873 K and 923 K as a function of the deposited thickness θ . The
evolution shown in Fig. 139was found to be fittedwell by a power-
law of the type: L0 = B(θ − θc)1/3, where θc and B are constant.
This 1/3 power evolution of the different facet sizes implies that
the island volume V is proportional to the deposited thickness
θ , neglecting the small volume variation possibly induced by a
different size variation of the {105} facets.
From the fit of the experimental data to the θ1/3 dependence,

the critical thickness for the dome-to-superdome transition was
determined as being θc = (6 ± 0.3) MLs for 773 K, θc = (5.97 ±
0.25) MLs for 823 K, θc = (5.1 ± 0.2) MLs for 873 K and to
θc = (4.8±0.25)MLs for 923 K. The critical thicknesswas found to
decreasewith increasing temperature,which is consistentwith the
results of Cimalla [479]. The average sizes of the {113} and {15323}
facets are found to increase with temperature, as expected. These
results confirm that the pyramid-to-dome transition is thermally
activated.
In summary, the evolution of the size of crystallographic facets

during a slow growth of Ge (super-)domes on Si(001) has been
studied using in situ GISAXS. From the evolution of the widths of
intensity streaks in reciprocal space, the kinetics of the growth of
the {113} and {15 3 23} facets was deduced. Up to 823 K, the facet
sizes are found to obey a θ1/3-dependence. This implies that, above
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Fig. 139. The dependence of the mean facet sizes L0 of Ge superdomes on Si(001) on the nominal coverage θ of the deposited Ge layer. Above 6 ML at 923 K and 6.9 ML at
the three other temperatures, the data for the {15 3 23} (a) and {113} (b) facets were fitted to a B(θ − θc)1/3 function (full lines). From Ref. [478].
a certain critical thickness, the domes do not change their shape
and that they grow self-similarity, reaching their equilibrium
shape.
An ex situ study from the group of Dubc̆ek deserved to be

mentioned here. In 2006, they reported on a 2D GISAXS ex
situ study combined with AFM of Ge islands grown on Si(001)
substrates [480]. The samples were prepared by magnetron
sputtering of a 5 nm thick Ge layer in a very high vacuum on
Si(100) substrate held at different temperatures. The vertical cut
(perpendicular to the surface) of the experimental 2D GISAXS
pattern has been fitted using a Guinier approximation. The
optimum temperature for the islands formation was 650 ◦C. At
this temperature, islands grow in conical shape with very similar
dimensions; however, inter-island distances varied significantly.

9.4. Self-organized growth of nanostructures

The miniaturization of devices makes their production lengthy
and expensive when using conventional techniques like lithog-
raphy. The self-organized growth of atoms in the first stage of
an overlayer growth is seen as a smart solution to overcome the
expensive and heavy demanding procedures necessary for shap-
ing materials at the nanoscale. To become a reliable alternative,
the self-assembling process has to demonstrate the capability of
giving rise to collections of nanoparticles with a narrow size dis-
tribution and an ordered spatial arrangement: the so-called self-
organized growth. Themajor challenge in order to achieve this goal
is to avoid random growth by taking advantage of regular surface
nanopatterning to control the nucleation process. Several routes
have been explored: vicinal surfaces [481] (exhibiting a regular
step array), surfaces strained by buried nanostructures [482], or-
dered phases of adsorbates [483], surface reconstructions [30,484,
485], thin films of a fewmonolayers having coincidence lattice sites
with the substrate [486,442] or buried dislocation networks [487,
488]. These experiments have demonstrated the potential of the
self-organized growth process, producing well ordered collections
of nanoparticles of a given size and shape. However fabricating
a regular pattern is not enough, it is necessary to avoid homoge-
neous nucleation in order to grow only one nanostructure per unit
cell [442]. The parameters of control for the growth are the tem-
perature and the flux of atoms deposited on the surface. To find
the optimal experimental conditions, the use of ex situ character-
ization tools may be very time consuming. At variance in situ and
more suitable real time X-ray techniques techniques offer the op-
portunity of a feed back control of the growth processes to orient
toward self-organization. They provide the crystallographic struc-
ture (GIXD) as well as the shape, size and spatial organization
(GISAXS) of a macroscopic number of nanostructures. In the fol-
lowing, we will focus on recent GISAXS studies of ordered growth
of Co or Ni nanostructures on different kinds of surface:

• the Au(111) surface reconstruction as a model system [32];
• a kinked vicinal surface of Au(111) [215,489];
• a thin film of Ag strained by a misfit dislocation network buried
at the interface with a MgO(001) substrate [488];
• a cobalt-oxide thin film induced patterned by a buried misfit
dislocation network [490].

9.4.1. The ordered growth of Co on Au(111)
The growth of Co nanostructures on Au(111) is certainly one of

the most popular example of ordered growth of nanostructures on
metal surfaces [30,5]. Themain advantages of this system are (i) its
robustness in temperature since the growth is ordered in a wide
range of temperature [491] (120 K to 400 K); and (ii) the large size
of its unit cell. The Au(111) surface exhibits a reconstruction (22×
√
3) that has been characterized by GIXD [492], STM [493], and
Helium Atom diffraction [494]. Top layer atoms are successively in
fcc and hcp stacking and both domains are separated by stacking-
faults. As the Au(111) surface has a threefold symmetry, three
different variants of the reconstruction co-exist on the surface.
A superstructure involving two variants of the reconstruction,
rotated at 120◦ and separated by a kink, is called herringbone
reconstruction. For length scales of about 100 nm, different
domains of the herringbone reconstruction rotated at ±120◦
are observed in agreement with the symmetry of the surface.
Consequently the Au(111) surface is spontaneously ordered over
areas of 100 × 100 nm2 and more importantly it is a template
for the ordered growth of Co nanostructures. The nucleation of
Co on Au(111) is heterogeneous and occurs at the kinks of the
herringbone reconstruction (see Fig. 140a–c) thanks to an insertion
mechanism [495]. Different questions have been addressed by
GISAXS: in the submonolayer regime, the size and content of the
unit cell of Co nanostructures have been studied as a function
of deposit. At the coalescence of the Co nanostructures and
beyond, the structure of the Co thin film has been investigated
by Anomalous GISAXS and GIXD. At last, in order to increase the
blocking temperature of the Co nanostructures, nanopillars have
been grown by sequential deposition of Co and Au.

Qualitative interpretation of the scattering rods by theConanostructure
network. The network of Co dots is characterized by a unit cell (A,
B) of rectangular shape of about 7.7 × 15 − 50 nm2 (Ref. [497])
filled with two nanostructures of approximately two monolayers
high (see Fig. 140c). The main crystallographic axis of the Co dots
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Fig. 140. (a) STM images of the self-organized growth of Co nanostructures on the Au(111) herringbone reconstruction. (a) Large scale image (1.5×1.5µm2) and its Fourier
Transform (Inset). The three different domains of the Co nanostructures network are highlighted by different colors. (b) Image of one domain for 0.05 ML of Co. (c) Small
scale image. A sketch of the unit cell is shown (from Refs. [32,496]).
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Fig. 141. (a) Sketch of the principle of a GISAXS measurement and experimental
image for an incident X-ray beam aligned along the
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〉
direction. The distance

separating the scattering rods is inversely proportional to the intra-row distance
(L). (b) Experimental GISAXS image obtained for the beam aligned along the

〈
112

〉
direction. The inter-row distance (K) is probed (from Ref. [32]).

network are aligned along the
〈
112

〉
and

〈
110

〉
directions referring

to the fcc lattice of Au. We call intra-row spacing the distance be-
tween the nanostructures in the

〈
112

〉
direction, i.e. governed by

the size of the 22×
√
3 reconstruction. The inter-row spacing is the

distance between the nanostructures in the
〈
110

〉
direction (kink

periodicity). Fig. 141a and b show respectively two GISAXS images
measured for an incident beam aligned along the main crystallo-
graphic orientations

〈
110

〉
and

〈
112

〉
. They are both characterized

by correlation peaks in the surface plane showing the presence
of a bidimensional order. The normalized FWHM of the scattering
rods of the intra-row spacing (∆q‖/q‖ = 3%) is very small (see
Fig. 141a). This reveals a long range order arising from the under-
lying N ×

√
3 reconstruction for which the periodicity is very well

defined (N = 22± 1). About the inter-row spacing (see Fig. 141b),
the scattering rods aremuch broader revealing a short range order.
A one-dimensional analysis gives a mean distance of 8.5 nm and a
standard deviation of 2.1 nm. The quality of the order in this direc-
tion can be assigned to the fluctuations of the spacing between two
kinks of the reconstruction. Fluctuations are large because the en-
ergetic equilibrium of the surface structure is mainly controlled by
the 22×

√
3 reconstruction and the kink spacing is a second order

effect. In the direction perpendicular to the surface the scattering
rods are very extended due to the very small height (2 ML) of the
nanostructures as put in evidence earlier by STM [30].
103

102

101

Intensity) (arb. units)

0 1-1

01

10

11 21

20

-1

0

1

q y
(n

m
-1

)

qx(nm-1)

Fig. 142. Map of the reciprocal space of the Co dots network in the surface plane.
It has been measured for 0.9 ML of Co. The three variants of the herringbone
reconstruction are observed at ±120◦ and one can define the rectangular
elementary unit cell of the reciprocal space. The narrow intra-row peak (01) and the
broad inter-row peak (20) are clearly evidenced, as well as the (11) et (21) crossed
peaks. From Ref. [32].

3D characterization of reciprocal space of Co/Au(111) by GISAXS. In
order to fully characterize the super-crystal of Co nanostructures,
a mapping of the reciprocal space has been performed at the
nanometer scale. In Fig. 142 a map of the reciprocal space in the
surface plane is shown for a deposit of 0.9 ML of Co, i.e. for half-
coverage of the surface. This map results from 85 GISAXS images
measured at different azimuths, rotating the sample by step of 1◦.
The intensity at qz ' 0 (i.e. at the Yoneda peak) has been extracted
for each GISAXS images. The sixfold symmetry is in agreement
with the threefold symmetry of the surface combined with the
Friedel law I(q) = I(−q) (see Section 6.2.7) which applies for
qz = 0 [37]. Let us consider the contribution of only one variant of
the surface reconstruction. From the schematic drawing of the unit
cell depicted on Fig. 143c the position of the different peaks can
be assigned. The main peak arises from the intra-row spacing (01),
narrow and intense (Fig. 142). The second one is given by the inter-
rowspacing and ismuchbroader. It is called (20) in agreementwith
the pattern of the unit cell which is statistically centered along the〈
110

〉
direction. The (10) and (30) peaks are forbidden in agreement

with the previous remark. From these simple arguments the mean
position of the Co nanostructure inside the unit cell reads (K , y)
where K is the mean inter-row spacing and y has to be determined
(see Fig. 143c). This preliminary analysis gives some insight into
the structure of the unit cell of Co nanostructures, however due to
disorder much caution is necessary and a quantitative analysis is
mandatory to go further on.

Modeling and quantitative analysis of the growth of Co/Au(111). In
order to calculate the intensity scattered by the network of Co
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Fig. 143. (a) Sketch of the probability density of the first neighbor’s distance in the 2D paracrystal model. The gray areas bound the most probable areas of the probability
distribution. 2K and L are the mean distances between the nodes. σK ,x , σK ,y , σL,x and σL,y are the standard deviation of the nearest neighbor distance distributions. In the
paracrystal framework, the disorder propagates in a cumulative way from nodes to nodes. (b) Shape and size of the Co nanostructures. (c) Rectangular unit cell of the Co
nanostructures network. From Ref. [32].
nanostructures amodel is built relying on the above analysis of the
growth of Co on Au(111) and previous STM images (e.g. Fig. 140).

• The spatial organization is modeled by two perpendicular
paracrystals [42] (see Section 6.3.4) which describe the intra-
row and inter-row spacings (Fig. 143a). In the framework of
this model, both directions are independent (ideal paracrystal).
The probability laws of the distances between first neighbors
are bidimensional with a Gaussian shape and characterized by
the mean distances (L and 2K ) and the standard deviation (σK ,x,
σK ,y, σL,x and σL,y).
• The unit cell is built by two nanostructures of triangular shape
(see Fig. 143b). One is located at the node of the lattice and the
other one, rotated by 180◦, is close to the center of the unit cell
(K , y) (Fig. 143c). The fluctuations of positions inside the unit
cell are modeled by a Debye–Waller type disorder.

To fit the parameters of the model, cross sections of the
GISAXS images have been extracted. Then the parameters are fitted
minimizing the total χ2. As an example, let us consider the cases
of 0.2 and 1ML of Co deposited at RT (see Fig. 144a–f and g–l). Two
GISAXS patterns have been measured for both deposits with the
X-ray beam impinging in the main azimuthal directions

〈
110

〉
and〈

112
〉
. The extracted cross-sections are shown with dotted lines.

The parameters are fitted simultaneously and finally a GISAXS
image is simulated and compared to the experimental one (see for
instance Fig. 145).
The morphological parameters of the Co network are shown in

Table 1. First the relative uncertainty on the parameters of the 2D-
paracrystal is much smaller (a few %) than the uncertainty on the
Co dots size and position in the unit cell (20%). Themean inter-row
and intra-row distances are: 2K = 16.9 nm and L = 7.7 nm and
the standard deviations are approximately constant. Therefore we
confirm that the spatial organization is controlled by the surface
reconstruction of Au(111) which induces preferential nucleation
sites. The size and position of the Co dots are in agreement with
previous STM studies until half-coalescence. The small y value
shows that the inner Co dot is close to the edge of the unit cell
(typical STM image Fig. 140c).
Beyond 1 ML of deposit, the fit of the parameters does not give

reliable values revealing that the same modeling is not suitable to
describe the observed GISAXS pattern beyond coalescence.
Beyond coalescence of Co nanostructures. Experimentally an in-
crease of the total intensity of the scattering rods is observed un-
til 2 ML and a persistent signal even for a continuous thin film of
Co (coverage>8 ML) [497]. Moreover the FWHM of the scattering
rods parallel with the surface plane does not broaden indicating
that the order quality is preserved at the coalescence of the nanos-
tructures (see Fig. 146). Using a simple model, and considering 2
ML high dots, the total intensity should decrease from 1 ML of de-
posit and give zero intensity at the coalescence stage (2 ML) when
the film is continuous. To understand this experimental result, a to-
pographic analysis of STM data has been performed by O. Fruchart
et al. [497,32]. It is shown that a residual roughness still exists on
the surface after coalescence of the Co dotswith the same periodic-
ity as the surface reconstruction of Au(111). The calculation of the
GISAXS pattern allows one to conclude that some intensity should
be measured until 4 ML of Co deposit. However, as a significant
signal is measured for a much thicker film, the origin of the signal
cannot be assigned only to the topography. The intensitymay arise
from the underlying Au substrate. This latter may be strained pe-
riodically by the Co dots and since Au has a much larger electronic
density than Co it may give a significant contribution to the scat-
tering. Other effects such as interdiffusion are also possible since
Au adatoms are very mobile at RT and the surface energy of Au is
much smaller than the Co one. To check these hypotheses, anoma-
lous GISAXS measurements have been performed in order to dis-
criminate the contributions of Co and Au in the scattering rods.
• Experimental method of Anomalous GISAXS [32]

The principle of anomalous GISAXS is to measure the
intensity scattered at different energies around an absorption
edge of a chemical element of the sample. This modifies
its scattering factor giving the opportunity to extract the
structure factor and phase shift of each compounds assuming
that preliminary absorption calibrations have been performed.
GISAXS images have been collected at 9 energies around the
Co-K edge (7.709 keV). In the framework of the DWBA and
assuming that Co nanostructures have a small height and the
depth of the electronic density variations of Au are small
enough (<1 nm), the total intensity reads approximately (see
Section 6.2.8):
dσ
dΩ

(q1, E) ' |t01(αi)t01(αf )|
2

∣∣F 0Co(q1)+ F ′Co(q1, E)+ iF ′′Co(q1, E)+ F 0Au(q1)eiϕ∣∣2 (199)

where F 0Co(q1) and F
0
Au(q1) are the Thompson scattering

form factors of the Co nanostructures and the Au substrate
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direction. (e) Corresponding simulation of a map of the reciprocal space in the surface plane (qz = 0), the agreement with Fig. 142 is remarkable. From Ref. [32].
respectively. t01(αi)t01(αf ) are the transmission functions in
incidence and in emergence while q1 = kf ,1 − ki,1 is the wave
vector transfer inside the substrate. F ′Co(q1, E) and F

′′

Co(q1, E)
are the anomalous contributions of the Co nanostructures. ϕ is
the phase shift between Co and Au arising from the different
positions of the scatterers (see Fig. 147a).
• Experimental results and analysis
The experimental measurements have been performed for

a deposit of 2 ML. At this stage, the Co dots have just
coalesced in the intra-row direction [497,498] and therefore
the scattering rod’s intensity should be small whereas it is
a maximum suggesting a possible role of Au. The scattering
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Table 1
Results of the quantitative analysis of the GISAXS images. The parameters of the spatial organization are first presented (paracrystal) and then the parameters of the unit
cell.

Co amount (ML) Paracrystal parameters
2K (nm) L (nm) σK ,x (nm) σK ,y (nm) σL,x (nm) σL,y (nm)

0.2 16.82± 0.20 7.68± 0.01 2.34± 0.13 0.99± 0.05 0.83± 0.05 0.66± 0.02
0.3 16.89± 0.11 7.66± 0.01 2.34 1 0.70± 0.04 0.63± 0.02
1 16.90± 0.06 7.69± 0.01 2.37± 0.03 1.01± 0.01 0.86± 0.02 0.66± 0.01

Co amount (ML) Unit cell parameters
R (nm) σR/R H (nm) y (nm) ∆ (nm) Thickness (ML)

0.2 1.96± 0.37 0.46± 0.15 0.41 0.12± 0.08 0.13± 0.03 0.25± 0.1
0.3 2.84± 0.40 0.43± 0.16 0.42 0.10± 0.03 0.05± 0.02 0.4± 0.15
1 3.01± 0.14 0.1 0.39 0.098± 0.016 0.065± 0.005 0.5± 0.05
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Fig. 146. GISAXS image measured for 6 ML of Co on Au(111). The incident beam
is along the

〈
110

〉
direction. Very narrow and intense scattering streaks are still

visible with the initial periodicity of the Co dots network. However, there is a large
background scattering compared to imagesmeasured for less than 1ML of Co (from
Ref. [32]).
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35 nm

Fig. 148. STM image of 1.1 ML of Co on Au(111). The arrows show trenches
between the Co nanostructures. They correspond to further grain boundaries (From
Ref. [497]).

rods have been analyzed in the direction perpendicular to the
surface integrating the signal parallel with the surface plane
to increase the signal/noise ratio (see Fig. 147b). The results
show that most intensity comes from Co (see Fig. 147c). The
Au contribution is small, within the error bar, and cannot
explain such a large intensity at the coalescence. The hypothesis
of a periodic interdiffusion of Au or strain field inside the
substrate can be ruled out. But as the contribution of Co
cannot be only topographic, the most likely hypothesis is the
contribution of grain boundaries resulting from the partial
coalescence of the Co nanostructures. The grain boundaries
keep the initial periodicity of the Co dots network and give
rise to narrow scattering rods as observed experimentally. This
is supported by high resolution STM measurements [30,497]
revealing the presence of defects at the coalescence due to
the non-commensurability of the Co and Au crystallographic
lattices (see Fig. 148). This result is also supported by GIXD
measurements [32].

Growth of Co nanopillars [496,497]. The ordered growth of Co dots
on Au(111) has been stimulated by new phenomena arising from
the reduction of the dimensions as well as the growthmechanisms
in ordered systems. However such nanostructures cannot be used
in magnetic devices because they are too small and thus exhibit
superparamagnetic properties at low temperatures. To increase
the size of the Co nanostructures it has been proposed to make
Co pillars by sequential deposition. The basic idea has been first
reported byXie et al. [499] for semiconductors. They have observed
that dots from successive layers tend to stack vertically, due to
strain modulation. The in-plane organization evolves toward a 3D
organization. This method has been applied to the growth of Co
pillars onAu(111) byO. Fruchart et al. (see Ref. [496]). The principle
is to alternate many times the growth of a fraction of 1 ML of Co
and to complete the layer with Au to have a smooth surface. The
growth of Co pillars has been characterized by indirectmethods, i.e.
height analysis by STM and pillars volume estimation by magnetic
measurements. To give a more direct proof of the growth and the
ordering of Co pillars, in situ GISAXS measurements have been
performed. The different steps are: (i) growth of ordered Co dots
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on Au(111) dots at RT (0.4 ML); (ii) subsequent growth of Au (3.6
ML) at 425 K to have a smooth surface of 2 ML; (iii) sequential
growth of Co (0.4 ML) and Au(0.6 ML) at 500 K (15 times). As
the number of sequences increases the scattering rods from the
intra row and inter row distances are more intense. This reveals
that the volume of matter of the pillars continuously increases.
Moreover the scattering rods are very narrow thus the order is
preserved during the process. In Fig. 149 are shown two GISAXS
images of the pillars network and a map of the reciprocal space in
the surface plane (qz = 0) for 15 ML of Co and Au. The in-plane
peaks shows that the order has not been destroyed and the map
can be successfully compared to the previous one obtained for 0.9
ML of Co/Au(111) (see Fig. 142). The same peaks can be measured
at the same positions.

Conclusion. GISAXS has been applied to the study of the model
system Co/Au(111). In the submonolayer regime the unit cell
and the spatial ordering of the Co nanostructures have been
characterized. At the coalescence and beyond anomalous GISAXS
have shown (with complementary GIXD and STM) that a 2D
network of grain boundaries persists for a 8ML-thick film of Co.
At last a direct proof of the growth of Co nanopillars by sequential
deposition of Co and Au is put in evidence. This Co/Au(111)
example highlights the capability of the GISAXS technique to probe
buried density fluctuations.

9.4.2. The ordered growth of Co on a kinked vicinal surface of Au(111)
The growth of Co on Au(111) is well ordered over areas of

100×100 nm2. However at larger scales, the three-fold symmetry
of the surface implies that other variants of the herringbone
reconstruction exist on the surface thus limiting the long-range
order (see Fig. 140a). Moreover defects, mainly steps, affect the
coherence of the network. The use of vicinal surfaces allows one
to solve both drawbacks of the Au(111) surface. Breaking the
symmetry, only one variant of the reconstruction is favored and
stepswhichwere themain defects are nowordered andparticipate
to the patterning of the surface. The first studies of the growth of
Co on vicinal surfaces of Au have been performed in the group of
Sylvie Rousset [495,500]. They have put in evidence the crucial role
of temperature [501] in the long range order quality of the Co dots
network. A campaign of GISAXS experiments has been performed
on the SUV instrument of the BM32 beam line (ESRF) to study
the growth of Co on a slightly kinked vicinal surface of Au(111).
The complementarity between GISAXS and STMwas clearly put in
evidence.
The kinked Au(677) surface — A combined STM and GISAXS study.
The kinked vicinal surface of Au(111) (see Fig. 150a) is made of
a regular staircase of monoatomic steps (0.235 nm). Contrary to
the nominal Au(111) surface only one variant of the reconstruction
is observed due to an energetic raised degeneracy thanks to
symmetry breaking. The reconstruction is put in evidence by STM
showing a surface corrugation with double lines in the

〈
211

〉
direction. They are clearly visible subtracting the vicinal staircase
on the STM images. They probably reveal the presence of stacking
faults between domains of fcc and hcp crystallographic structures
as already seen in the case of the Au(788) surface [495]. The surface
under study is close to a Au(677) surface but the step edges are
slightly misoriented with respect to the

〈
011

〉
direction. This is

revealed by the occurrence of kinks at the step edges as seen by
STM (Fig. 150a). A more precise analysis shows that they are not
monoatomic kinks, but they pack periodically and make tilted and
diffuse areas. Subtracting numerically the vicinal staircase on the
STM images to highlight fine details of the surface morphology,
it seems that the kinks are trapped in between the stacking fault
lines, inside fcc stacking areas. This behavior has already been
observed on the Au(111) surface by Repain et al. [502]: the stacking
fault lines cross only the {111} step edges and never the {100}. The
kinks are therefore excluded from the hcp areas and pack together
in the fcc areas.
To obtain statistical information on the surface morphology,

the kinked Au(677) surface was studied by GISAXS. A map of the
reciprocal space has been measured in the small-angle regime.
GISAXS patterns have been collected at different azimuth rotating
the sample by steps of 1◦ over a large angular range (140◦). It
results in a tomographicmeasurement of the reciprocal space close
to the origin. On Fig. 151, a projection of the GISAXS intensity
in the surface plane is shown. The scattering rods from the step
network (10) and (20) are visible, as well as those arising from
the kink long-range order, (01) and (02), turned of π/2 − ε;
where the angular shift ε arises from the rotation of the mean
step edge orientation induced by the kinks. Higher order scattering
rods coming from both periodicities (11) and (12) have also
been measured. This last point is interesting because it tells us
that the surface cannot be described as the simple superposition
of two 1D networks (steps and kinks). The presence of cross
terms implies developing a global model for the calculation of
the diffuse scattering. However one may wonder if the GISAXS
intensity comes from the surface topography and/or the surface
reconstructionwhichmodifies also the electronic density contrast.
GISAXS measurements performed on the Au(111) surface did not
reveal any signal from the reconstruction. Assuming that the
dilatation effects induced by the reconstruction on Au(111) and
Au(677) are similar, the kinks are probably responsible for the
diffuse scattering observed at the periodicity of the reconstruction.
Thus the intensity scattered by the kinked Au(677) surface can be
evaluated only by a topographic model.

The paracrystal model: A tool to describe kinked vicinal surfaces [235,
215,489]. The calculation of the intensity scattered by surface
morphologies is a classical problem in surface science. In the case
of a perfectly ordered surface, only the calculation of the structure
factor of the unit cell which repeats on the surface is necessary.
In the non-ideal case, a statistical description of the surface is
necessary. Since the pioneer work of Lent and Cohen [503] and
Pukite et al. [504],many analytical results have been obtained [505,
506]. However until now these calculations were based on a 1D
description of the surface topography and focused on Spot Profile
Analysis Low Energy Electron Diffraction (SPA-LEED) [507,508],
Helium Atom Scattering (HAS) [136,509,510] or Reflection High
Energy Electron Diffraction (RHEED) [511] techniques. A method
based on the paracrystal model allows one to extend older works
in the framework of X-ray scattering considering a 3D description
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Fig. 151. Experimental map of the reciprocal space in the surface plane of the
kinked vicinal surface of Au(111). The angular offset ε deduced from this map is
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of the surface morphology [235,215,489]. Details of this approach
are given in the following for the kinked vicinal surface. To model
the surface morphology, a fixed step height h and a fixed kink size
a are first assumed in order to simplify the calculation. We define
an elementary building block which is a parallelepiped of height h
and lateral size a. In the y direction it is semi-infinitely extended
(Fig. 152). The calculation of the form factor of this elementary
object reads:

Fkinked vicinal(q) =
∫ h/2

−h/2
eiqz zdz

∫ k/2

−k/2
eiqxxdx

∫ 0

−∞

eiqyy+µydy

=
−4i
qxqyqz

sin(qzh/2) sin(qxk/2). (200)

To build a whole crystal and its surface, this elementary object
is ordered in two main directions: along the mean step edge
and perpendicular to the steps to take into account possible
correlations between kinks of neighboring steps. This can be done
in the framework of the ideal 2D paracrystal model considering
a probability law of the distance between nearest neighbor
kinks in the two main directions. This hypothesis is questionable
because kinks interact via long-range interactions (e.g. elastic
interaction). This problem exists also for steps for which there
h

k
Elementary object

O

z

y

x

Fig. 152. Sketch of the principle of the construction of a kinked vicinal surface
(fixed kink and step dimensions). Elementary object: a parallelepiped of height
h, width k and semi-infinitely extended in the y direction. The surface is built
similarly to the vicinal surface adding step by step elementary objects along two
directions: along the step edges and perpendicular to the steps. A probability law
PS1 (y) provides the distance distribution between the kinks at the step edges and
two probability laws give the terrace width PT (x) and the relative displacement
in the y direction of two neighboring kinks at adjacent step edges, PS2 (y). From
Ref. [489].

are correlations with far steps arising from elastic interactions.
However, this makes the analysis much more complex and our
purpose is to calculate the intensity scattered by a kinked vicinal
surface assuming size distributions for the terrace width and the
kink–kink distance. In summary, we are in the simple case where
an elementary object is ordered along two directions which are
modeled by the ideal 2Dparacrystalmodel. In the direction parallel
with the mean step edge, the interference function reads:

S‖(qx, qy) = Re

{
1+ eiqxkP̃S1(qy)

1− eiqxkP̃S1(qy)

}
, (201)

where P̃S1(qy) is the characteristic function of the kink–kink
distance along the step edge. For the direction perpendicular to the
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step edges:

S⊥(qx, qy, qz) = Re

{
1+ eiqzhP̃T (qx)̃PS2(qy)

1− eiqzhP̃T (qx)̃PS2(qy)

}
, (202)

where P̃T (qx) and P̃S2(qy) are respectively the characteristic
functions of the terrace width distribution and the characteristic
function of the distribution of distances of the first neighbor kinks
along a step edge (Fig. 152).
The kinked vicinal surface of Au(677) under study is a bit

more complex as monoatomic kinks are packed together. They are
modeled as a large kink and a size distribution PK (x). The previous
result can be generalized for any kink size distribution (fixed step
height):

I(qx, qy, qz) =
[
2

qxqyqz

]2
Re

{
(1− P̃S1)(1− P̃K (qx))

1− P̃S1 P̃K (qx)

}

× Re

{
(1− eiqzh)(1− P̃T (qx)̃PS2(qy))

1− eiqzhP̃T (qx)̃PS2(qy)

}
. (203)

The total number of size distributions is four. To give explicit
expressions they are modeled by Gaussian laws characterized by
their first two moments (mean size and standard deviation). From
this model it is possible to extract from the GISAXS data, the kink
size distribution PK (x), the kink–kink distance along the step edges
PS1(y), the terrace width distribution PT (x) and the distribution of
the displacement of the kink position along (Oy) on a neighbor step
edge, PS2(y).

Measurements and simulations. The principle of the analysis is to
fit the experimental data with the previous model (see Eq. (203)).
As the model is able to reproduce all the features of the reciprocal
space, i.e. the scattering rods from the steps, the kinks and the
cross terms, all the parameters have been fitted simultaneously
using all the data set. GISAXS patterns have been collected at many
azimuths, giving a 3D picture of the reciprocal space andmore than
30 cross sections have been extracted and fitted at the same time
(Fig. 153). Such a huge amount of data constrains the parameters
of the model. For clarity, some result for each scattering rod are
given (see Fig. 154). The relative amplitude of the scattering rods is
well reproduced by the model, more particularly the two orders of
magnitude between the intensity of the scattering rod of the steps
(10L) and the scattering rod (11L) (cross term).

Analysis of the parameters and comparison of STM and GISAXS results.
From the above analysis (see Table 2), the angular disorientation of
the step edge with respect to the (110) direction is precisely 4.95◦.
It is comparable to the angle measured by STM (5 ± 1◦) but with
a higher precision for two main reasons: (i) any length measured
by STM needs a previous calibration (e.g. the lattice parameter of
the surface of graphite), and the thermal drift of the piezo-electric
makes difficult such measurement. (ii) The disorientation angle
is precisely defined on a macroscopic scale and not on a local
scale. The mean terrace size, is 3.42 nm, in good agreement with
the one obtained by STM. The standard deviation of the terrace
width distribution is twice as small as the one deduced from the
STM data. This discrepancy arises mainly from the definitions of
the terrace width distributions which are different in both cases.
For the STM analysis, the terrace width distribution includes the
fluctuations of the step–step distance (assuming straight lines),
the fluctuations of the kink positions as well as those arising from
their sizes. A quantitative analysis of the GISAXS data allows one to
distinguish between all these contributions, so the terrace width
distribution, i.e. the step–step distance assuming they are straight
is much narrower for the GISAXS analysis than in the case of the
STM analysis.
X

αα

ω

qqz

qy

Fig. 153. Example of a GISAXS pattern. α is the incident angle perpendicular to
the surface, ω is the in-plane orientation (azimuth angle) of the incident X-ray
beam with respect to the average step direction. Here the X-ray beam is offset by
ω = 6◦ with respect to the mean step edge direction. The scattering rod arising
from the step network crosses the Ewald sphere at wide out-of-plane angles. Two
cross sections (dotted lines) of intensity are extracted from this 2D map to fit the
parameters of the model (from Ref. [489]).

The specific parameters that we can deduce from the GISAXS
analysis are the following: the kink size is about 3± 1monoatomic
kinks which are packed together. They are well ordered along
two directions: (i) perpendicular to the step edge, they are at a
distance of 3.42 nm (mean terrace size), with a standard deviation
of a monoatomic distance i.e. 0.23 nm. The displacement along
neighbor step edges is centered around zero and the fluctuations
are very small (0.3 nm). This result illustrates the crucial role of the
reconstruction which induces the long-range ordering of the kinks
from step to step. (ii) In the direction parallel with the step edges,
the kinks are ordered according to the period of the reconstruction,
8.04 nm, and the standard deviation is 0.62 nm. The period of
the reconstruction is larger than the one observed on Au(111)
vicinal surfaces with smaller miscut angles [500]: 6.3 nm, 7 nm,
7.2 nm, 8.0 nm respectively for the Au(111), (11, 12, 12), (788) and
(677) surfaces. This reveals that steps, and at some points kinks,
give additional possibilities to the surface to relieve the surface
stress [512,513] and therefore the periodicity increases.

Growth of Co on the kinked Au(677) surface studied by GISAXS. The
GISAXS study of the Co growth has been performed in real-time.
A qualitative understanding of the evolution of the intensity as
a function of time gives some insight into the growth process.
Initially the intensity decreases on the (10L) scattering rod (step
network) and increases on the (01L) scattering rod (kink network).
Only interference effects between the waves scattered by the
surface and the Co nanostructures can explain these effects: the
waves scattered by the Co nanostructures interfere destructively
with that scattered by the steps and constructively with that
scattered by the kinks. Therefore the Co nanostructures grow at
the step edges and in between two kinks which is in agreement
with STM images of the growth of Co on Au(788) [514]. To extract
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Fig. 154. Top: experimental GISAXS images of the step network (a), kink network (b) and cross term (c). Bottom: fits (black) and data (red) of the cross sections parallel
with and perpendicular to the surface plane. The corresponding cross-sections are shown on the GISAXS images (dotted lines). Adapted from Ref. [489]. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Table 2
Topographic parameters of the kinked Au(677) surface deduced from the quantitative analysis of GISAXS data. The step height is fixed at 0.235 nm.

Kink size Kink–kink distances
Width (nm) Distribution (nm) Height (nm) Step PS1 Terrace PT Kink PS2

S1 (nm) σS1 (nm) T (nm) σT (nm) S2 (nm) σS2 (nm)

0.7 0.35 0.235 8.04 0.62 3.42 0.23 0 0.3
more information on the Co growth, the interference effects have
to be interpreted more precisely. A statistical model of the surface
topography and the Co dots has been developed to simulate the
GISAXS patterns. However, the previous model developed for the
bare surface, cannot be applied for supported Co nanostructures in
a straightforwardway. The basic idea is to use an other elementary
object. One can use a semi-infinite parallelepiped with a Co dot
on top at a given position but considering no size distribution
(fixed kink size, fixed step height and fixed Co nanostructure shape
and size). That way the surface is entirely built considering this
elementary object and twomain directions for the periodicity. The
intensity reads:

I(qx, qy, qz) =
∣∣∣∣ −4iqxqyqz

sin(qzh/2) sin(qxk/2)

+ FCo(qx, qy, qz)ei(qxV−qyU)
∣∣∣∣2

× Re

{
(1+ eiqxkP̃S1(qy))

(1− eiqxkP̃S1(qy))

}

× Re

{
1+ eiqzhP̃T (qx)̃PS2(qy)

1− eiqzhP̃T (qx)̃PS2(qy)

}
(204)

where FCo is the shape factor of the Co dots and U and V are their
relative positions from the kink site respectively along the (Oy) and
(Ox) directions (Fig. 155). The Co dots are modeled as cylinders
with an elliptic base and a fixed height (twomonolayers) (Fig. 155).
Table 3
Morphological parameters of the Co nanostructures deduced from the fit. H has
been fixed at 0.4 nm (2 ML height) and U at 4.02 nm (i.e. the Co nanostructures are
in between the kinks).

Deposit (ML) D (nm) L (nm) H (nm) U(nm) V (nm)

0.2 1.2 1.2 0.4 4.02 0.25
0.4 1.4 2 0.4 4.02 0.35
0.6 1.6 2.7 0.4 4.02 0.4
0.8 1.7 3.3 0.4 4.02 0.45

The shape factor of the Co dots is:

FCo(qx, qy, qz) = 2πDLH
J1
(√
(qxD/2)2 + (qyL/2)2

)
√
(qxD/2)2 + (qyL/2)2

×
sin(qzH/2)
qzH/2

, (205)

where J1 is the Bessel function of first order.
The results of the fits show a good agreement between the

simulated GISAXS patterns and the experimental ones (Fig. 156).
The morphological parameters of the Co dots can be estimated as
well as their position with respect to the kink sites (Table 3).
The results are also in agreement with the STM data obtained

on Co/Au(788) [500]. They show that the Co nanostructures grow
first at the step edges and come into the upper terrace. They are
all the more anisotropic than the amount of Co deposited on the
surface is large [515].
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Fig. 155. (a) Co nanostructures are modeled with cylinders with an elliptic base
to take into account their shape anisotropy. Their height is fixed at 2 ML. (b) The
elementary object is built as the superposition of a semi-infinite parallelepiped
and a Co dot on top which position can be adjusted. (c) The spatial organization
is modeled by an ideal 2D paracrystal. The main directions are the step edge and
perpendicular to the steps (from Ref. [489]).

Conclusion. To be able to characterize by GISAXS the self-
organized growth of Co dots on the kinked vicinal Au(677) surface,
it is first mandatory to describe precisely the bare surface in
order to take into account the interference between the waves
scattered by the surface topography and by the Co dots. For that
sake, a 3D model of the surface topography has been developed
and a tomographic measurement of the intensity in the reciprocal
space has been performed. The parameters deduced from the
quantitative analysis of the GISAXS images are in agreement with
the STM data. The long-range order of the kinks is revealed and
assigned to their interaction with the surface reconstruction. They
are trapped inside the fcc stacking areas of the surface, i.e. in
between the stacking fault lines.

9.4.3. Self-organized growth of Co on a misfit dislocation network
Ag/MgO(001)
This last example [488] focuses on the self-organized growth of

nanostructures on a dislocation network. This approach is based
on two principles: (i) dislocation networks are well ordered: the
dislocation density is fixed by the energetic gain of the plastic
relaxation and the cost of their creation and interaction. As the
interaction is repulsive and long-range a preferential distance
separating the dislocations minimizes the interaction energy. (ii)
The strain field induced by the dislocations modifies the local
environment of the surface atoms [442] and favors a nucleation
on specific sites. In the literature dislocation networks have been
used successfully for different systems such as the growth of Co,
Ni or Fe nanostructures as well as the growth of Co pillars on
Au(111) for which the surface reconstruction can be seen as a
surface dislocation network [484,30]. Fe (resp. Ag) nanostructures
have also been grown on a dislocation network made of a bilayer
of Cu (resp. a monolayer of Ag) on Pt(111) [487]. However these
approaches need the use of expensive single crystals of Au(111) or
Pt(111) and only nanostructures of a few atomic layers high have
been obtained [30].
An other approach has been proposed based on a buried

dislocation network [516] but only very few experiments have
demonstrated that the strain field created by buried interfacial
dislocations can propagate into a film of several nanometer
of thickness resulting in a surface with a nanostructuration
suitable for the successive growth of ordered self-assembled
nanoparticles [488]. This approach has been applied in the case of
the self-organized growth of Co dots on a thin film of Ag [488]. This
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scale). q‖ coordinate (resp. qz ) ranges from −1 to 2 nm−1 (resp. 0 to 3.26 nm−1). Scattering rods of the dislocation network are indicated by arrows (1st and 2nd orders).
Ag(111) facets give rise to a broad scattering rod at 54◦ with respect to the normal to the surface. (b) same as (a) with an incident beam parallel with the 〈100〉 direction of
MgO(001), i.e. at ω = 45◦ . Adapted from Ref. [489].
couple of materials has been chosen because the growth of Co on
Ag is three-dimensional and no alloying is expected at RT [517].
To modulate the surface strain field the thin film of Ag is grown
in cube-on-cube epitaxy on a MgO(001) single crystal [518,397].
As the lattice parameter mismatch is 3% between both materials
the interface exhibits a coincidence site lattice of about 10 nm
period that relaxes in a dislocation network [397,13]. To succeed
in the self-organized growth of nanostructures, the thickness of
the film must be small enough, i.e. smaller than the period of
the dislocation network as theoretically predicted by isotropic and
linear elasticity [516]. However the thinner the film, the larger is
the stored elastic energy and the dislocation networkmay collapse.
Therefore the thickness must be intermediate between the period
of the dislocation network and the critical thickness for plastic
relaxation [519].
For this systemwe have used the GISAXS technique to study the

growth of Co nanostructures as well as buried dislocation network
at the Ag/MgO interface thanks to the electronic density contrast
induced by the dislocations [40,520].

The misfit dislocation network of the Ag/MgO(001) interface.
Fig. 157a and b show two GISAXS images measured on a thin
film of Ag on MgO(001) with an incident X-ray beam respectively
parallel with the crystallographic directions 〈110〉 and 〈100〉 of
MgO(001). Narrow scattering rods in the q‖ direction reveal a
periodic nanopatterning in the surface plane. The extension of the
intensity perpendicular to the surface (qz) is a signature of the
in-depth profile of the strain field perpendicular to the surface.
The large terrace size deduced from the GIXD measurements
at anti-Bragg conditions proves that the signal does not arise
from surface roughness but from buried layers. The position of
the scattering rods gives a period L of 10.95 nm. The fourfold
symmetry, the orientation as well as the lattice parameter of the
super-lattice is in agreement with that of a square dislocation
network oriented along the 〈110〉 directions and with a Burger
vector b = 1

2 [110] [13]. Therefore the Ag atoms are in coincidence
with those ofMg (or O) everyΛ = 37 atoms. The lattice parameter
of Ag deduced from the position of the Bragg peaks shows that
90% of the interfacial stress is relieved by the dislocations, which
highlights the stability of the Ag film at such a small thickness. The
remaining 10% stress is relaxed by a homogeneous strain field. The
linear increase of the FWHM of the scattering rods in q‖ can be
assigned to a cumulative disorder effect of the distance separating
the dislocations. From the 1D-paracrystal model [42], the standard
deviation σ , of the distance between two neighbor dislocations can
be evaluated from the FWHM of the first order scattering rods:
σ = L∆q‖/q‖ = 0.6 nm. A quantitative study of the dislocation
network was achieved by the analysis of its scattering rods. Due
to the order quality of the network, the scattering rods are the
Fourier components (modulus square) in the surface plane of the
dilatation field. The first and the second order scattering rods
have been measured, i.e. ( 1

Λ

1
Λ
L) and ( 2

Λ
0L). To fit their intensity

modulation, the dilatation field of the dislocation network has to
be modeled. The linear and isotropic theory of elasticity applied to
a perfectly ordered dislocation network predicts that the dilatation
field θ(r) decomposes into Fourier series in each material (layer
and substrate):

θl,s(r) =
1
4π2

∑
q‖

θ̃l,s(q‖, z)e
−iq‖.r‖ (206)

for which each q‖-component is damped exponentially from the
interface toward the thin film θ̃l(q‖) and towards the substrate
θ̃s(q‖) [521]:

θ̃l(q‖, z) = γl exp[−z/λ(q‖)] and θ̃s(q‖) = γs exp[z/λ(q‖)].
(207)
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z = 0 is the interface position and λ(q‖) is the attenuation length
which may vary as a function of the Fourier component under
consideration. The elastic constants of each materials are taken
into account by the Fourier coefficients γl and γs which are fixed
in the model. Rigorously, it should be also considered the strain
field which is reflected by the surface (not the interface) [521]. It
decreases exponentially from the surface inside the thin film. It has
been dropped out because theoretically its amplitude is negligible
for a 5 nm thick film.
The GISAXS calculation of the intensity scattered by a disloca-

tion network must take into account the grazing incidence and
emergence angles. In the framework of DWBA, the most adequate
choice for the unperturbed system is an homogeneous thin film
over the substrate without dislocation network. The wavefield in-
side this latter is readily obtained from theHelmholtz equation (Eq.
(138)). The dielectric contrast due to the dislocation dilatation field
θ(r) is treated as a small perturbation of the wave propagation in-
side the film:

δn2(r) = (1− n2l )θl(r)+ (1− n
2
s )θs(r). (208)

n2l and n
2
s being the dielectric constant of the bulk material (film

and substrate). The validity of such an approach relies on the
smallness of the variations of dielectric constant induced by the
strain field (≤10%). The perturbation acts both inside the film of
thickness t and inside the substrate. Following the same reasoning
of Sections 6.2.3 and 6.2.4 about buried dielectric contrasts, the
scattering cross section in DWBA reads:

dσ
dΩ

(q‖, kiz,0, kfz,0) =

∣∣∣∣∣∣
∑
q‖

(1− n2l )Fl(q‖, kiz,0, kfz,0)

+ (1− n2s )Fs(q‖, kiz,0, kfz,0)

∣∣∣∣∣∣
2

, (209)

where the DWBA form factors of the mode q‖ are given by:

Fl(q‖, kiz,0, kfz,0)

= Ã−1 (kiz,1)̃A
−

1 (kfz,1)̃θl(q‖, kfz,1 − kiz,1)e
i(kfz,1−kiz,1)t

+ Ã+1 (kiz,1)̃A
−

1 (kfz,1)̃θl(q‖, kfz,1 + kiz,1)e
i(kfz,1+kiz,1)t

+ Ã−1 (kiz,1)̃A
+

1 (kfz,1)̃θl(q‖,−kfz,1 − kiz,1)e
i(−kfz,1−kiz,1)t

+ Ã+1 (kiz,1)̃A
+

1 (kfz,1)̃θl(q‖,−kfz,1 + kiz,1)e
−i(kfz,1+kiz,1)t

Fs(q‖, kiz,0, kfz,0)

= Ã+2 (kiz,2)̃A
+

2 (kfz,2)̃θs(q‖, kfz,2 − kiz,2)e
i(kfz,1−kiz,1)t . (210)

The amplitude scattered by the dislocation network is the
coherent sum of five terms (Fig. 158) where four arises from the
film and one arises from the substrate. From Eqs. (209)–(210), the
intensity scattered by the dislocation network is explicitly known.
The only free parameter is the penetration depth λ(q‖) of each
mode of the dilatation field (except the scale factor). To extract
λ(q‖), the intensity of the measured scattering rods ( 1Λ

1
Λ
L) and

( 2
Λ
0L) have been fitted. The best fit (Fig. 159) has been obtained

for λ = 1.05 nm for each scattering rods. This value has to be
compared to the expected one from the linear isotropic elasticity
theory: λ

( 1Λ
1
Λ L)
= 1.74 nm and λ

( 2Λ 0L)
= 1.23 nm [521].

A more rigorous analysis should be done in the framework of
the anisotropic elasticity theory. It would probably give a better
agreement.
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Fig. 158. Sketch of the different pathways taken into account in the calculation of
the intensity scattered by the dislocations. The number associated to each process
corresponds to its position in Eq. (210).
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Fig. 159. Cross-section in qz of the scattering rods of the dislocation network.
(�) Experimental data for the ( 1
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0L) scattering rod, (×10). Fit (full lines). From Ref. [489].

The self-organized growth of Co nanostructures on Ag/MgO(001).
The growth of Co on the Ag thin film has been studied in real-
time with the X-ray beam parallel with the 〈110〉 crystallographic
direction. From the very beginning of the growth process (0.2 ML),
the subtraction of the intensity measured after and before the
deposition of Co shows oscillations along the scattering rods of the
dislocation network (Fig. 160). The amplitude of the oscillations
increases with time, reaches a maximum for 0.95 ML of Co and
decreases (Fig. 161). The period of the oscillations gives a height of
5 nm, in agreementwith the thickness of the thin filmmeasured by
X-ray Reflectivity. The main result is that these oscillations prove
that the growth of the Co nanostructures is well ordered. Indeed
interference effects can only occur if the phase shift between
the waves scattered by the nanostructures and those scattered
by the dislocations is well defined i.e. if the position of the Co
nanostructures is correlated to the dislocations. The measured
intensity is thus the sum of three terms: one comes from the
dislocation network, one comes from the Co nanostructures and
one comes from the interference term between both waves:

I = |FDN |2 + |FCo|2 + 2FDNFCo cos(q‖d‖ + qzdz), (211)

where FDN (resp. FCo) is the form factor of the dislocations (resp.
Co nanostructures); d‖ are dz are the parallel and perpendicular
coordinates of the Co nanostructures with respect to the crossing
point of the dislocations. As the Co nanostructures are small
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Fig. 160. Experimental image of the interference term (subtracting two GISAXS
images: after (0.8 ML) and before Co deposit). The incident beam is parallel with
the 〈110〉 direction. The intensity scale is linear. The q‖ (resp. qz ) coordinate ranges
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Fig. 161. Intensity of the interference term as a function of qz for different amounts
of Co deposited on the surface. The best fits have been obtained considering that
the Co dots are upon the dislocation cores. A vertical translation proportional to the
time has been introduced for clarity. Last curve (top) for 0.8 ML of Co. It has been
added to the experimental data (◦) the best fit (full line), and a simulation in case
the Co dot is in between the cores of the dislocations (dotted line). The interference
is in phase opposition (from Ref. [489]).

(|FCo| � |FDN |), the |FCo|2 term is negligible in Eq. (211). The
interference term which contains the information on the position
of the nanostructures is obtained by subtracting the GISAXS data
after and before Co deposition. Two high symmetry sites are
possible for the localization of the Co dots: above the crossing
point of the dislocation lines or at the center of the square formed
by four dislocation lines. By symmetry any other possibility gives
more than one nanostructure per unit cell. This is not expected
because there is one nucleation site per unit cell and the diffusion
length of Co atoms is large at the chosen temperature to avoid any
homogeneous nucleation.
To obtain the position of the Co nanostructures, it is necessary

to precisely describe the interference effect along the ( 1
Λ

1
Λ
L)

scattering rod. Since the form factor of the dislocation network
has been previously determined only the form factor of the Co
nanostructures and the position in the unit cell is lacking. The
quantitative analysis of the interference effect has been performed
in the framework of theDWBA tacking into account theAg thin film
which modifies the reflection properties of the surface. Following
Eqs. (91) and (138), the form factor of the Co nanostructures is the
0

1

2 (1) (2)

(3) (2)

αi αf

αfαi αi αf

αfαi

Fig. 162. Sketch of the different pathways involved in the calculation of the
intensity (DWBA) scattered by the Co dots on top of the thin film of Ag. The number
associated to each process corresponds to its position in Eq. (212).

coherent sum of four scattering processes (Fig. 162):

FCo(q‖, kiz,0, kfz,0) = A
+

0 (kiz,0)A
+

0 (kfz,0)FCo
(
q‖,−kfz,0 + kiz,0

)
+ A−0 (kiz,0)A

+

0 (kfz,0)FCo
(
q‖,−kfz,0 − kiz,0

)
+ A+0 (kiz,0)A

−

0 (kfz,0)FCo
(
q‖, kfz,0 + kiz,0

)
+ A−0 (kiz,0)A

−

0 (kfz,0)FCo
(
q‖, kfz,0 − kiz,0

)
(212)

where FCo is the Fourier transform of the nanostructures shape.
To calculate the interference between the waves scattered by the
nanostructures and the dislocations (Eq. (211)) nine terms have to
be calculated (respectively four and five for the nanostructures and
the dislocations). To give an explicit expression of the calculation,
the Co dots are modeled with a cylindrical shape with an integer
number of atomic planes in the height. The best fit has been
obtained for Co dots localized above the dislocation crossing lines,
(d‖ = 0), i.e. in compressive sites and for 2ML-high nanostructures
(see Fig. 161).

Conclusion. In conclusion, the self-organized growth of Co nanos-
tructures above a square misfit dislocation network of Ag/MgO
(001) is put in evidence, by in situ GISAXS. Contrary to the most
common idea, small angle scattering techniques such as GISAXS
are sensitive to strain as it is put in evidence in the case of a
buried dislocation network. A comparison between the linear and
isotropic theory of elasticity and the experimental data confirms
that the strain field is exponentially damped from the interface into
the film and the substrate.

9.4.4. Self-organized growth of Ni clusters on a cobalt-oxide thin film
induced by a buried misfit dislocation network
Achieving self-organized growth of metallic nanoparticles on

oxide surfaces is especially important in view of their potential
magnetic or catalytic properties, which strongly depend on their
exact size and shape. The possibility of obtaining an ordered
collection of metallic clusters on an oxide film of 5 nanometer
of thickness has been demonstrated [490] by a combination of in
situ GIXD and GISAXS. Due to the 3.25% lattice mismatch between
the CoO overlayer and the Ag(001) substrate, a square network
of dislocations forms at the CoO/Ag(001) interface. The interfacial
dislocation network creates a periodic atomic displacement field
that extends up to the surface, thus influencing the growth of a
Ni overlayer, which develops a spatially ordered distribution of
clusters.
Grazing Incidence X-ray Diffraction (GIXD) and Small Angle X-

ray Scattering (GISAXS) experiments were performed using the
BM32 setup. The substrate used was an Ag(001) single crystal
cleaned by repeated cycles of Ar+ bombardment and annealing at
700 K. CoO(001) films were prepared in situ by evaporating Co on
the clean Ag surface in 1 × 10−7 mbar of oxygen pressure, at a
substrate temperature of 460 K. Ni was next evaporated at room
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temperature on the CoO(001) surface from a Knudsen cell with a
very low evaporation rate of 0.005 nm/min. The structure of the
CoO film deposited on the Ag(001) surface was first investigated
by GIXRD. Fig. 163 shows radial scans around the Ag (220), (200),
(400) and (440) Bragg peaks along the 〈h, h, 0.08〉 and 〈h, 0, 0.08〉
directions for a CoO film of 23 ML of thickness.
Along the [h, h, 0.08] direction, the Bragg peak of CoO is located

at h = 1.936 (Ag relative lattice units) which corresponds to a
lattice parameter of 0.2979 ± 0.0005 nm. The value of the CoO
parameter, very close to that (0.302 nm) of a bulk CoO single
crystal, indicates that the strain induced by the mismatch with
the Ag substrate is almost completely released at this thickness.
Besides the Bragg peaks of Ag and CoO, satellite peaks (marked
by arrows in Fig. 163) are found on a periodic network of
spacing 0.0325 reciprocal lattice unit. This observation is in good
agreement with the Coincidence Lattice Model (CSL) for coherent
interfaces, defined as the smallest lattice in common between the
substrate and the overlayer [13]. For the CoO/Ag(001) interface, it
has a period Λ = 0.2979/0.0325 = 9.2 nm. At variance with
previous studies [488,13] of the MgO(001)/Ag(001) interface, the
double periodicities of the satellites along the [h, h, 0.08] direction
indicate that the dislocations are pure edge dislocations forming
a square network with 1/2[110] Burger’s vectors and with lines
along 〈110〉 directions.
The influence of a dislocation network in the CoO film on the

successive growth of a nickel overlayer has been investigated by
GISAXS and STM. STM showed that the surface had large flat
areas uniformly covered by small round Ni clusters. In situ GISAXS
reveals the organization of the Ni clusters, and allows in addition
determining the relationships between the locations of the
interfacial dislocations and the Ni cluster nucleation centers [488].
Fig. 164a shows a GISAXS intensity map measured with the
incident X-ray beam parallel with the 〈110〉 crystalline axis before
theNi deposit. Two scattering rods,marked in the figure by arrows,
indicate the presence of a regularly spaced dislocation network in
the CoO film [488]. The distance between the two scattering rods
and the specular rod is inversely proportional to the separation
between the dislocations, yielding again 9.2 nm. Fig. 164b shows
the same GISAXS image after the deposition of about 0.18 nm
of Ni, and Fig. 164c shows the difference between the two
above images. The intensity of the two scattering rods in the
perpendicular direction clearly shows periodic oscillations. This
effect arises from the interference between the waves scattered
by the dislocation network and the Ni overlayer with increasing
perpendicular wavevector transfer [488]. The existence of these
interference demonstrates that there is a constant separation
between the core of the dislocations and the positions of the
Ni clusters, and thus that the cluster ordering is induced by
the dislocation network. Moreover, the period of the sinusoidal
variation as a function of the out-of plane wavevector transfer
(Fig. 164d) is inversely proportional to the out-of plane separation
between the dislocation cores (located at the interface), and the
Ni clusters [488]. A value of 5.6 nm is obtained, which is in fair
agreement with the nominal thickness of the CoO film of 25 ML.
These measurements thus demonstrate that the ordering of the
Ni clusters is driven by the presence of the buried dislocation
network at the CoO/Ag(001) interface. These findings are of a great
relevance because the formation of interfacial dislocations is a
common strain relief mechanism in oxide/metal interfaces [522–
524]; it could thus become a useful route to realize the organized
growth of metallic nanoparticles on oxide thin films.
In conclusion this study has shown that a square interfacial

misfit dislocation network can be formed at the interface between
a CoO film and a Ag(001) surface. The periodic displacement field
of this network extends up to the CoO(001) surface, providing
a network of sites for preferential nucleation and growth of
metallic nanoparticles. This self-organized growth is achieved at
room temperature instead of themore common low temperatures,
which shows that the dislocation-induced nucleation sites are
strongly energetically favorable. This however needs a very low
deposition rate for which the diffusion length of the Ni atoms
on the oxide surface is of the order of the nanostructuration
period. The resulting ordered Ni nanoparticles have a narrow size
distribution,which is essential to keepwell defined properties over
an assembly of nanoparticles. The achievement of the control of
the self-assembling process of metal clusters on the surface of a 5
nm thick oxide film represents a step forward in the production of
real devices by self-organized growth. Moreover this experiment
reveals the great potentiality of the GISAXS technique in the study
of the self assembled structures being able to probe, in a non-
destructive way, the surface and the buried part of a thin film.
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Fig. 164. GISAXS image of 25 ML CoO/Ag(001) recorded with the incident beam parallel with the [110] direction. (b) Same image of panel (a) after the deposition of 0.18
nm of Ni. (c) Difference between panel (a) and (b). (d) Sections of panel (c) along the arrows for different Ni coverages. From Ref. [490].
Table 4
Morphological parameters deduced from the analysis of GISAXS images measured for 1.1 ML of Pt on W(111) annealed at 715 K.

Sample Morphological parameters
∆d (nm) ∆H (nm) D (nm) d (nm) σd/d H (nm) σH/H

1.1 ML of Pt on W(111) annealed at 715 K 0.27 0.10 5.75± 0.6 5.15± 1.0 0.21± 0.06 0.52± 0.1 0.11± 0.03
9.5. Surface nanofacetting: The case of Pt on W(111)

The importance of bimetallic catalysts has been increasing in
recent decades [525]. In particular refractory metals (W, Mo, Re,
etc . . . ) with Pt-groupmetals are active catalysts for hydrogenation
and hydrogenolysis reactions [526–529]. The large majority of the
studies devoted to these systems have focused on the interaction
of ultrathin metal films with atomically smooth, close packed
substrates, e.g. fcc(111), fcc(100), bcc(110), bcc(100) etc . . . . It
has been observed structural rearrangement in the overlayer
and little or no change in the substrate. By contrast, recent
studies have addressed the interaction of ultrathin metal films
on unstable atomically rough substrates [530–532]. For instance,
a bcc metal like W exposing a (111) surface covered with 1 ML
of another metals (Pt, Pd, Rh, Ir, Au). In this case, the surface
undergoes a massive reconstruction (Fig. 165) to form three-
sided pyramids of nanometer scale dimensions exposing {211}
facets [533,534]. The process is activated at temperatures larger
than 700 K and is reversible: after evaporation of Pt, a flat W(111)
surface is recovered. The faceting transition has been attributed to
the surface energy anisotropy [535,533,536] and it is kinetically
limited by surface diffusion. The fundamental questions of surface
morphology instability in a bimetallic system like Pt/W(111)
against faceting have initiated a wealth of experiments using
different techniques (STM [533,534], LEED, AES, LEEM [537,538],
XPS [539]). However, none of them allow to follow in situ, in
real time, the faceting transition combining a crystallographic and
a morphological (nanometer scale) characterization. In addition
nanostructured surfaces can be used as templates to grow ordered
dots exhibiting for instance magnetic properties. For that sake, a
detailed study of the faceting of Pt/W(111) has been performed by
GISAXS [248] as a function of time and temperature to determine
the appropriate conditions for the ordering of small nanopyramids.
Then this template has been used to grow Co nanostructures.

9.5.1. Nucleation and growth of 3-fold symmetry nanopyramids
First onset of nanofaceting of 1 ML of Pt on W(111) has been

observed by GISAXS at 715 K. As shown in Fig. 166a two well
defined scattering lobes along q⊥ are visible. They correspond to a
preferential distance between first neighbor pyramids, indicating
that they are short range ordered. Interestingly, the lobe located at
q‖ > 0 extends farther along the q⊥ direction than the lobe at q‖ <
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1 ML  Pt / W(111) 
1100 K

Fig. 165. STM image of Pt/W(111) which has undergone faceting after thermal
treatment at 1100 K. Notice the three side {211} nanopyramids. Courtesy of T.E.
Madey.
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Fig. 166. GISAXS images for 1.1 ML of Pt on W(111) annealed at 715 K.
(a) experimental data, (b) LMA simulation, (c) DA simulation and (d) SSCA
simulation. From Ref. [248].

D

W core

H

d

Pt shell

reference plane

previous W(111) 
flat surface

Fig. 167. Sketch of the morphology of the faceted Pt/W{211} surface.

0. This asymmetry arises because there is no 2-fold symmetry (the
nanopyramids have a 3-fold symmetry) and because the Friedel
law does not apply for GISAXS images as shown by Rauscher
et al. [37]. The measurement of the tilt angle of the facets with
respect to the surface plane is difficult because of the broadness
of the scattering rods and because the interference function tends
to re-orientate the scattering rods perpendicular to the surface
plane and not perpendicular to the facets. The exact orientation
of the facets has been obtained by examining the facet truncation
rods by GIXD (see Ref. [248]). At wide scattering angles, the
information concerning the short range order between pyramids
is lost and thus the truncation rods are perpendicular to the facets.
The measurement of their orientations reveals unambiguously
the presence of {211} facets at 19.5◦ from the (111) plane. After
this first interpretation of the surface morphology (symmetry,
pyramid shape, facet orientation), a quantitative GISAXS analysis
of the images has been undertaken to obtain the lateral size
d, the height H and the distance D between the pyramids (see
Fig. 167). Previous analysis by STM [538] has shown that the
faceted surface is made of pyramids and pits (inverted pyramids)
to keep the amount of matter constant. In order to simplify the
GISAXS analysis, it was assumed that the surface is covered by
pyramids using a reference plane located at the bottom of the
average pit. Assuming that pyramids and tips have the same size,
the pyramid size deduced from our model is two times too large.
The theoretical model for the calculation is based on the DWBA for
supported pyramids on a flat W surface. The three-sided pyramids
are modeled with a W-core and a 1 ML Pt-shell (∆d = 0.27 nm
and ∆H = 0.10 nm). Distributions of lateral sizes and heights
are taken into account using Gaussian probability laws. Concerning
the spatial organization of the pyramids different models have
been considered. For the classical approximations, LMA [234] and
DA [255], a 1D paracrystal functionwas chosen for the interference
function [42,242] because no in-plane anisotropy of the inter-
pyramid distance could be detected. A more sophisticated model
(SSCA [155,81], Section 6.4) has also been applied considering
that the size and the spacing between neighboring pyramids
are correlated (see STM images in Ref. [540]). Intensity cross-
sections (at least two) extracted from 2D GISAXS images are fitted
simultaneously using the dedicated IsGISAXS software based
on a χ2 minimization [27]. Finally a complete 2D GISAXS image
is simulated and compared to the experimental one. An overall
agreement validates the obtained parameters (see Table 4). The
LMA and SSCA simulations (see Fig. 166b and (d) give a good
agreement with experimental data whereas the DA simulation
(see Fig. 166c) has too large intensity close to q‖ = 0. It is
a classical drawback of this approximation which neglects local
correlations between the size and the spacing of scatterers (see
Section 6.4). This gives rise to large fluctuations of electronic
density and therefore to a large background scattering close to
the origin [73]. This is the aim of the SSCA to include such local
correlations in the calculation of the intensity. Assuming that the
distance between neighboring pyramids increases with their size,
the diffuse scattering close to the origin decreases in agreement
with the experimental data. The LMA gives the same parameters
as the SSCA (see Table 4). However it is not physically relevant
because it makes the hypothesis that the pyramids are all identical
on the coherence length of the X-ray beam (a few µm) which is
far from the actual morphology as seen by STM [540]. However
the LMA is a usual approximation and is far simpler to use than
the SSCA. The following analyses are therefore performed in the
framework of the LMA (see for instance in Fig. 168 the analysis of
a faceted Pt/W{211} surface annealed at 800 K by GISAXS).
The evolution of the faceting has been studied by increasing

the temperature from 715 to 1340 K by steps of 10 min.
As the temperature increases the intensity scattered by the
pyramids concentrates close to the origin of the reciprocal space
in agreement with the increase of the size of the pyramids and the
distances. No correlation peak of the interference function is visible
at temperatures higher than 1040 K due to the finite divergence of
the incident beam and the beamstop size. Therefore the scattering
rods by the facets are no longer affected by the interference
function and get intense and narrow as the facets size increases
(see Fig. 169). The angle of the facets is now clearly defined
(19.5◦) and corresponds to {211} planes. The GISAXS images have
been fully analyzed (see Fig. 170). The average morphological
parameters increase slowly between 715 and 800 K and then faster
above 800 K. The ratio of the distance between pyramids and their
lateral size (D/d) is approximately constant (1.1–1.2) which shows
that the the pyramids are connected at all temperatures and the
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Fig. 168. (a) GISAXS image (and scattering geometry in inset) for 1.1 ML of Pt on W(111) annealed at 800 K. (b) Cross section of the experimental image parallel with the
surface plane (thick black line) and best fit. (c) Cross section of the experimental image perpendicular to the surface plane (thick black line) and best fit. d) GISAXS image
simulated with the parameters obtained from the fit of both cross-sections. Note that the specular beam is not simulated. From Ref. [248].
surface is fully faceted. This is confirmed by the absence of CTR’s
from theW(111) surface (see Ref. [248]). The nucleation density of
pyramids (3.1012 cm−2) has been estimated from the mean inter-
pyramid distance at the onset of nanofaceting. Interestingly the
minimum lateral size of the nanopyramids measured by GISAXS
is estimated to be 5.16 nm. This minimum size for the nucleation
arises from the competition between the surface energy gain and
the energy cost of the facet edge to buckle and make a 3-sided
pyramid. From geometric arguments the energy per unit length of
the facet edges has been obtained (η = 2.5 eV/nm at 715 K).

9.5.2. Validity of the DWBA: GISAXS as function of the incident angle
In order to study the effects of grazing angles of incidence

and exit and the validity of the first order DWBA to calculate the
intensity, GISAXS patterns have been recorded at different incident
angles on a faceted Pt/W{211} sample annealed at 1340 K (see
Fig. 171). For αi � αc (αi = 0.1◦ in Fig. 171a), the GISAXS
pattern exhibits one scattering rod arising from the {211} facets
(label 1). For αc/2 � αi � αc , the previous scattering rod
splits into 2 parallel scattering rods (see Fig. 171b, c, label 1-2).
The rod with the smallest emergent angle can be assigned to a
single scattering process. It is taken into account in the framework
of the Born Approximation or in the first term of the DWBA
for supported objects (see Eq. (134)). It is called a BA scattering
rod in the following. The wavevector transfer perpendicular to
the surface reads qz = kf z − ki z . The rod with the largest
emergent angle comes from the second scattering process in Eq.
(134). It takes into account first the reflection of the incident beam
on the surface and then the scattering of the reflected wave by
the pyramids. The angle separating these two scattering rods is
∆α = 2αi. Cross-sections perpendicular to both scattering rods
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Fig. 169. GISAXS images of 1.1 ML of Pt on W(111) annealed at (a) 1040 K and
(b) 1340 K. (c) and (d) Corresponding simulated images. From Ref. [248].

clearly show that the FWHM of the upper scattering rod is much
larger than the FWHM of the BA scattering rod. The first order
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pyramids as function of temperature. From Ref. [248].
DWBA cannot account for this difference. The calculation of the
upper scattering rod intensity takes into account the reflection
on the substrate (i) by the Fresnel coefficient of reflection at the
incident angle and (ii) by an angular shift of 2αi. However no
broadening is expected. This is because the surface is supposed to
be perfectly homogeneous at least in the surface plane. To obtain
this broadening effect it is necessary to use a reference state for
the surface with in-plane inhomogeneities (however the exact
calculation of the electromagnetic fieldmay be difficult) or to use a
higher order DWBA [102]. When αi > αc , the upper scattering rod
vanishes (see Fig. 171d) because the Fresnel coefficient of reflection
decreases very fast as function of the incident angle above αc .
However in Fig. 171d, a new characteristic feature appears: a broad
scattering rod (label 3 of Fig. 171d) points toward decreasing exit
angles (αf ) and after an elbow changes into a narrow scattering
rod pointing toward increasing emergent angles. The first part
originates from the third process in Eq. (134). It results from the
scattering of the incident wave by the pyramids followed by a
reflection of the scattered wave by the average surface plane. The
wavevector transfer perpendicular to the surface reads: pz =
−kfz − kiz = 2π/λ[− sin(αf ) + sin(αi)]. As αf decreases pz
increases, thus the scattering rod points toward decreasing angles
as expected. At αf < 0, the scattering rod is hidden by the surface
plane. It crosses the BA scattering rod at αf = 0 making an elbow.
For the same reason as before, the FWHM of the scattering rod
arising from the third process in Eq. (134) is much larger than for
the BA scattering rod. This highlights the breakdown of the first
order DWBA to reproduce correctly broadening effects. Concerning
the fourth term in Eq. (134), it has not be isolated properly because
it gives a significant contribution only for αi � αc and αf � αc .
As a conclusion the main features of the GISAXS images can be
simulated in the framework of the first order DWBA. However to
make a detailed study of supported nanostructures, they must be
small enough, i.e. qzσ < 1 and pzσ < 1, where σ is the roughness
of the surface [35].

9.5.3. The growth of Co on a faceted Pt/W{211} surface
The nanofaceted Pt/W{211} surface with the smallest three-

sided pyramids, obtained by a 10 min annealing at 715 K (see
Fig. 172a), has been used as a nanotemplate for the growth Co
nanostructures. Although Co and Pt form ordered alloys [541],
and Pt has a strong tendency to segregate [542], we expect
a preferential nucleation of Co nanostructures induced by the
surface morphology, i.e. at the apex of the pyramids or at the
bottom of the pits. The surface was covered at RT by 4 ML of
Co. The corresponding GISAXS image (see Fig. 172b) is more
intense in agreement with the increase of matter. Moreover the
asymmetry of the image is preserved (3-fold symmetry) suggesting
that Co does not alter the initial morphology of the surface.
The increase of intensity may be interpreted as arising from 3D
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nanostructures of Co correlated with the Pt/W nanopyramids. The
evolution of the system upon annealing is rather complex. After
a short annealing (3 min) from 700 to 770 K, the asymmetry
between the two correlation peaks is less pronounced suggesting
the disappearance of the facets or at least a roughening of the
morphology (see Fig. 172c). From the possible segregation of Pt,
we expect that the Co adlayer is in contact with the W surface. As
Co onW(111) is known to be stable [543], the {211} nanopyramids
are thus probably unfavored. However as the annealing proceeds,
at 920 K, the GISAXS images become again more asymmetric
(see Fig. 173a–b) and at 1200 K scattering rods at 19.5◦ with
respect to the direction perpendicular to the surface proves the
presence of large {211} facets (see Fig. 173c). Rods at 35.3◦ are also
found suggesting the presence of {110} facets. These facets may
arise from 6-sided pyramids or from 2 types of 3-sided pyramids
exposing respectively {211} and {110} facets. Moreover, the rise
up at 1200 K of a specular peak is an indication of the beginning of
the defaceting of the surface due to the evaporation of the adlayer
of Co and Pt. This complex process has also been studied by GIXD
showing the formation of alloys during annealing [248]. The alloys
are probably responsible for the defaceting/faceting of the surface
morphology decreasing/increasing the surface energy anisotropy.
9.6. Semi-conductor surfaces nanostructures induced by sputtering

One of the possibilities to form surface patterning at the
nanometer scale is the spontaneous pattern formation during low-
energy ion beam sputtering. This technique has proved to be a very
flexible self-organization method for the production of ordered,
uniform structures with sizes down to 10 nm, on the surface of
metals, semiconductors, and insulators. In particular, hexagonal
arrays of nanodots are produced at normal incident ion irradiation
or under off-normal incidence with simultaneous sample rotation,
whereas at off-normal incidence and static sample very regular
ripple patterns are formed.
The first in situ GISAXS study of surface nanostructuring

during ion sputtering, as a function of time and for different
temperatures, has been performed in 2002 by Ludwig et al. [544].
They investigated the evolution of the Si(001) surface morphology
under normal-incidence Ar+ sputtering as a function of ion energy,
in the range 100–500 eV. Below 300 eV, they found two structures
with distinct individual length-scales and behaviors. A smaller
scale (20–50 nm) morphology grows in intensity and coarsen
with time, while a larger scale ('100 nm) morphology grows



G. Renaud et al. / Surface Science Reports 64 (2009) 255–380 369
10-2

10-3

10-4

10-5

10-2

10-3

10-4

10-5

In
te

ns
ity

 (
ar

bi
tr

ar
y 

un
its

)

-0.5 0.0
qy (1/nm)

0.5

-0.5 0.0 0.5

low-q peak

high-q peak

Fig. 174. GISAXS scans of a Si sample bombarded at 1000 eV in the presence of
Mo seeding. The low-q and high-q peaks indicate the growth of long length-scale
corrugations and self-organized dots, respectively. From Ref. [545].

in scattering intensity, but does not coarsen. At higher energies,
sputtering causes the Si(001) surface to become smoother on
length scales smaller than 200 nm.
In 2005, the same group [545–547] reported a real-time

GISAXS study of Mo-seeded Si nanodot formation during ion
bombardment. In situ GISAXS was used to follow the surface
morphology during 1000 eV energy Ar+ ion bombardment at room
temperature. Without Mo seeds, the surface was found to roughen
according to expected power-law behaviors. When the sample
was mounted with Mo clips, the ion bombardment of these clips
induces the spread of Mo atoms in small quantity on the surface.
Thesewere found to act as seeds to the formation and development
of highly correlated, self-organized surfaces nanoscale structures
(dots) that are typically 3 nmhighwith a spatial correlation of'30
nm (Fig. 174). The presence of only a small surface atom fraction
of Mo atoms is sufficient to facilitate the dot formation. These
saturate with time, and further surface roughening is dominated
by the growth of long-wavelength corrugations. Note that, as an
alternative to GISAXS, ex situ GIXD has been used successfully to
characterize the nanodot formation induced by ion sputtering of
Si(001) and Si(111) surfaces [548,549].
In 2007, Plantevin and coworkers published an in situ GISAXS

study of the formation of self-organized nanodots by ion beam
sputtering of GaSb(001) surfaces [550]. The temporal evolution of
the patternwasmonitored at different ion energies (300–1200 eV).
The pattern forms after a few minutes of bombardment, and then
rapidly coarsens in the characteristic wavelength until reaching a
saturation value that scales with ion energy. The pattern evolves
slower toward saturation for the lower ion energy while attaining
a higher correlation length, normalized to the wavelength. The
pattern time dependence is correlated with the influence of the
sputtering rate on the pattern formation.
Ozaydin et al. [551] also performed a real time in situ study of

the temperature dependence of the Si(001) surface morphology
during 1000 eV Ar+ ion bombardment at normal incidence. They
found that the surface becomes amorphous at room temperature
but remains smooth. Surface roughening occurs above 400 ◦C,
with a transition region from amorphous to crystalline surface.
Above 500 ◦C, the surface remains crystalline and the growing
corrugations exhibit a power-law scaling in amplitude with a
characteristic length-scale, which is typical of surface diffusion
driven instabilities.
9.7. In situ studies of GaN surfaces

In 2006, Coraux and coworkers [552] coupled in situ anomalous
GISAXS and anomalous GIXD to study the vertical correlation and
capping effects duringGaN/AlN quantumdot growth. Clear vertical
correlations were revealed by GISAXS.
In 2006, Öscan et al. [553] employed real-time GISAXS to

study the adsorption and desorption of Ga on c-sapphire and
Ga terminated polar GaN surfaces. Formation of self-organized
liquid Ga nanodroplets on sapphire was detected. Subsequent
nitridation of the nanodroplets converted them intoGaNnanodots.
At a lower Ga flux, the adsorption and desorption of Ga have
been studied in the predroplet regime. For identical processing
conditions, significantly different Ga adsorption/desorption rates
were observed on sapphire andGaN surfaces. Theyused the Fourier
transform of the measured in-plane GISAXS data to determine the
average droplet size and average distance between them. The same
group [554] analyzed the formation of GaN nanodot by droplet
epitaxy on sapphire. A thin GaN continuous layer of around three
monolayers thickwas observed on the sample grown at a substrate
temperature of 620 ◦C, but no such layer was observed for the
substrate temperature of 710 ◦C. This suggests that there is little
mobility of Ga atoms in contact with the sapphire substrate at the
lower temperature so that they cannot easily diffuse to nearby
droplets and instead form a thin layer covering the surface.

10. Conclusion

The aim of this report was to review the state-of-the-art
of the Grazing Incidence Small-Angle X-Ray Scattering (GISAXS)
technique, both from the experimental and theoretical points
of view. This technique is now mature and well established
to characterize the morphology of all kinds of nanoscopic or
mesoscopic materials, providing detailed information on the
nanoparticle shapes, sizes, distributions of sizes, faceting, spatial
correlations, in a statistical way, averaged over millions of
particles. The probed length-scales vary between 1 nm and
severalµm. In addition, GISAXS is intrinsically extremely sensitive
to the ordering of the nanoparticles at short-range, long-range
or in between. When used in situ during growth, it can thus
be helpful to adjust the growth conditions and find the optimal
parameters for self-organization. GISAXS starts to be a widespread
technique in soft-condensed and hard-condensed matter studies,
to analyze nanoparticles on surfaces or buried below a surface,
as well as multilayers of particles, whether they are ordered
or not. This possibility to investigate buried nanoparticles in a
non-destructive way makes GISAXS an unique tool. One of the
main drawback of the technique is that it most often requires
synchrotron radiation, which means that a limited amount of time
is devoted to a particular study, so that all pertinent parameters
(such as for instance substrate temperature or defect density)
cannot be systematically varied.
The understanding of the information contained in GISAXS

patterns is now quite complete and analysis software is available.
However the underlying theories are complex, not only because of
the refraction effects, but also because of the difficulty to described
the particle–particle correlations, especially when they depend on
the particle types or sizes. In most cases, a correct quantitative
analysis needs very accurate data, extending far in reciprocal
space, which requires a background as low as possible, minimum
distortion, and a very precise knowledge of the angles, especially
the incident and emergent angles (to within better than 0.01◦).
Hence, although a GISAXS experiment is in principle extremely
simple, great care must be taken in practice to perfectly define
the incoming beam, which should have a small size perpendicular
to the sample (typically a few tens of µm), and a small and
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well-defined divergence (typically smaller than 0.01◦), to perfectly
orientate the sample, and, most importantly, to cut any source of
background, such as those induced by slits orwindows in the beam
path.
To assert the accuracy of the technique,many studies compared

the morphological characteristics deduced by accurate GISAXS
analysis to those obtained by other techniques such as AFM, STM
or TEM, with in general a good agreement, thus demonstrating the
high accuracy of a complete quantitative GISAXS analysis, which
has the advantages of probing a large sample area, in a non-
destructive way. If only the average morphological parameters are
required, with a limited accuracy, then much simpler and faster
analysis of the GISAXS data can be performed, using for instance
the asymptotic behaviors (classically known as Porod and Guinier
analysis). If the size distribution is not too large, a rough modeling
can provide the average size and separation to within ±20%, as
well as other average parameters, such as e.g. the facet’s size,
by analyzing the width of the corresponding scattering streaks.
However, accurate analysis of GISAXS patterns can become tedious
when facing problems of accounting cross-correlations between
parameters and statistical description of the morphology. This
difficulty is intrinsic to the description of diffuse scattering. In the
future, it could be overcome by Reverse Monte Carlo or Maximum
Entropy fitting algorithms for finding configurations which are the
most compatible with the information brought by a given pattern.
However, to our knowledge, these procedures have been applied
only to radial distribution function obtained from scattering by
amorphous materials [555] and not yet to small angle scattering
from particle systems.
Although this report dealt only with the GISAXS technique,

which probes the scattering only at small angles (or small
momentum transfer), and thus nanometer-size objects, the
technique can very easily be combined with X-ray reflectivity
to characterize the order perpendicular to the surface, and with
Grazing Incidence X-Ray Scattering to probe the atomic structure
(lattice parameter, strain, composition . . . ) of the nanostructures.
This is an ongoing trend during synchrotron experiments. The
results of the GISAXS analysis (size, shape, size distribution,
particle–particle correlation, ordering . . . ), can be useful to unfold
several contributions such as strain or crystalline defects which
arise at wide angles. In addition, all three techniques can gain
a lot, by using anomalous scattering (when possible) to have
a chemical sensitivity in a multi-component system. This could
be used for instance to discriminate between the GISAXS signal
arising from the matrix (or substrate)and that arising from
nanostructures, as shown in the Co/Au(111) case, or to unravel
the internal morphology of multicomponent nanostructures such
as e.g. core-shell clusters. Anomalous scattering may also be
used to normalize the intensity or to subtract the substrate
roughness contribution from the scattering of the sample. Hence,
one important development of the technique is believed to be this
coupling between GISAXS and anomalous scattering.
Note in passing that performing GISAXS on an absolute scale,

i.e. deducing the exact amount of matter giving rise to GISAXS, is
possible if the incident beam is made small enough so that all the
beam hits the sample, and if the incoming flux is quantitatively
measured. The GISAXS intensity can then be expressed in electron
units (i.e. in multiple of the scattering cross-section of one
electron).
One of the most interesting strengths of the technique (like

most X-ray based techniques) is its ability to perform in situ
experiments, with many possible sample environments (UHV
chamber, liquid throats, high pressure cells, catalytic reactors,
electrochemical cells, straining systems . . . ), thus allowing one
to characterize in situ, and sometimes in real time the effects
of controlled parameters (temperature, deposition rate, pressure,
applied stress, exposure to different gases, application of an
electric field, magnetic field . . . ) on the morphology of the
sample. In addition, it is possible to simultaneously measure other
physical properties by other techniques, mainly involving light
(Raman, UV-visible reflectivity, second-harmonic generation . . . ).
This advantage will be certainly used in the near future to design
new instruments not only optimized for GISAXS measurements,
but also for complementary tools.
Twodrawbacks of the approaches described in this report ought

to be discussed and lead to future perspectives for the application
of novel X-ray techniques that can only be exploited at current
3rd generation synchrotrons and/or future free electron based
X-ray sources. One drawback is that in all examples described
above, real space model assumptions for the nanoparticles are
needed to fit the pattern; this is due to the well know ‘‘phase
problem’’ inherent to all X-ray scattering measurements, which
does not allow for a direct reconstruction of the morphology
from the measured intensity distribution in reciprocal space. The
other drawback is that the information obtained is based on
measurements on large nanoparticle ensembles, thus measuring
their mean morphology rather than the variation of individual
morphological properties. The knowledge on the variation of
properties is especially important for nanoparticles grown by
self-organization, where differences from one island to another
are expected. Recently, two major technical improvement of
third generation synchrotrons have allowed new kinds of GISAXS
measurements, by offering beams with partial coherence and by
focusing X-rays to submicron dimensions. The focusing of hard
X-rays reached beam sizes in the 100 nm range and below. The
use of (incoherent) micro-beams, allows for instance to scan an
inhomogeneous sample, yielding GISAXS images characteristic of
(sub)micron-size areas of the sample. The use of a small coherent
X-ray beam set to image one particle yields an image from which
the complete sample shape and size can in principle be deduced
without assumption, thus solving the ‘‘phase problem’’.
The future developments of the GISAXS technique will almost

certainly be driven by the increase of brilliance of the next
generation synchrotron sources, and by the advent of the free
electron lasers. This will provide more intense beam, more
coherent, with a smaller size and a smaller divergence, allowing
for the development of coherent GISAXS, as well as dynamic
studies at a much smaller timescale than presently possible. The
combination of both will allow also to follow the evolution of
speckles with time [556,557] (X-ray Coherent Spectroscopy), thus
yielding important information on the different characteristic
times in a system under evolution. Last but not least, new two-
dimensional detectors, for instance based on the hybrid pixel
technology, are being available, with a much smaller background,
much larger dynamics and faster response. This should allow,
among others, to measure both the specular and diffuse scattering
at once.
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Appendix. The analytical Fourier transforms of simple shapes

The particle shape are described in Fig. 175 as well as the
relevant parameters. Note that the z-axis is upward and the x-
axis is aligned along a particle edge if any. V , S, Rg are respectively
the volume, the area of the surface seen from top and the radius
obtained upon the rotation along the z-axis. sinc(x) = sin(x)/x is
the cardinal sine, J1(x) the Bessel function of first order [165].
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Fig. 175. Particle shapes which form factors are given in equations in Appendix A. Left panel: side view, right panel: top view.
• Parallelepiped:

Fpa(q, R,H) = 4R2H sinc(qxR) sinc(qyR) sinc(qzH/2)eiqzH/2

Vpa = 4R2H, Spa = 4R2, Rpa =
√
2R. (213)

• Box:

Fbox(q, R,W ,H)
= 4RWH sinc(qxR) sinc(qyW ) sinc(qzH/2)eiqzH/2

Vbox = 4RWH, Sbox = 4RW , Rbox =
√
R2 +W 2. (214)

• Square basis pyramid:

Fpy(q, R,H, α) =
∫ H

0
4R2z sinc(qxRz) sinc(qyRz)e

iqz zdz

Rz = R− z/ tan(α)
H/R < tan(α)

Vpy =
4
3
tan(α)

[
R3 −

(
R−

H
tan(α)

)3]
,

Spy = 4R2, Rpy =
√
2R;

Fpy(q, R,H, α) =
H
qxqy

{
cos[(qx − qy)R]K1 + sin[(qx − qy)R]K2

− cos[(qx + qy)R]K3 − sin[(qx + qy)R]K4
}

K1 = sinc(q1H)eiq1H + sinc(q2H)e−iq2H

K2 = −i sinc(q1H)eiq1H + i sinc(q2H)e−iq2H

K3 = sinc(q3H)eiq3H + sinc(q4H)e−iq4H

K4 = −i sinc(q3H)eiq3H + i sinc(q4H)e−iq4H

q1 =
1
2

[
qx − qy
tan(α)

+ qz

]
, q2 =

1
2

[
qx − qy
tan(α)

− qz

]
q3 =

1
2

[
qx + qy
tan(α)

+ qz

]
, q4 =

1
2

[
qx + qy
tan(α)

− qz

]
. (215)

• In plane anisotropic pyramid:

Fanpy(q, R,W ,H, α) =
∫ H

0
4RzWz sinc(qxRz) sinc(qyWz)eiqz zdz

Rz = R− z/ tan(α)
Wz = W − z/ tan(α)
H/R < tan(α) and W/R < tan(α) (216)

Vanpy = 4
[
WRH −

H2(R+W )
2 tan(α)

+
H3

3 tan2(α)

]
,

Sanpy = 4RW , Ranpy =
√
R2 +W 2;

Fanpy(q, R,W ,H, α)

=
H
qxqy

{
cos[qxR− qyW ]K1 + sin[qxR− qyW ]K2

− cos[qxR+ qyW ]K3 − sin[qxR+ qyW ]K4
}

K1 = sinc(q1H)eiq1H + sinc(q2H)e−iq2H

K2 = −i sinc(q1H)eiq1H + i sinc(q2H)e− iq2H

K3 = sinc(q3H)eiq3H + sinc(q4H)e−iq4H

K4 = −i sinc(q3H)eiq3H + i sinc(q4H)e−iq4H

q1 =
1
2

[
qx − qy
tan(α)

+ qz

]
, q2 =

1
2

[
qx − qy
tan(α)

− qz

]
q3 =

1
2

[
qx + qy
tan(α)

+ qz

]
, q4 =

1
2

[
qx + qy
tan(α)

− qz

]
. (217)

• Cubooctahedron

Fcu(q, R,H1,H2, α) = eiqzH
[
Fpy(qx,−qy,−qz, R,H, α)

+ Fpy(qx, qy, qz, R, rHH, α)
]

H/R < tan(α), rHH/R < tan(α) (218)

Vcu =
4
3
tan(α)

[
2R3 −

(
R−

H
tan(α)

)3
−

(
R−

HrH
tan(α)

)3]
,

Scu = 4R2, Rcu =
√
2R.

• Prism with three fold symmetry

Fpr3(q, R,H) =
2
√
3e−iqyR/

√
3

qx(q2x − 3q2y)

[
qxeiqyR

√
3
− qx cos(qxR)

− i
√
3qy sin(qxR)

]
sinc(qzH/2)eiqzH/2

Vpr3 =
√
3R2H, Spr3 =

√
3R2, Rpr3 =

2
√
3
R. (219)
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• Tetrahedron

Fte(q, R,H, α) =
2
√
3

qx(q2x − 3q2y)

∫ H

0
e−iqyRz/

√
3

×

[
qxeiqyRz

√
3
− qx cos(qxRz)− i

√
3qy sin(qxRz)

]
eiqz zdz

Rz = R−
√
3/ tan(α)z

H/R < tan(α)/
√
3

Vte =
1
3
tan(α)

R3 − (R− √3H
tan(α)

)3 ,
Ste =

√
3R2, Rte =

2
√
3
R;

Fte(q, R,H, α) =
H

√
3qx(q2x − 3q2y)

eiqzR tan(α)/
√
3

×

{
−(qx +

√
3qy) sinc(q1H)eiq1L

+ (−qx +
√
3qy) sinc(q2H)e−iq2L + 2qx sinc(q3H)eiq3L

}
q1 =

1
2

[√
3qx − qy
tan(α)

− qz

]
, q2 =

1
2

[√
3qx + qy
tan(α)

+ qz

]
,

q3 =
1
2

[
2qy
tan(α)

− qz

]
L =

2 tan(α)R
√
3
− H. (220)

• Prism with six fold symmetry

Fpr6(q, R,H) =
4
√
3

3q2y − q2x

[
q2yR

2 sinc(qxR/
√
3) sinc(qyR)

+ cos(2qxR/
√
3)− cos(qyR) cos(qxR/

√
3)
]

× sinc(qzH/2)eiqzH/2

Vpr6 = 2
√
3R2H, Spr6 = 2

√
3R2, Rpr6 =

2
√
3
R. (221)

• Cone with six fold symmetry

Fco6(q, R,H) =
4
√
3

3q2y − q2x

∫ H

0

[
q2yR

2
z sinc(qxRz/

√
3) sinc(qyRz)

+ cos(2qxRz/
√
3)− cos(qyRz) cos(qxRz/

√
3)
]
eiqz zdz

Rz = R− z/ tan(α) (222)
H/R < tan(α)

Vco6 =
2 tan(α)
√
3

[
R3 −

(
R−

H
tan(α)

)3]
,

Sco6 = 2
√
3R2, Rco6 =

2
√
3
R.

• Cylinder

Fcy(q, R,H) = 2πR2H
J1(q‖R)
q‖R

sinc(qzH/2)eiqzH/2

q‖ =
√
q2x + q2y

Vcy = πR2H, Scy = πR2, Rcy = R. (223)
• Ellipsoidal cylinder

Fell(q, R,W ,H, α) = 2πRWH
J1(γ )
γ
sinc(qzH/2)eiqzH/2
γ =

√
(qxR)2 + (qyW )2

Vell = πRWH, Sanpy = πRW , Ranpy =
√
R2 +W 2.

(224)

• Cone

Fco(q, R,H, α) =
∫ H

0
2πR2z

J1(q‖Rz)
q‖Rz

eiqz zdz

q‖ =
√
q2x + q2y, Rz = R− z/ tan(α)

H/R < tan(α)

Vco =
π

3
tan(α)

[
R3 −

(
R−

H
tan(α)

)3]
,

Sco = πR2, Rco = R. (225)

• Full sphere

Ffsp(q, R) = 4πR3
sin(qR)− qR cos(qR)

(qR)3
eiqzR

Vfsp =
4
3
πR3, Sfsp = πR2, Rfsp = R. (226)

• Full spheroid

Ffsph(q, R,H) = eiqzH/2
∫ H/2

0
4πR2z

J1(q‖Rz)
q‖Rz

cos(qzz)dz

q‖ =
√
q2x + q2y, Rz = R

√
1− 4

z2

H2

Vfsph =
4
3
πR2H, Sfsph = πR2, Rfsph = R. (227)

• Truncated sphere

Fsp(q, R,H) = eiqz (H−R)
∫ H

R−H
2πR2z

J1(q‖Rz)
q‖Rz

eiqz zdz

q‖ =
√
q2x + q2y, Rz =

√
R2 − z2

0 < H/R < 2 (228)

Vsp = πR3
[
2
3
+
H − R
R
−
1
3

(
H − R
R

)3]
,

Ssp =
{
πR2 if H > R
π(2RH − H2) if H < R,

Rsp =
{
R if H > R√
2RH − H2 if H < R.

• Hemi-spheroid:

Fhsphe(q, R,W ,H) = 2π
∫ H

0
RzWz

J1(γ )
γ
eiqz zdz

Rz = R

√
1−

( z
H

)2
, Wz = W

√
1−

( z
H

)2
γ =

√
(qxRz)2 + (qyWz)2

Vhsphe =
2
3
πRWH, Shsphe = πRW ,

Rhsphe =
√
R2 +W 2. (229)
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