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ABSTRACT: In the past decade, remarkable progress has been
made in studying nanoscale objects deposited on surfaces by
grazing-incidence small-angle X-ray scattering (GISAXS).
However, unravelling the structural properties of mesostructured
thin films containing highly organized internal three-dimensional
(3D) structures remains a challenging issue, because of the lack
of efficient algorithms that allow prediction of the GISAXS
intensity patterns. Previous attempts to calculate intensities have
mostly been limited to cases of two-dimensional (2D) assemblies
of nanoparticles at surfaces, or have been adapted to specific 3D
cases. Here, we demonstrate that highly organized 3D mesoscale
structures (for example, porous networks) can be modeled by
the combined use of established crystallography formalism and
the Distorted Wave Born Approximation (DWBA). Taking
advantage of the near-zero intensity of symmetry-allowed Bragg reflections, the casual extinction or existence of certain
reflections related to the anisotropy of the form factor of the pores can be used as a highly sensitive method to extract structural
information. We employ this generic method to probe the slightly compressed anisotropic shape and orientation of pores in a
mesoporous silica thin film having P63/mmc symmetry.
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■ INTRODUCTION

Mesoscale structures and phenomena are currently among the
most intensely studied fields in physics, chemistry, and
nanotechnology.1−5 Being intermediate between the atomic/
molecular and macroscopic/continuum length scales, they
often require multiscale theories and approaches to be
measured and understood. Measuring material samples and
devices with mesoscale structures is done using both local
probes (scanning tunnelling microscopy (STM), atomic force
microscopy (AFM)) and scattering methods such as powder X-
ray diffraction (XRD) and transmission electron microscopy
(TEM).6 Structural analysis of mesoscale materials processed to
thin films is increasingly carried out by the two surface-sensitive
techniques of X-ray reflectivity (XRR) and grazing-incidence
small-angle X-ray scattering (GISAXS),7−9 which have the
advantage over TEM of not requiring sample sectioning, which
potentially alters the internal structures. In addition, they are
excellently suited for in situ studies, since the highly penetrating
nature of X-ray beams facilitates the use of bulky sample

environments.10 XRR provides quantitative information about
the electron density profile in the direction normal to the
surface of the films, through the modeling of specular
reflectivity data.7−9,11−13 GISAXS, which is essentially SAXS
applied to surfaces in reflection geometry,13−20 cf. Figure 1, is
complementary to XRR, providing information in the
directions both parallel and perpendicular to the thin-film
surface, from the diffuse scattering signal. Since the incidence
and exit angles involved are small, the usually negligible effects
of refraction and multiple scattering should be included for a
faithful quantitative modeling of the scattering data. This is
difficult, and, in many cases, GISAXS users report only
qualitative structural information. A much studied simplified
case is that of oriented nanoparticles21,22 more or less randomly
dispersed on a two-dimensional (2D) surface, for which the
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computer programs isGISAXS35 or FitGISAXS23 are highly
adequate. A few researchers15,18,19,27−31 have also tried to
extract more quantitative information from three-dimensional
(3D) structures in thin films, but with limited general success,
because it is quite challenging to analyze the intensity of Bragg
reflections in GISAXS patterns of materials with highly
organized porous structures. It seems fair to state that, although
GISAXS is a relatively easy technique to apply experimentally,
the rather complicated data analysis has impeded GISAXS from
becoming a truly widespread technique.
In this work, we show that GISAXS patterns of thin films

with ordered internal 3D mesoscale structures can be

quantitatively modeled, using the Distorted Wave Born
Approximation (DWBA) and related approximations. We go
beyond what has previously been achieved in this field by
addressing how the anisotropy of the scattering objects can be
assessed from a complete fit of the data contained in the
GISAXS patterns.

■ THEORY
In periodic highly organized mesostructured materials, the
scattered intensity will tend to be localized to Bragg peaks. As
for atomic and molecular crystal structures, the intensity and
the location of the Bragg reflections are dependent on the space

Figure 1. (a) Principle of grazing-incidence small-angle X-ray scattering (GISAXS). The incident monochromatic beam is impinging on the surface
of the film at a fixed angle of incidence (αin = 0.13°), and the beam scattered by the scattering objects contained in the film is collected at angles αsc
on a 2D detector having the specular direction masked to avoid saturation of the detector. (b) Experimental GISAXS pattern measured on a
mesoporous film in which the CTAB surfactant was removed, showing the presence of Bragg reflections characteristic of the P63/mmc structure
(measurements were made at αin = 0.13°). White arrows indicate two specific reflections that are located essentially at the same wave vector transfer.
While the 012 reflection is absent, the 110 reflection is clearly observed, although both are allowed by the space group. (c) Hexagonal unit cell with
slightly compressed, i.e., spheroidal, pores used to carry out the simulation R = 2.3 nm and H = 1.85 nm. (d) Simulated GISAXS pattern
corresponding to the spheroidal pores shown in panel (c). (e) Hexagonal unit cell with spherical pores R = 2.3 nm. (f) Simulated GISAXS pattern
corresponding to the spherical pores shown in panel (e).
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group in which the material crystallizes. Contrary to traditional
crystallography, however, the repeated scattering objects
considered here are on the mesoscale, yielding unit cells with
repetition distances with a typical dimension of ∼5−20 nm.
Another major difference is that, although the atoms in
ordinary crystals are usually considered isotropic scatterers,
retrieving the anisotropic shape and orientation of the
scattering objects is a key objective in the present context.
Since GISAXS is sensitive only to differences in electron

density, we base the modeling of scattering from samples
exhibiting long-range order on an averaged scattering object
shape. Babinet’s principle,32−34 which stipulates that the
diffraction patterns of any two complementary objects should
essentially be the same, is invoked to calculate the scattering
from objects periodically arranged in a host matrix of uniform
electron density ρ. From crystallography and the convolution
theorem, it follows that the scattering amplitude in q-space,
A(q), can be written in the “Born Approximation” (BA) as the
sum of a specular and a diffuse term,

= +A A Aq q q( ) ( ) ( )spec GISAXS

where Aspec is a function that is nonzero in the specular
direction only and describes the amplitude reflected by the flat
interfaces of the film (air/film and film/substrate). The
GISAXS (diffuse and off-specular) amplitude is given by

ρ ρ≈ −A P F Lq q q q( ) ( ) ( ) ( ) ( )object matrix (1)

where (ρobject − ρmatrix) is the contrast of electron density
between the repeated object (e.g., micelles or void pores) and
the host silica matrix, P(q) the form factor of the pore
(micelle), F(q) the structure factor (being the Fourier
transform of a single unit cell), and L(q) the Laue function.
Because of the generally anisotropic shape of the scattering

objects, all taken to be of the same size and orientation, their
form factor P(q) is a function of q rather than q2. Analytical
expressions are tabulated for the form factor of various
“standard” shapes, such as cylinders and ellipsoids.35 (See
section 1 and Figure S1 in the Supporting Information for more
details.) Notice that the Bragg intensity of all reflections will be
strongly modulated by the form factor of these scattering
objects. The Laue function is the phase sum over all lattice
points within a crystalline region, which for a large crystal
approaches a 3D combination of Dirac delta functions located
at each node of reciprocal space. In the case of a thin film, the
Laue function will present Bragg-rod oscillatory qz dependence
as the film is of finite thickness. The qz dependence is of
particular interest, since it will be affected by refraction effects
in the DWBA. For a thin film, the Laue function is thus split
into two terms, accounting for the qz and qxy dependence. Since
the characteristic size (ξ) of the in-plane coherent scattering
domains is sufficiently large, the Laue function can be replaced
by a Gaussian or a pseudo-Voigt in the qxy direction.
The passage from the BA to the DWBA is made by

accounting for the refraction correction in the qz direction,
together with the fact that radiation reflected at the film/
substrate interface will contribute to the total scattering,
yielding to first order in the DWBA four scattering terms.33,35

Each term corresponds to a specific wave vector qz inside the
film and to different modified amplitudes, as described in the
literature by Rauscher et al.33 and by Lazzari.35 Finally, an
estimate of the GISAXS intensity is obtained by taking the
modulus square of the off-specular scattered amplitude,

combined with appropriate corrections for instrumental
resolution. All the necessary algebra is found in section 2 in
the Supporting Information. To simulate the 2D images, the
SIMDIFFRACTION software36 was used. This program was
originally developed for analyzing textured GIWAXS patterns,
and it has been augmented to apply to GISAXS by including
the anisotropic form factors of mesoscale scattering objects.
The validity of the formalism used in SIMDIFFRACTION for the
present purposes, effectively taking only the direct and the
substrate-reflected beams into account, will be discussed
elsewhere.
To demonstrate the usability of our approach, we apply the

analysis to a surfactant-templated mesoporous silica film.
Hybrid surfactant-templated oxide materials highly organized
at the mesoscale have attracted a great deal of attention, since
the pioneering work of Kresge et al. in 1992.1 The main reason
for this interest comes from the possibility of producing a
highly organized and tailored porosity via removal of the
surfactant after calcination,2 thus opening the route to
fabricating mesoporous materials with potential applications
such as low-k dielectric materials for electronics,3 large-surface-
area materials for catalysis,4 or high-efficiency solar cells with
mesoporous titania layers.5 Previous GISAXS studies applied to
these materials have allowed the gross structural features to be
determined, including the unit-cell parameters and the space
group. However, to obtain quantitative information on the
geometry of the pores themselves, researchers have relied on
sample sectioning, followed by electron microscopy (EM)
studies.

■ RESULTS AND DISCUSSION
The outlined formalism has been applied to a CTAB-templated
mesoporous silica thin film produced by evaporation-induced
self-assembly.16 A selected experimental pattern obtained with
an incidence angle of 0.13°, chosen slightly above the critical
angle of the film to exhibit the full interplay between the
DWBA scattering terms, is shown in Figure 1b. The space
group of the porous structure in this film is P63/mmc,
colloquially referred to as “hexagonal close packed (HCP)”,
and there are two micelles per unit cell located at positions
(1/3,

2/3,
1/4) and (2/3,

1/3,
3/4). The pattern can be indexed

according to the given hexagonal space group with lattice
parameters a = 5.56 nm and c = 6.97 nm, oriented with the c-
axis parallel to the substrate normal. These values are in perfect
agreement with those reported by Besson et al.,37 who first
unravelled this structure. The film is composed of crystalline
regions which assume random orientations about the surface
normal, effectively constituting a “2D powder”, as evidenced by
the symmetry observed in the experimental patterns. All
features seen in the scattering patterns are accounted for by the
presented formalism, where in particular the doubling of peaks
along the qz direction can be explained by the application of the
DWBA formalism. The doubling of peaks is strongly related to
the value of the incident angle, and will vanish under certain
conditions, as shown in Figure S3 in the Supporting
Information.
Most importantly, the 012 reflection allowed by the space

group and shown by an arrow in Figure 1b does not exist, while
the 110 reflection that is located at a similar wave vector
transfer q from the origin is clearly seen. This rather puzzling
observation can be explained by assuming that the pores are not
isotropic but rather ellipsoidal in shape, as we shall explain in
detail. If a minimum of the form factor coincides with the
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location of a Bragg peak, this peak, even if predicted by the
space group symmetry, will vanish, as understood from eq 1.
The precision with which one can address the disappearance of
a Bragg reflection is related to the fact that the micelles being
formed by surfactants are highly monodisperse so that their
form factors exhibit sharp minima, as discussed by Tate and
Hillhouse.1,26 Gratifyingly, we are able to conclusively confirm
the slight out-of-plane compression of the pores previously
reported by ellipsometric measurements38 and EM, relying
solely on the GISAXS signal, which opens the path for future in
situ studies of the creation and evolution of the porous
networks.
The two simulated images differ only by a slight change in

the shape of the micelle; Figure 1d is calculated with a
spheroidal object (see Figure 1c) in which H = 1.85 nm and R
= 2.3 nm; Figure 1f is calculated with a spherical micelle with R
= 2.3 nm (see Figure 1e). These two objects are quite similar in
shape, but nevertheless the scattering patterns are qualitatively
different upon closer investigation. As shown, it is possible to
see minute differences in the intensities of the 102 and 110
Bragg reflections, as expected for a change in the anisotropy of
the form factor of the pores. Comparing the calculated patterns
to the experimental one (shown in Figure 1a), it is clear that
the best agreement corresponds to the simulation of Figure 1c.
This shows unambiguously that a distortion as small as H/R =
0.8 of the sphere, corresponding to a change in radius of 0.45
nm, is measurable. The excellent quantitative agreement is
further highlighted by refining extracted lines of intensity along
the qz and qy directions, as shown in Figure 2, clearly
demonstrating the feasibility of quantitative analysis of GISAXS
patterns from 3D mesoscale structures. For an even better
description of the intensity, we have included in these
simulations two additional contributions of diffuse scattering.
One of them arises from a minor fraction of the film volume
having a disordered “wormlike” structure. It is located on a ring
of constant q and appears at the outer tail of the 010 reflection.
The second one is due to scattering by the beam-defining slits
having a very narrow aperture (20 μm). This streak gives rise to
scattering located along the Yoneda line in the qxy scan of
Figure 2 going from −0.2 Å−1 to 0.2 Å−1. We can extract from
this calculation all the parameters reported in Table 1. Not only
does the simulation provide the space group and the lattice
parameters, but also the anisotropy of the pores and the size of
the domains which scatter coherently in the plane of the film.
Thus, by looking at the intensity of symmetry-allowed Bragg
reflections, we can probe the anisotropic shape of the pores.
Specifically, we take advantage of the observation that some
reflections that are allowed by the space group vanish, while
others located at the same wave vector transfer remain
observable. It is remarkable that measuring zero intensity at
given locations is a key to determine the anisotropic shape of
the scattering objects.
This specific example of a P63/mmc mesoporous silica

structure was chosen to illustrate the capabilities of our
approach to simulate GISAXS patterns; further examples are
discussed in the Supporting Information.

■ CONCLUSION
We have outlined a general and versatile method based on the
use of the DWBA and related approximations, as described in
detail in the Supporting Information (section S2), with
analytical expressions for calculating the GISAXS patterns of
any mesoscopically ordered periodic structure in thin films.

This approach yields excellent quantitative fits to the
experimental intensities of the Bragg reflections measured in
the GISAXS patterns. In this respect, the present analysis
provides unprecedented access to the anisotropy of scattering
objects, such as pores. Our approach can be generalized to
extract quantitative information from GISAXS patterns of any
3D ordered structure (cf. Figure S4 in the Supporting
Information) including not only micelles and block copolymer
liquid-crystalline phases, but also core/shell nanoparticle

Figure 2. Fitted scans along the qz (cut along qy = 0.132 Å−1) and qxy
(cut along qz = 0.116 Å−1) directions according to the formalism
presented in the text. In this case, the scan along the qy direction was
calculated by adding a central background and a peaked background at
qxy = 0.135 Å−1 to account for the existence of a shoulder on the right
side of the first Bragg peak. This shoulder is consistent with the
existence of a fine diffuse halo seen in the GISAXS pattern which
might come from the presence of “wormlike” domains in the film. The
GISAXS pattern was measured at an incidence angle of 0.13°. For the
qz scan the doubling of the peaks is due to the different terms included
in the DWBA, which take in account the reflection of X-rays on the
substrate before and after scattering by the pores.

Table 1. Refined Parameters Used in the Fit to the Data of
the qxy and qz Scans Shown in Figure 2

parameter value

lattice parameters
a 5.56 nm
c 6.97 nm

pore radius in the plane of the substrate, R 2.3 nm
pore radius perpendicular to the substrate, H 1.85 nm
in-plane correlation length, ξ (nm) 1500 nm
critical angle of the film, αcfilm 0.108°
absorption of the film, βfilm 0.2 × 10−7

roughness of the surface, σ 0.3 nm
number of pore layers, Nz 13
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superstructures, ordered nanocomposites, and any crystalline
mesoporous materials deposited on a substrate, thus further
substantiating the claim of GISAXS as the method of choice for
studying nanoscale and mesoscale thin-film assemblies.

■ METHODS
GISAXS Experiments. Films were initially characterized by

GISAXS on the Rigaku GISAXS setup of IMMM and later on at
ESRF on Beamline ID02 at fixed energy and different angles of
incidence. GISAXS is a special technique widely used to measure the
scattering of nanosized objects at surfaces. It consists of shining an X-
ray beam at a fixed angle of incidence and collecting the scattered
intensity on a 2D detector located at a distance of the order of 1 m
from the sample. The direction which corresponds to specular
reflection on the film is generally masked to avoid saturation and
damage of the detector (see Figure 1a). The scattering vector q is the
difference between the incoming and outgoing wavevectors, q ≡ kf −
ki, which in the case of cylinder symmetry is most conveniently
decomposed into in-plane and out-of-plane components qxy and qz.
The modulus is given by q = 4π sin(θ)/λ. Since GISAXS
measurements are carried out in the small-angle regime, Lorentz and
polarization corrections are negligible.
The experimental conditions for GISAXS measurements made at

IMMM include the following: fixed angle of incidence (αi = 0.15°,
using an exposure time of 3600 s). The incident beam was set to a size
of 200 μm × 200 μm after being reflected and monochromatized (λ =
0.154 nm) on an Osmic mirror. A series of three consecutive pinholes
was used for collimation. The beam was produced by a copper rotating
anode working at 45 kV and 50 mA. The scattering pattern was
recorded on a wire detector (Gabriel type) located at 83 cm from the
sample with a pixel size of 150 μm. The entire flight path of the beam
was evacuated to reduce stray scattering and beam damage.
The experimental conditions for measurements made at ID02 ESRF

include the following: angle of incidence varies (αin = 0.05°−0.14°,
using an exposure time of 10 s per frame). The incident
monochromatic beam (λ = 0.0998 nm) was set to a size of 20 μm
× 50 μm. The scattering pattern was recorded on a 2D CCD detector
(FReLoN, ESRF) located 100 cm from the sample with a pixel size of
52 μm. The entire flight path of the beam was evacuated.
Mesoporous Thin Films. The mesoporous silica thin film

investigated in this study was produced using the concept of
Evaporation Induced Self-Assembly (EISA), in which micelles of a
surfactant are used to template silica. CTAB-templated silica thin films
were synthesized by dip-coating a silicon wafer from an initial sol
prepared in two steps, following previously reported procedures.6,39 A
prehydrolyzed solution was first prepared by refluxing tetraethox-
ysilane TEOS), Millipore water, and hydrochloric acid for 1 h. Then, a
second solution, prepared by dissolving the surfactant in ethanol
(under acidic conditions) was added to the hydrolyzed one. The film
was templated by CTAB with a final solution of TEO-
S :C 2H 5OH :HC l :H 2O :CTAB mo l a r c ompo s i t i o n o f
1:20:0.004:4:0.10. Such a composition is known to yield films having
P63/mmc symmetry, as is confirmed by GISAXS. Final sols were aged
for 4 days. In order to make very thin films, the sol was further diluted
by adding 21 g of ethanol, and the films were dip-coated at a constant
withdrawal velocity of 3.6 cm/min on a silicon substrate. (The
surfactant was eventually removed by rinsing the films in a solution
containing ethanol and hydrochloric acid with a C2H5OH:HCl molar
ratio of 1:0.007 for 90 min at a temperature of T = 60 °C.)
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