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REVIEW

Grazing incidence small-angle neutron scattering:
challenges and possibilities

Peter Miiller-Buschbaum

The enhancement of surface sensitivity by grazing incidence geometry facilitates the investigation of nanostructures in thin
films and at surfaces. The technique provides information about the surface roughness, lateral correlations, sizes and shapes
of objects (such as, nanoparticles and nanostructures) positioned on top of the surface or in a region near the surface. Grazing
incidence small-angle neutron scattering (GISANS) overcomes the limitations of conventional small-angle neutron scattering
for extremely small sample volumes in the thin-film geometry. Although real space analysis techniques, such as atomic force
microscopy, provide easy access to surface structures, reciprocal space analysis techniques, such as GISANS, provide several
advantages: (i) average statistical information over the large illuminated sample surface can be detected and (ii) buried lateral
structures can be probed without damage, using the variable-probed depth as a function of the incident angle. To illustrate the
potential applications and challenges of GISANS, several different examples of thin nanostructured polymer films are reviewed.

Nanostructures in triblock copolymer thin films are studied in the bulk as well as at the polymer-air and the silicon—-polymer
interface. Confined nanostructures in a dewetted diblock copolymer film are also discussed in terms of contrast and

experimental settings.
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INTRODUCTION

Nanostructures and nanoparticles are of increasing importance in
technological applications for many different scientific areas, such as
energy (storage, transport and transformation), information technol-
ogy and health./”® There is a need for sufficiently precise
characterization methods to accompany improvements in the
synthesis and preparation of these nanomaterials. Neutron
scattering has proven to be a very powerful tool in the investigation
of different classes of materials, such as biological, polymeric and
magnetic materials, because of the particular interaction of the
neutrons with these materials.!® The capability for selective
deuteration in biological and polymer systems provides a
fundamental advantage, as protonated and deuterated (bio)
polymers can be easily distinguished in neutron scattering
experiments because of the large difference in scattering cross-
sections between them.!! Moreover, biological and polymer
materials are typically not susceptible to radiation damage when
probed with neutrons, which is a problem typically encountered in
experiments using intense synchrotron radiation.

Standard techniques, such as small-angle neutron scattering
(SANS), for nanostructured sample volumes are very well established
and have been widely applied. However, SANS experiments become
difficult for investigating thin-film samples or nanostructures on solid

supports because the scattering volume is simply too small in the
transmission geometry. Stacking several (for example, 20) identically
prepared samples (of nanostructures on solid support) has been
shown to be necessary to improve the signal-to-noise ratio sufficiently
to obtain a SANS signal.!?> Replacing the transmission geometry by
the reflection geometry overcomes the noise problems for cases where
a very shallow incident angle is selected. This technique is known as
grazing incidence diffraction.!> Combining the setup for the SANS
measurements with the grazing incidence geometry produces a class
of scattering experiments known as GISANS,14-20

Initial reports®! of grazing incidence experiments with X-rays
(known as grazing incidence small-angle X-ray scattering
(GISAXS)) date back to 1989, the first GISAXS experiments were
performed on polymer samples in 1996.22 However, the development
of GISANS has been slower, as the first GISANS data was published in
1999.1415 Meanwhile, GISANS has become well received as an
advanced scattering technique.23‘45 However, the number of
reported GISANS experiments is still very limited compared with
GISAXS, possibly because of continued restrictions on performing
GISANS experiments compared with numerous GISAXS experiments
at synchrotron radiation facilities. An interesting variation on the
typical GISANS technique, known as time-of-flight GISANS (short
TOF-GISANS),3%3%% has recently been developed. TOF-GISANS has
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no well-established counterpart in the X-ray field to date because of
the inherent problems with radiation damage in using X-rays.

In this review, recent studies by the Miiller-Buschbaum group and
their collaborators are used to illustrate the potential applications and
challenges of GISANS, rather than attempting a broad overview of all
the GISANS experiments for different sample systems in general. The
examples are restricted to GISANS experiments using fixed neutron
wavelengths and thus do not include TOF-GISANS. The review is
structured as follows: first, a short introduction to the basics of the
technique and the principles of the necessary setup is given; next,
examples are presented on the detection of thin-film nanostructures
and the investigation of the depth dependence of nanostructures via
the variation of the incident angles; and finally, an investigation of
confined nanostructures is presented, including the advantages of
contrast enhancement and the importance of the setup selection.

GISANS—BASIC PRINCIPLES

In contrast to TOF-GISANS, GISANS is performed at a fixed neutron
wavelength. As GISANS is always flux limited, the neutron wavelength
producing the highest neutron flux should be used, as long as the
wavelength is on the scale of the desired resolution of the nano-
structures. Like in SANS, a 10% wavelength resolution typically
ensures sufficient neutron flux.

In the GISANS geometry, the neutron beam impinges onto the
sample surface at a shallow incident angle o, and the scattered
intensity is detected at a different exit angle o and an out-of plane
angle \. Figure 1 shows a basic sketch of this geometry, with a typical
GISANS pattern containing the most commonly observed features of
the specular peak (denoted by S), where the incident and exit angles
are equal, and the so-called Yoneda peak (denoted by Y),% where the
exit angle is equal to the critical angle o, of the material under
investigation.!> If the coordinate system is chosen such that the
sample surface defines the (x, y) plane where the neutron beam is
directed in the x-direction, the scattering plane is defined by the (x, z)

Figure 1 Schematic of the scattering geometry used in GISANS
experiments. The sample is placed in the (x, y) plane, and the incident
neutron beam is along the x axis. The incident angle of the neutron beam
with respect to the sample surface is denoted by «;, the exit angle relative
to the x axis in the z direction is denoted by oy and the out-of plane angle
relative to the x axis in y direction is denoted by . The resulting scattering
pattern is anisotropic and typically exhibits a Yoneda peak (marked with Y)
and a specular peak (marked with S), which are described in the text.
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plane.!® For neutrons of wavelength A, the corresponding scattering
vector = (qy, q;, q;) has the components

Qx =21 (cos\s cosoy—cosa)/A

qy =27 (sinys cosog)/A

q,=2m (sin; + sinoy)/A.

Therefore, precise control of the angles «; and \ is necessary for
both the alignment and measurement of the thin-film samples. The g,
component, which is oriented parallel to the sample surface, probes
lateral structures in a GISANS experiment.'*!® Consequently, the q
resolution is a key prerequisite of GISANS.'® Lack of q, resolution
results in so-called conventional diffuse or off-specular scattering that
describes only the (qy, q,) plane.’" To achieve the qy resolution
necessary for GISANS experiments, a point-shaped neutron beam
source must be used instead of the slab-shaped beam source used in
conventional diffuse scattering or reflectivity experiments.'® The
point-shaped beam source can be installed by using additional slits
in the collimation section of the experimental setup, similar to the
SANS experimental setup.!#!> Typical slit sizes range from 1 to
10mm (depending on the collimation and resolution required).
Therefore, GISANS experiments are commonly conducted using
SANS instruments rather than instruments that have been
optimized for neutron reflectivity.!#1>3537 Beam guides in the
collimation section of the apparatus are detrimental because they
reduce the resolution.

The sample is placed on a (x, y, z) stage to control the sample
position. As the neutron beam usually passes through the entire
sample, a sample holder can avoid scattering parts of the neutron
beam. Scattering from the sample holder adds to the background
scattering, which can be higher in intensity than the actual GISANS
signal. A two-circle goniometer (at minimum) is needed to control
the incident angle and the tilt angle, with respect to the scattering
plane. The tilt angle needs to be carefully aligned to facilitate accurate
GISANS measurements. Pre-aligning the sample using a laser (instead
of the neutron beam) is recommended. The incident angle is typically
smaller than one degree and in the range of the critical angle of the
investigated material. The incident angle is held fixed in GISANS.
Overilluminating the sample at shallow incident angles reduces the
intensity, increases the background scattering and should be avoided
by using appropriate slit settings and large (long) samples. Evacuating
the majority of the pathway in the entire setup also reduces
background scattering, improving GISANS signal detection. The
number of windows in the beampath should be minimized for the
same reason. The scattered intensity can be most efficiently collected
with a two-dimensional (2D) detector because GISANS scattering
patterns are typically highly anisotropic; in addition, the scattered
intensity is weak due to limited neutron flux, and thus, probing of the
entire scattering pattern with one-dimensional or point detectors
would require unrealistically long counting times. Diffusely scattered
neutrons are best used with efficient detectors. Background scattering
due to the detector should be minimized by using additional shielding
against background scattering from other instruments. When the
beam size is limited by the size of the detector pixels, the sample-
detector distance sets the resolution in the GISANS setup.'® Only the
direct beam, which passes through the sample and the sample holder
in GISANS measurements, needs to be shielded with a beamstop to
improve the background scattering from the detector. A beamstop is
beneficial even when the detector can withstand the intensity of the
direct beam. The GISANS signal is located above the sample horizon;
thus unlike for GISAXS measurements, typically no additional
beamstop is needed (for example, to block the specular peak where
the incident and exit angles are equal). Consequently, the signal of
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interest, which is related to the resolution of large-scale structures at
small values of qy, is not located in the vicinity of a beamstop.'41°
Thus, in the GISANS geometry, larger structures can typically be
resolved compared with SANS experiments for the same collimation
setting; as in SANS measurements, the larger structures scatter close
to the shielded direct beam.?

Because GISANS measures diffusely scattered neutrons, GISANS
signals are generally weak and require quite long counting times on
the order of hours.!*2° Even with careful sample alignment,
reasonably long counting times are expected as the Yoneda peak
may not become visible within seconds of data acquisition.

An example of instrumental settings for GISANS are as follows:
wavelength of 0.6 nm (AMA=10%), 17.6 m for both collimation and
sample-detector distances, slit size of 10 and 1 mm in diameter and
detector pixel size 0.8 mm.

Data analysis is more complex for GISANS experiments than for
SANS experiments. In addition to scattering from nanostructures,
reflection at the substrate prior to and/or after the scattering event
causes additional contributions to the diffuse scattering cross-
section, 23451

A description of scattering based on a refractive index’? can be
formulated, assuming that the atomic or molecular structure can be
neglected because of the small angles involved in GISANS, where the
scattering arises from variations in the scattering length density
(SLD):

n=1-0+iff

where 6 = NbA*/2n, B = No, /4m, N is the atomic number density, b
is the coherent scattering amplitude of the bound atom (also called
scattering length), o, the absorption cross-section for neutrons and
Nb is the neutron SLD.'? For X-rays, é = rgp,A%/2n and B = pi/4m,
where 7, is the electron radius, p, is the electron density of the
medium and p is the linear absorption coefficient.

In contrast to X-ray scattering lengths ryp, that increase with the
number of electrons of the investigated atoms, neutron scattering
lengths vary randomly from element to element and from isotope to
isotope. Isotopic substitution can be used to produce large differences
in the SLD and refractive index.>® The scattering lengths of hydrogen
and deuterium differ both in sign and magnitude, which leads to
many practical applications in terms of contrast enhancement and
contrast matching.!'!

A description within the framework of the distorted wave Born
approximation, a first-order perturbation theory,*” %! is usually
used to include strong dynamical effects from total external reflection.
The diffuse scattering cross-section of an m-layer system is*$->0

do Cn? & . . 3 y
dQ d.ﬁ: 24 Z (”j_"j+1)(”k—”k+1) g Wi iWikF}
1

A k=1 hi=0

with the Fresnel transmissions coefficients T;; and the Fresnel
reflection  coefficients Ry entering directly in W= T;;T¢;
WI)]‘: T,‘,jRﬁ‘; WZ,j:Ri,ij,j and W3,j:R,"jRﬁj. C denotes the
illuminated surface area and n; denotes the refractive index of the
jth-layer. The data cannot be fitted in a straightforward manner
because of the q-dependence of the diffuse scattering factor F]hk’

Lateral structures can be investigated by taking so-called horizontal
line cuts at a fixed exit angle, where the intensity is simply plotted as a
function of qj.

Interface sensitivity can be achieved by varying the incident angle
in GISANS experiments, as is well known from grazing
incidence diffraction experiments.!3 At incident angles smaller than
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the critical angle,

occ:/ly/N—b,
T

the transmitted wave is exponentially damped into the less dense
medium, limiting the penetration of the beam into the sample. Both
the selected incident and exit angles, o; and o, must be accounted for
to determine the depth from which the observed scattering originates.
The scattering depth of the neutrons

A

Van(li+1)

depends both on the grazing angles o; and ¢y and the difference in the
SLDs via'?

2
lip= {(a? —aif) + (af’f—af) + 47

D represents the distance from the polymer-air surface when the
neutron beam enters the polymer film from that surface.”” When the
neutron beam enters through a transparent substrate, such as silicon
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Figure 2 Scattering depth D as a function of the incident angle «; for
(@) «; smaller than and greater than «. (the dashed line indicates «.) and
(b) oj<o, (selected values of incident angles of 0.075, 0.162 and 0.213°
are marked with arrows). The inset in a shows a sketch of the scattering
geometry for neutrons entering the polymer film through a transparent
substrate such as Si (depicted in gray). A full color version of this figure is
available at Polymer Journal online.



(Si), D is the distance from the Si—polymer interface into the polymer
(as depicted in the inset of Figure 2).>3

The highly nonlinear behavior of D (o) is illustrated in Figure 2 for
the polymer film under investigation. The probed depth changes
significantly for an incident angle close to the critical angle o, For
o; <o, surface or interface sensitivity is achieved using a very limited
scattering depth.

DETECTION OF THIN-FILM NANOSTRUCTURES

To illustrate how GISANS can probe polymer nanostructures,
experiments were conducted on the internal nanostructure resulting
from micro-phase separation in triblock copolymer thin films of
polyparamethylstyrene (PpMS)-block-polystyrene (PS) (deuterated)-
block-PpMS, P(pMS-b-Sd-b-pMS) with a molecular mass M, =
280000gmol ! and a narrow molecular weight distribution
M, /M, =1.1.2 The degree of polymerization of the PSd block,
compared with the total chain, was fpsq= Npss/N=0.51. The
influence of two limiting interfaces in thin films, which impose a
spatial restriction of the polymer, was compared with the presence of
only one surface in bulk-like films. P(pMS-b-Sd-b-pMS) films of
different thicknesses (dg,, =0.7, 27.0, 71.8 and 230.8nm) were
investigated with GISANS using a neutron wavelength of 0.6nm
(Figure 3).2° The discussion is restricted to selected horizontal line
cuts'® instead of considering the full 2D intensity distributions. The
relevant cuts were performed at exit angles ar=0, (PpMS) <o, (Si),
corresponding to exit angles smaller than the PSd critical angle, o,
(PSd). All horizontal cuts exhibit intensity maxima well inside the
range of resolvable lateral lengths, independent of the film thickness
(Figure 3a). There is a very pronounced intensity maximum for the
230.8-nm thick bulk-like P(pMS-b-Sd-b-pMS) film. The strength of
the maximum decreases with decreasing film thickness. However, a
weak but clearly visible peak is observed above the background level
even for a 0.7-nm film thickness. To achieve this level of statistical
detail in the GISANS data, a 8-h counting time was necessary even
with a beamline with a very high neutron flux (D22; ILL, Grenoble,
France).?’ In addition to the change in intensity with decreasing film
thickness, the position of the intensity maximum shifts toward larger
values of the wave vector component q,. This shift resembles the
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shrinkage of the most prominent in-plane length of the ordered
triblock copolymer. Owing to the absence of real space information
and higher-order intensity maxima in the horizontal cuts, we
interpret this shrinkage as a decrease in the lamellar spacing L,
rather than a morphological transition due to confinement. Such a
transition, for example, from a lamellar to a cylindrical structure,
would have introduced a change in the most prominent in-plane
length as well.?

L, was extracted from fitting the horizontal line cuts in the
distorted wave Born approximation framework.??° To emphasize
confinement-induced shrinkage, L, is normalized by the value of
the bulk lamellar spacing Ly, (determined from transmission
experiments), which is a function of the total triblock copolymer
film thickness dg,p,, (Figure 3b). The solid line is drawn as a guide for
the eye. Obviously, more than 30% shrinkage in the lamellar spacing
only occurs in the strongest confinement cases.?’

DEPTH DEPENDENCE OF NANOSTRUCTURES

Figure 2b shows that slight variations in the incident angle can finely
tune the scattering depth with nanometer precision inside the
boundaries imposed by the sample system (SLD difference) and the
experimental setup (the precision given for o; and the wavelength
distribution as given by AA/A). For o;> 0, GISANS becomes sensitive
to the bulk, resulting in the detection of structures in the entire thin
film. The maximum scattering depth is mainly determined by the
absorption cross-section of the neutrons in the probed polymer film.
When the incident angle is smaller than the critical angle, the probed
polymer volume is restricted by the scattering depth D to regions near
the interface. For example, incident angles of 0.075, 0.162 and 0.213°
at the triblock copolymer-Si interface (marked with arrows in
Figure 2b) produce scattering depths of 24, 31 and 51nm,
respectively.®?

Nanostructures at the free surface of the polymer film

A series of GISANS experiments were conducted to investigate
deviations from Ly, at the surface of the triblock copolymer film
P(pMSb-Sd-b-pMS). A neutron beam (wavelength 0.6nm) entered
the polymer from the polymer-air surface at different incident angles:
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Figure 3 (a) Horizontal line cuts from 2D GISANS data, as described in the text. The prepared P(pMS-b-Sd-b-pMS) film thickness increases from bottom to
top (dsym=0.7, 27.0, 71.8 and 230.8 nm). The solid lines are fits to the data within the distorted wave Born approximation framework. The dashed line
indicates the resolution limit. All curves are shifted along the y axis for clarity. (b) Lamellar spacing L, normalized by the bulk value Ly as a function of
the total triblock copolymer film thickness dsym. The solid line is shown to guide the eye. Reprinted with permission from Langmuir 22, 9295-9303

(2006). Copyright (2006) American Chemical Society.
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Figure 4 Horizontal line cuts from 2D GISANS data of a 230.8-nm thick P(pMS-b-Sd-b-pMS) film (a) at the central position of the beamstop and (b) at the
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dashed line indicates the resolution limit. All curves are shifted along the y axis for clarity. Reprinted with permission from Langmuir 22, 9295-9303

(2006). Copyright (2006) American Chemical Society.

%;=0.067, 0.162, 0.306, 0.417, 0.465 and 0.719°.%° The material
investigated was again P(pMS-b-Sd-b-pMS), with a molecular mass
M,,=280000gmol ~!, a narrow molecular weight distribution
MW/Mn =1.1 and fPSd = Npsd/N: 0.51.

The two lowest incident angles, o;=0.067 and 0.162° are both
smaller than the critical angles of the materials under investigation.
0;=0.306" is smaller than the critical angles for the mean bulk
P(pMS-b-Sd-b-pMS) and PSd, but greater than the critical angles for
PpMS and Si. The incident angle «;=0.417° is only smaller than the
critical angle of PSd, and all larger incident angles are larger than all
critical angles under consideration. Two different horizontal line cuts
are chosen for the analysis: one cut is at the center of the beamstop
(Figure 4a) and the other is at the PpMS critical angle (Figure 4b). A
horizontal cut at the center of the beamstop corresponds to q,=0,
showing that the transmitted neutron intensity is free of refraction
effects, as refraction only occurs in the q, direction. Ly, was
determined from fitting the data. For very shallow incident angles,
the neutron beam cannot penetrate the triblock copolymer film to
produce a transmission signal. As a consequence, for the two incident
angles smaller than all critical angles of the related materials (PpMS,
Si and PSd), no intensity maximum due to the internal micro-phase
separation structure was observed.”’?

Horizontal line cuts at the critical angle are composed of
contributions from surface scattering and bulk scattering, giving rise
to strong intensity maxima (Figure 4b). The position of these maxima
changes with the incident angle because of refraction. The shift due to
variations in the incident angle should not be confused with a change
in the lamella spacing of the micro-phase-separated structure. The
intensity of the maximum arising from bulk-like scattering increases
with decreasing incident angles (for incident angles greater than the
critical angle of the materials) because an increasing polymer film
volume is being probed due to the projection of the neutron beam.
The intensity maximum stops increasing at the angle for which the
neutron beam can no longer penetrate the film due to total external
reflection. Consequently, for incident angles equal to or smaller than
the critical angle of the materials, the horizontal line cuts contain only
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structural information about the surface, and there is no bulk
scattering signal. The probed polymer volume significantly decreases,
which explains the reduced intensity. Moreover, the increase in the
footprint with decreasing incident angle typically reduces the scat-
tered intensity due to the limited sample size. The presence of
intensity maxima in these horizontal line cuts can only be explained
by the existence of a well-ordered lamellar structure that is oriented
perpendicularly with respect to the surface. The related periodicity
Lourface 18 extracted from the distorted wave Born approximation-
based fit. Ly face Shows 5% stretching of the chains compared with
Lyyi?®

Nanostructures at a buried interface
Owing to the unique abilities of neutrons to penetrate many of the
substrates commonly used for thin polymer films (e.g., Si, glass, and
titania), lateral structures at buried interfaces can also be probed. As
mentioned above, the neutron beam needs to enter through the
substrate in these experiments.> As for the structures at the free
surface of polymer films, depth sensitivity is achieved by varying the
incident angle (see Figure 2b). Critical angles for the polymer-
substrate interface are typically smaller than critical angles for the
free surface of the films because the SLD difference between the
polymer film and the substrate is smaller than that between polymer
and air (SLD(air) =0).12

To illustrate the influence of different substrate surface treatments
on lateral structures, P(pMS-b-Sd-b-pMS) films were probed with
GISANS  (wavelength 0.6nm).>* P(pMS-b-Sd-b-pMS) with a
molecular mass M,, = 280000 g/mol (M,/M,,=1.1 and fpsq= Nps4/
N=0.51) was investigated. A perpendicular orientation of the
lamellae of the micro-phase-separated structure of the triblock
copolymer was found, independent of the surface treatment of the
Si substrate (acid cleaning, base cleaning, deposited PDMS grains and
on a PS brush surface). The presence of an intensity maximum in the
horizontal line cuts of the 2D GISANS data is clear proof of the
perpendicular orientation.’® The absence of intensity maxima along
the q, direction is further proof of the absence of a lamellar



orientation parallel to the substrate surface, as shown in Miiller-
Buschbaum et al.??

To determine the extent of order with the distance from the
interface, using GISANS in triblock polymer films for different
substrate interfaces, different incident angles were chosen relative
to the critical angle o of the copolymer film in contact with Si:
o/ =0.313, 0.675, 0.888, and 3.029 with o =0.24°. Thus, three
incident angles smaller than the critical angle of the triblock
copolymer in contact with the Si substrate were selected, and one
angle was selected that was larger than the critical angle.>

Figure 5 shows measurements of the increase in lamellar spacing
near the SiOx substrate for the different surface treatments from the
GISANS data analysis. For the base cleaned sample, no deviation of
the lamellar spacing from the bulk spacing was found at the buried
interface. In contrast, for the acid cleaned sample, the PDMS grains
and the PS brush, the lamellar spacing near the interface was larger
than the spacing in the bulk. The degree of chain stretching decreased
with increasing distance from the substrate until the bulk value was
reached. Chains stretch less with increasing distance from the
substrate due to the reduction in the substrate enthalpic contribution.
However, the maximum stretch and the decay in chain stretching
depend on the surface treatment, which is discussed in detail in terms
of a neutral, attractive or repulsive wall in Miiller-Buschbaum et al.??

DETECTION OF CONFINED NANOSTRUCTURES

The detection of polymer nanostructures is a particular strength of
GISANS, especially for nanostructures of polymers with very similar
SLDs for X-ray measurements.'*'® A study of polymer nano-
dewetting structures is reviewed as an illustration.!”® An initially
ultra-thin polymer film, with a film thickness smaller than the radius
of gyration of the polymer, dewets into isolated polymer droplets on a
solid support. Such dewetting structures have been reported for
homopolymer systems, polymer blends and diblock copolymers.
Examples are PS on Si,'*!> PS blended with PpMS on Si'>"'7 and
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Figure 5 Lamellar spacing L, normalized by the bulk lamellar spacing Lyyx
probed as a function of the scattering depth D of the signal (that is, the
distance over which the signal is probed with the evanescent wave from the
substrate—polymer interface) for the triblock copolymer P(pMS-b-Sd-b-pMS)
deposited on a Si substrate after acid cleaning (triangles) and base cleaning
(crosses), with deposited PDMS grains (squares) and on the PS brush
surface (spheres). The dashed line shows Ly, of the micro-phase-separated
triblock copolymer. The SiOx substrate is shown. The sketched polymer
chains illustrate chain stretching close to the substrate. Partially reproduced
from Langmuir 24, 7639-7644 (2008) with permission. Copyright (2008)
American Chemical Society.
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PS-block-polyparamethlystyrene (P(S-b-pMS)) on Si.!®>* In all cases,
droplets are formed with a pancake shape. Thus, confinement is
imposed by the very limited droplet volume. The preferred nearest-
neighbor distance between droplets is shown in Figure 6a. The surface
topography can be probed with real space techniques, such as atomic
force microscopy (AFM). However, AFM cannot provide information
about the inner nanostructure of these droplets if no further contrast,
such as mechanical contrast, is present between the components of a
blend or a block copolymer.'4-16

Figure 6 shows the determination of a droplet structure for P(Sd-b-
pMS) with a deuterated PS block (PSd) and a protonated PpMS block
(molecular weight M,,=230000 gmol ~!, narrow molecular weight
distribution of M,,/M,=1.08).>* The droplet structure is well
elucidated with AFM for several different scan sizes and at different
positions on the sample, but the statistics are more limited than those
obtained by GISANS (or GISAXS).'® However, lacking mechanical or
chemical contrast between PSd and PpMS (where PSd and PpMS
differ by only one methyl group, despite deuteration),!” AFM cannot
access the inner nanostructure of the droplets. Therefore, GISAXS and
GISANS measurements were performed to investigate the inner
structure. GISAXS was performed at beamline BW4 at HASYLAB
in Hamburg (Germany), and GISANS was conducted at beamline
D22 at ILL (wavelength 0.6 nm, incident angle o; = 0.645°). Figure 6b
compares the master curve calculated from the power spectral density
data of individual-sized AFM images with a horizontal line cut from
2D GISAXS and GISANS data taken at the critical angle of the
investigated material. A well-defined inter-droplet distance gives rise
to an intensity maximum in the AFM master curve (denoted as I in
Figure 6b), whereas the form factor of the droplets contributes on a
smaller-length scale (denoted as II in Figure 6b). In the GISAXS and
GISANS experiments, the resolution is deliberately set to focus on
smaller-length scales, such as inner structures, leaving the droplet—
droplet distance unresolved. Therefore, the form factor is observed
close to the resolution limit (indicated by the dashed line in
Figure 6b). An additional peak (denoted as III in Figure 6b) is
observed in the GISANS data, which is not found in the AFM master
curve or the horizontal line cut of the GISAXS data. With X-rays,
both blocks of the diblock copolymer are barely distinguishable
(6(PSd)/6(PpMS) =0.9), whereas with GISANS, sufficient contrast
between both blocks is present (5(PSd)/ 6(PpMS) = 4.1).3* Figure 6¢
shows that GISANS can probe the inner chemical nanostructure
originating from the micro-phase separation of the diblock copolymer
P(Sd-b-pMS). The micro-phase-separated structure (72nm) is
oriented perpendicular to the substrate surface, as evidenced by a
signal in the qy direction.

The detection of such nanostructures is challenging because of
the extremely small available scattering volume. The ability to detect
these nanostructures demonstrates the sensitivity of GISANS, but
suitable experimental settings must be selected carefully. Figure 7
shows the influence of different experimental settings on the observed
GISANS signal for a dewetted P(Sd-b-pMS) film.>* The effect of
changing the wavelength is shown for fixed slit settings, a collimation
distance of 17.66m and a sample-detector distance of 17.66m.
GISANS measurements were performed with wavelengths of 0.6, 1.0
and 1.7 nm. Horizontal line cuts were extracted from the 2D GISANS
data at the critical angle of the material under investigation.

By increasing the neutron wavelength, the neutron flux is decreased
as per the instrument characteristics (D22 at ILL) while simulta-
neously increasing the resolution and the coherently illuminated
surface area. This decrease in neutron flux seriously affects the
detectable GISANS signal, which can be observed by comparing the
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Figure 6 (a) AFM picture (scan range 10 x 10 um?) of the topology signal showing the droplet structure of a P(Sd-b-pMS) diblock copolymer film on a Si
substrate as observed after sample storage under toluene vapor for 12 h. (b) Comparison between the master curve calculated from AFM data (crosses, top)
and the horizontal line cuts of the GISAXS (circles, middle) and GISANS (triangles, bottom) data. The corresponding initial film thickness for the case
shown is 6 nm. Typical length scales are indicated by arrows and labeled I, Il and Ill, as described in the text. The solid lines are fits to the GISAXS and to
the GISANS data. The dashed lines depict the resolution limit, which is different for the three experimental techniques. In this double logarithmic
presentation, all curves are shifted along the y axis for clarity. (c) Sketch of the inner morphology of the polymer droplets. Partially reproduced from
Langmuir 17, 5567-5575 (2001) with permission. Copyright (2001) American Chemical Society.
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Figure 7 Double logarithmic plot of horizontal line cuts from 2D GISANS
data of a dewetted P(Sd-b-pMS) film with an initial film thickness of 3 nm,
measured with different neutron wavelengths of 0.6nm (triangles), 1.0 nm
(circles) and 1.7 nm (filled circles). The experimental resolution is indicated
by the dashed lines. Typical peaks are present at positions marked with Il
and Ill. All curves are shifted along the y axis for clarity. Partially
reproduced from Langmuir 17, 5567-5575 (2001) with permission.
Copyright (2001) American Chemical Society.
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peak intensities for the three different wavelengths at position II
(Figure 7). Although a peak at position II is clearly visible for the 0.6
and 1.0-nm wavelengths, the peak for the 1.7-nm wavelength is
extremely weak. Thus, GISANS experiments with a wavelength of 0.6
and 1.0nm are well suited, from intensity considerations, to probe
structures that produce the peak at position II. However, the limit of
resolution for a 0.6-nm wavelength is close to the scale of the dominant
lateral structure, producing the position II peak. Thus, resolution
limitations must be carefully accounted for during GISANS data
analysis. As smaller lateral structures appear at larger q; values (for
example, at position III), the corresponding intensity maximum is even
weaker. As a consequence, peak III shown in Figure 7 is only weakly
present for the measurement with the 0.6-nm wavelength and vanishes
into the background noise for the measurements with the 1.0 and
1.7-nm wavelengths. Typical accumulation times were longer than 6 h;
thus, the peak statistics are unlikely to improve by increasing the
accumulation time. Therefore, a GISANS experiment with a wavelength
of 0.6 nm is the best compromise to probe both the lateral structures (II
and III). These results elucidate the limits of the GISANS method even
for experiments performed at a beamline with high flux.>

SUMMARY

In summary, GISANS is an advanced scattering technique that
involves a combination of two techniques: grazing incidence diffrac-
tion, which uses reflection geometry to obtain surface and near-
surface-sensitive scattering, and SANS, which measures structures in
the 1-100-nm range in normal transmission mode. The advantages of
GISANS include the following: GISANS is a non-destructive struc-
tural probe (that is, no radiation damage occurs) that yields excellent
sampling statistics; and due to a large neutron beam size and sample
footprint, GISANS can provide information on the nanometer scale
by averaging over macroscopic regions. GISANS provides information
on nanoparticle geometry, size distributions and spatial correlations



of nanostructures, without the need for special sample preparation.
Therefore, in situ characterization using GISANS is possible in
principle. Depth sensitivity can be achieved by changing the incident
angle, and buried interfaces such as a polymer-solid contact can be
probed. In this focus review, examples of polymer nanostructures
were used to illustrate the capabilities of GISANS. GISANS provides
access to nanostructures that cannot be probed with GISAXS,
especially for materials that have a low contrast for X-rays but a
high contrast for neutrons. In addition to the growing number of
applications of GISANS for polymer samples, GISANS can also be
successfully applied to other materials that are of interest in
condensed matter science.

However, currently, GISANS experiments remain flux limited
owing to counting times on the order of several hours, which render
these experiments challenging for typical instrumental settings. In
addition, GISANS data analysis is more complex compared with
SANS data analysis because of the reflection effects from the substrate
surface. Typically, a distorted wave Born approximation-based
approach is used for data analysis, which assumes a model for the
nanostructure. In terms of the modeling required, direct comparison
with other experimental data, for example, from AFM, is beneficial
for constructing an appropriate model.

With new upcoming neutron sources, GISANS will grow in
popularity in the future. The development of new variations of the
GISANS technique, such as TOF-GISANS, will also contribute to the
increasing number of GISANS experiments.
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