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M-GISANS: probing lateral
structures with a fan shaped beam

Alexei Vorobiev*?, Nicol6 Paracini®, Marité Cardenas® & Max Wolff**

We have performed grazing incidence neutron small angle scattering using a fan shaped incident beam
focused along one dimension. This allows significantly reduced counting times for measurements of
lateral correlations parallel to an interface or in a thin film where limited depth resolution is required.
We resolve the structure factor of iron inclusions in aluminium oxide and show that the ordering of
silica particles deposited on a silicon substrate depends on their size. We report hexagonal packing

for 50 nm but not for 200 nm silica spheres deposited by a modified Langmuir-Schaefer method on
assilicon substrate. For the 200 nm particles we extract the particles shape from the form factor.
Moreover, we report dense packing of the particles spread on a free water surface. We name this
method nt-GISANS to highlight that it differs from GISANS as it gives lateral information while
averaging the in-depth structure.

The understanding of interfacial properties of materials as well as interfacial processes in terms of structural, mor-
phological and compositional changes is of crucial importance in many scientific fields that include chemistry,
physics, biology and engineering. Overall, surface science has advanced enormously over the last decades, which
is related to the development of a series of new, as well as already existing, experimental methods. A good example
in this context is microscopy, where the advancements on atomic force' and electron microscopes® allowed access
to previously unknown territories. Another good example is the area of photoelectron spectroscopy’, which has
been one of the biggest breakthroughs for surface science. With the development of synchrotron X-ray sources
providing flexible wavelength and high brilliance, previously unachieved sensitivity was reached for composi-
tional and structural studies of surfaces and interfaces.

Using surface scattering methods, the electron density across interfaces can be extracted with A resolution
from specular (incident beam angle equals exiting beam angle) X-ray reflectivity. Further, off-specular or grac-
ing incidence scattering provides information about in-plane ordering and fluctuations. In particular the high
brilliance of synchrotron X-ray sources allows grazing incidence small and wide-angle X-ray scattering (GISAXS
and GIWAXS) in a routine way*°. There are now about 30 synchrotron beamlines offering GISAXS as a technique
as well as an increasing number of laboratory sources providing a GISAXS mode.

Compared to electrons and photons, neutrons are sensitive to light elements including hydrogen, can pen-
etrate deep into matter and provide a direct measure of the magnetic induction in materials. Moreover, the
sensitivity to the nucleus enables contrast variation experiments by isotope substitution (e. g. hydrogen versus
deuterium), which is a key in soft matter research. The drawback of neutron scattering methods, however, is
that they are only available at centralized facilities and that the brilliance of neutron sources is limited. This is
particularly relevant for small sample volumes or interface and surface scattering studies.

Specular neutron reflectometry (NR) is a well-established technique that provides information about the
density profile of isotopes across an interface. For more details on the method and a recent review see ref. 6. As
for X-rays, lateral fluctuations can be investigated via, so called, off-specular and grazing incidence small angle
neutron scattering (GISANS)”®. The GISANS technique is in between two well-established methods, NR and
small angle neutron scattering (SANS). Today, about 30 neutron reflectometers are operating around the world,
comparable to the number of SANS beamlines and many GISANS experiments are performed on not optimised
instruments. Challenges for high data quality are a neutron beam collimation matching to the sample in-plane
and out-of-plane structure as well as optimized beam shapes and detector geometries. The first paper on GISANS
was only published in the mid 90’s’. It took another 10 years until a dedicated instrument, Ref-SANS at the MLZ
(Garching, Germany)w became available. However, this instrument faces several design compromises, such as
a twisted guide and focusing optics, which are not separated from the multi-chopper system. To combine NR
with good in-plane resolution several beams are sent onto the sample surface and focused onto the detector.
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Figure 1. Sketch of the focusing and collimation systems of the instrument Super ADAM.

As a result, large sample areas are required and the instrument performs more like a reflectometer. An attempt
to make effective use of divergent neutron beams is the use of spin polarised neutrons together with magnetic
fields for Lamor precession to encode the scattering angle with so-called spin-echo-resolved grazing incidence
scattering (SERGIS)"'~13. Instead of spatial angular resolution this method measures the depolarization of the
beam to record very week scattering of neutrons in the sample plane. This allows a relaxed collimation of the
beam and a significant increase in neutrons impinging on the sample. However, even though this method is
routinely available at Offspec at the ISIS Neutron and Muon source (Oxfordshire, UK)', it is not widely used as
it is technically demanding and requires advanced data processing.

In the present study we perform GISANS experiments by a simple change of the sample geometry from verti-
cal (used for NR) to horizontal at the neutron reflectometer Super ADAM (Institute Laue-Langevin, Grenoble,
France). In this configuration, the incident neutron flux becomes enhanced but we avoid the challenges of Ref-
SANS or the SERGIS method. We use the full divergence delivered by the monochromator along the surface
normal but high Q resolution in the plane of the interface. Using this configuration, we show that high quality,
one-dimensional, GISANS data can be collected approximately 100 times faster compared to the ordinary verti-
cal scattering geometry. We measure particle shapes as well as the correlations between buried iron inclusions
in aluminium oxide films, self-assembled silica spheres on a silicon substrate and, what is more unique, on a
free water surface.

Experimental details

Super ADAM is a neutron reflectometer using a monochromatic beam. The neutrons of wavelength 5.21 A are
selected from the guide by a HOPG monochromator allowing an excellent wavelength resolution of AA/A =0.4%.
More details on the instrument can be found elsewhere!>!°. For reflectometry measurements, the neutron beam
is reflected of a vertically mounted sample surface by scanning the sample and scattering angle. In this case and
to take maximum benefit of the neutrons delivered by the H53 guide, the incident neutron beam is focused
vertically, using the full height of the neutron monochromator of 150 mm and consisting of seven individually
aligned HOPG crystals (see Fig. 1, lower panel). The neutron reflectivity measurement is done along the hori-
zontal direction, where the Q resolution may be very high (see Fig. 1, upper panel).

For GISANS, on the other hand, the incident beam needs to be collimated along the sample in-plane direction
(vertical direction), which results in a significant loss of incident neutron flux. In the past, this mode was used
to study the self-assembly of polymer micelles at solid substrates on Super ADAM'7%,

An alternative way to do GISANS measurements is to turn the sample by 90 degrees and scatter from a
horizontal sample surface (Fig. 2). In this case, one takes benefit of the inherently good resolution along the
horizontal direction while using the full divergence from the monochromator along the vertical direction. This
results in a range of incident beam angles, covering about two degrees, adjustable by the distance and vertical
opening of the collimating slits. Note, effectively the accepted divergence in this geometry is defined by the
height of the monochromator and the sample footprint. The potential gain of our method can be estimated from
the source size, in our case the usable part of the monochromator. For GISANS done in the traditional way a
source size of 1.5 mm may be used whereas we use 15 cm, resulting in a potential gain in flux of two orders of
magnitude. However, the large incident divergence results in a loss of depth sensitivity'. Still the method has all
the advantages of neutron scattering experiments benefiting from isotope contrast variation, sensitivity to light
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Figure 2. Sketch of the scattering geometry for one-dimensional (n-GISANS) studies.

elements and the capability to probe buried interfaces as well as the magnetic induction. This is not the case for
microscopy-based techniques such as atomic force microscopy and scanning electron microscopy. Moreover,
and complementary to microscopy methods, our approach allows to extract information averaged over large
sample sizes. Already today, many GISANS experiments are done on SANS instruments using relatively large
incident beam angles and looking on the evanescent wave in the outgoing beam, or so-called horizontal line
cuts®. This is very similar to our method but without the additional benefit of flux enhancement due to the ani-
sotropic divergence of the incident beam. For single interfaces or thin films, the limited depth resolution is not
a drawback as the only part scattering laterally in the sample is the film of interest. Moreover, depth resolution
can be recovered with additional neutron reflectivity measurements with the advantage that both measurements
together can still be performed with reasonable data acquisition times.

Figure 2 depicts a sketch of the scattering geometry. The incident beam is divergent along the surface normal,
z-direction. Along the horizontal direction the collimating slits 1 and 2 usually used for reflectometry measure-
ments define the divergence and were set to 1 mm with the distance between them being 2010 mm to provide
high Q resolution of AQ=2.4*10"3 A-' (FWHM). Note, as the wavelength resolution on Super ADAM is very
high the resolution at small scattering angles is defined by the beam divergence. However, on Super ADAM the
beam incident to slit 1 is precollimated by an additional slit and a double bounce wavelength filter. This results in
an experimentally determined Q resolution of AQ=5(1)*10"* A-' (FWHM) for the geometry used in our experi-
ments and extracted from fits to neutron reflectivity data. After reflection from the horizontal surface the GISANS
signal is registered by a position sensitive detector, manufactured by Denex and of size 300 mm x 300 mm with
resolution 2.5 mm at a distance of 3000 mm from the sample. The direct and specular reflected beams are
absorbed using a beamstop. Figure 2 shows a sketch of a detector image, taken with spherical particles spread and
densely packed on a D,0 surface. The horizon/Yoneda region®', where the incident and exiting wave fields are in
phase resulting in enhanced intensity, is clearly visible as brighter horizontal stripe. In addition, side peaks, along
Q,, and resulting from the structure factor of the particles are well resolved and visible as well. The scattering
pattern is smeared out along the z-direction as a large incident beam divergence is used and for further analysis
the detector image may be integrated along the vertical direction, resulting in cuts focusing on the in-plane scat-
tering. The vertical integration averages out potential variations in intensity resulting from the structure of the
monochromator or detector. As the depth resolution of this method is very limited, the approach might be seen
as one-dimensional GISANS, that we call pseudo-GISANS or n-GISANS. In this manuscript, we show raw data.
Incident beam normalization is not required on a monochromatic instrument for a single point measurement as
long as no absolute cross sections are evaluated. Detector corrections, noise or flat field, might further improve
the data quality but was omitted to underline the simplicity and potential of the method.
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Figure 3. m-GISANS data taken on Super ADAM with a sample of a porous aluminum oxide film with

the pores filled with iron. The left panel depicts the image on the PSD of Super ADAM with the individual
monochromator crystals well visible. The center panel depicts a zoom into the detector image to highlight the
internal structure of the wire detector. The panel on the right hand side depicts the vertically integrated data
revealing Bragg scattering from the iron arranged in a hexagonal lattice.

Results

As a first sample we measured a solid film of porous aluminum oxide with pores filled by iron, providing excel-
lent contrast for neutrons. The sample was capped with a germanium capping film to prevent oxidation therefore
making studies using microscopy challenging. On this sample, a good quality n-GISANS signal was obtained in
less than 30 min. Figure 3, left panel, depicts the raw detector image. The bright vertical line in the center is the
fraction of the direct beam passing the beamstop. The GISANS signal is visible to the left and right of the direct
beam. As the sample together with the collimating slit 2 (vertical opening 2 mm) acts as a line shaped pinhole
camera, the seven individual monochromator crystals are imaged on the detector, demonstrating the focusing
performance of the instrument as well as the identical size and quality of the HOPG crystals. The central panel
of Fig. 3 depicts a zoom into the detector image to highlight the fine structure of the detector itself. The narrow
horizontal lines relate to the wire structure of the detector used as delay lines to resolve the position where the
neutron is absorbed by the He gas inside the detector. Note, as the signal is integrated along the vertical direction
for the analysis of the n-GISANS data, the vertical variations in intensity resulting from the instrument settings
are averaged out. However, this data can be used to investigate the performance of the instrument and verify the
focusing of the monochromator.

The right panel in Fig. 3 depicts the vertically integrated n-GISANS intensity plotted versus in-plane momen-
tum transfer, Q,. At least three Bragg peaks can be identified and indexed by a hexagonal 2D lattice with a lattice
parameter of 106 nm, which is in excellent agreement with the 100 nm aimed for during sample production.
Note, the (11) and (20) reflections for a hexagonal lattice are very close to each other, difference in Q less than
15%, and therefore hard to separate.

As a second example, we investigated silica spheres of diameter 50 nm, 100 nm and 200 nm deposited by a
modified Langmuir-Schaefer method on a silicon substrate?”. Spherical, non-porous silica nanoparticles dis-
persed at 5 mg/mL in an ethanolic solution containing 1 mM CTAB were sonicated and spread onto a clean
water surface. After adjusting the surface pressure to ensure close particle packing while avoiding collapse of
the monolayer, the monolayer was lowered onto a previously submerged silicon crystal (60 x 80 mm) by slowly
removing water from the trough until the air/water interface crossed the solid interface.

The logarithm of the neutron intensity collected on the PSD detector with the resulting Silica nano-particle
samples is plotted versus the in-plane momentum transfer Q, in Fig. 4a-c. The data is integrated vertically in the
region of interest (above the sample horizon) as shown in Fig. 5. A bare silicon wafer was measured at the same
instrument settings as background measurement and is shown by the grey dots. The counting time for each of
the m-GISANS patterns was 5 h. For the data taken with the 200 nm particles (Fig. 4, panel a), clearly several
maxima are visible in the m1-GISANS signal. It turns out that the position of the first minima is almost exactly at
a Q, value of 211/200 nm as expected for a particle form factor but not for a structure factor of a densely packed
layer. Moreover, a (11) reflection as expected for hexagonal packing is absent. Therefore, we simulated a particle
form factor for 200 nm hard spheres according to the following equation to describe the data:

-4 ( sin(RQy)
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Figure 4. m-GISANS data taken on Super ADAM with silica particles, of size 200 nm (a), 100 nm (b)

and 50 nm (c, d), deposited on a silicon wafer and shown as red circles. The grey open circles symbolise a
measurement performed with a bare silicon substrate. The solid black lines represent simulations of the form (a,
b, ¢) and structure factor (d) of the particles.
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Figure 5. m-GISANS data taken on Super ADAM for 100 nm silica particles self-organised on a D,0
surface. The panel to the left depicts the raw 2D-detector image with the regions of interest for the signal and
background indicated. The panel to the right is the same data but vertically integrated over the respective
regions of interest. The GISANS signal minus the background is plotted versus Q, on a linear scale.

The first term in Eq. (1) is the form factor of hard sphere particles of radius R, the second term assumes a
Gaussian background from, e.g. tails of the direct beam or blooming of the detector, due to the high count rate
close to the direct beam and the last term, C, assumes a constant background from dark noise. The result of the
calculation is shown in the panel as black line and is in excellent agreement with the data assuming a particle
diameter of 2R =200 nm. In our simulations, we did not include the Q resolution of the instrument. Includ-
ing the Q resolution via a convolution would change the width of the oscillations and the depth of the minima
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between them but would not affect their positions. The good fit to the central peak at Q =0 is by coincidence, as
this part of the detector is shaded by the beamstop, which otherwise would be hit by the reflected/direct beam.

The same simulation was done for the 100 nm particles (Fig. 4, panel b). This time the simulation describes
the data less well. All oscillations are smeared out and we have to assume a particle diameter of 116 nm, rather
than the expected 100 nm, to get a reasonable agreement with the data. The discrepancy between data and simu-
lations may be explained by the background or by contributions from the structure factor broadening the peaks
and shifting them to lower Q, values. Note, the structure factor scales with the number of coherently scattering
particles squared, while the from factor goes linear with the total number of scatterers.

The effect of the structure factor is very clearly visible for the 50 nm particles (Fig. 4, panel c). In this case
there is an evident mismatch between the data and calculation of the form factor of 50 nm spheres where maxima
in the data are at the Q, positions where the simulation predicts minima. To highlight this effect Fig. 4, panel d,
depicts the data taken with the 50 nm particles with the background from the bare silicon (grey dots) subtracted
and plotted on a linear scale to highlight the structure factor scattering. In this representation clearly two peaks
are visible. To determine their position in Q, we fitted two Gaussians and extract a nearest neighbor distance of
51.4 nm, which is close to the particle diameter. The slightly larger value may relate to disorder or the coating
of the particles. Overall, we find a trend of better ordering for smaller particles. Note, it is not possible to evalu-
ate the intensities of the peak around Q=0 as the beamstop shadows this region of the detector, which would
otherwise be hit by the reflected, direct and not scattered, beams.

To get a first handle on the self-assembly process of the particles during the Langmuir-Schaefer process we
have spread the identical silica particles of size 100 nm on a water (D,0O) surface. The measurements were done
using a simple water basin consisting of a silica frame glued on a silicon block and mounted on an active anti-
vibration device from Halcyonics, avoiding any surface waves on the liquid surface. The amount of nanoparticles
to deposit was calculated such that the total projected area of the spheres arranged in a monolayer is equal to that
of the water surface available in the trough, to from a densely packed layer. Particles were dispersed at 5 mg/mL
in ethanol in the presence of 1 mM CTAB and added dropwise to the D,O surface. As background measurement,
we used the intensity transmitted through the sample and subtracted it from the GISANS signal reflected from
the surface. For the respective regions of interest on the detector we refer to Fig. 5 (left panel). This method allows
plotting of the n-GISANS signal on a linear scale to highlight the structure factor peaks. Note, the attenuation
of the beam in D,0 and silica is small and we did not use a normalization factor. The result is depicted in Fig. 5
(right panel) with the intensity plotted on a linear scale against the in-plane momentum transfer Q,. Several
Bragg reflections are resolved and can be indexed by assuming a hexagonal dense packed monolayer of 100 nm
silica particles. As the scattering from the structure factor is more intense than the one from the form factor,
data of acceptable quality could be obtained in 2 h.

The detector images reproduced in Figs. 2, 3 and 5 reveal a peculiar difference. For the iron inclusions the
detector image (Fig. 3) is homogenous along the vertical direction, while for the silica particles (Fig. 2 and 5) the
sample horizon is clearly visible as horizontal stripe. This is related to the fact that the iron inclusions are buried
in the substrate while the silica particles are deposited on the substrate. For the first case, neutrons may be totally
externally reflected above the actual sample with only the evanescent wave field penetrating. For the second case
the neutrons are reflected below the silica spheres at the silicon surface resulting in more pronounced resonant
enhancement or so-called Yoneda scattering in the outgoing beam. Note, the reflected beam is masked in both
cases and therefore invisible. Recently we have done a NR study of silica spheres sandwiched between silicon and
D,0. In this case the silica particles form a resonator layer and the GISANS signal becomes even more enhanced
as at the resonant conditions one is extremely sensitive to any scattering®*%. This demonstrates that even with
the n-GISANS method some depth information is accessible and that for a full quantitative analysis of GISANS
data wave field calculations in the distorted wave Born approximation are required” but appropriate length scales
can be extracted from the peak positions only.

Summary

We show that one-dimensional n-GISANS measurements can be done using a divergent incident neutron beam
and integrating the detector images along the out-of-plane direction. In this way we get a significant increase
in incident-beam intensity but compromise on depth resolution. For single films and interfaces this is accept-
able. Note, we still take benefit of the advantages of neutrons, which are sensitive to isotopic contrast and the
magnetic induction. The method also allows straight forward investigations of buried interfaces which cannot
be achieved with any microscopy based method. We show that this method works well on the monochromatic,
high resolution, neutron reflectometer Super ADAM and resolve the lateral structure of iron inclusions in an
aluminum oxide matrix. In addition, we resolve the particle form factor of silica spheres as well as the structure
factor from their hexagonal arrangement on a silicon as well as water substrate with reasonable counting times.
The intensity gain on Super ADAM for our method is approximately two orders of magnitude compared to the
conventional vertical geometry. Note, Super ADAM has very high wavelength resolution of AAM/A=0.4% but our
method is equally applicable on instruments with relaxed wavelength resolution. Actually, the high wavelength
resolution limits the incident beam flux and we expect even larger gains if the method is implemented on instru-
ments with relaxed AM/X and wider beams, as used on most SANS instruments. In this case additional optics
may be used to focus the beam in the out of-plane direction to provide a line focus. Like this the full height of
the beam on a SANS instrument may hit the sample surface avoiding over-illumination, which usually results
in a considerable loss of incident beam intensity. We expect that with an optimised focusing device, improved
background shielding and optimized sample environment counting times will be significantly reduced and gains
in intensity similar to the one on Super ADAM can be expected. In this way counting times should come into
the minute range, rather than hours, which are required today. This will unlock new science by running contrast
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variation experiments or wider ranges of experimental parameters, as for example temperatures or magnetic
fields/hysteresis loops. Potentially our method may even enable kinetic studies, which are not possible today. Our
method may be applied to any scientific field already addressed by grazing incident neutron scattering methods,
such as quantum effects, drug delivery, biomembranes, solar and fuel cell research, to name just a few and has
the potential to make GISANS a standard tool in interface science.
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