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1. Introduction

The structure of materials, the way in which atoms and molecules are organized
at the nano- and mesocale, determines their physical properties and functions.*? In
traditional crystalline materials, the atom arrangement and packing structure play a
critical role in determining the mechanical behavior as well as electronic structure. In
more recent developments in soft material science, it has been shown that not only the
chemical structures, but also the manner that functional units are organized, is critical.
Examples in this category can be found in polymer science, biomaterials, composites,
and functional materials of varied applications.**> However, the complexity of material
architecture, chemistry, and interactions among constituent materials, for example in
nano-porous/nano-crystalline materials,®’ functionalized nanocomposites,® battery
electrolytes/electrodes,®® organic electronics,'®* gas separation membranes,*** fuel
cell membranes,**** photocatalytic materials,*®*” and biomaterials/hybrid-biomaterials,>*®
make it a challenging task to elucidate clear structure-property relationships. The
fundamental understanding and utilization of these complex materials requires probing
the physical and chemical structure-property relationship and dynamics at the molecular
scale. Specialized meso-scale characterization tools and interdisciplinary understanding
are required to harvest the benefits of mesoscale phenomena and functionalities.
Various techniques such as scanning probe microscopy, electron microscopy, X-ray
microscopy, neutron scattering, and x-ray scattering have been utilized to study these
important structure-property relationships. Amongst these, x-ray scattering methods are
widely used as a high resolution, nondestructive structure probe. The scattering
represents a statistical average over a large sample area and therefore is

complementary to direct imaging techniques such as electron microscopy and scanning



probe microscopy.’® However, scattering contrast, and thus scattered intensity that
describes heterogeneity, using conventional small angle x-ray scattering (SAXS) at hard
X-ray energies (Epn > 2500 eV) relies on electron density differences unless energies
near an absorption edge are used to exploit “anomalous” enhancements.?* Recently
developed, resonant soft x-ray scattering (RSoXS) methods combine conventional
SAXS with soft x-ray spectroscopy, thus offering enhanced and tunable scattering
contrast. By tuning the x-ray photon energy close to and within the fine structure of a
constituent element absorption edge, unique chemical sensitivity among components in
a heterogeneous material is obtained.?*® RSoXS therefore satisfies the need for a meso-
scale (nm — pm) structure probe with both elemental and chemical environment
sensitivity and can have orders of magnitude scattering intensity enhancement over
conventional SAXS, making it an ideal tool to study the meso-structure of
heterogeneous materials. In this article we focus on the continued development of the
RSo0XS technique, including the principles of soft x-ray scattering, its advantages over
hard X-ray scattering, and its soft materials science applications and future

development.

3. RSo0XS: Principles and Instrumentation
RSo0XS Principles

This section will describe in detail the principles and operational mechanisms of
resonant soft x-ray scattering. Figure 1a summarizes the basics of conventional SAXS.
Unlike x-ray crystallography, SAXS measurements probe the scattering intensity
variation at very small angles near the primary beam. SAXS provides structural
information on the inhomogeneity of the electron density, with characteristic dimensions
between a few and a few hundred nm. This method yields not only information on sizes,
shapes, and distributions of particles, but also on the structure of disordered and
partially ordered systems. From the first Born approximation, the scattering intensity of
SAXS is the modulus-squared Fourier transformation of the electron density of the
sample in real space.?* When the x-ray energy is high and away from any absorption

edges, the x-rays interact with the electrons as if they are free electrons. The scattering



Is essentially a sum of the scattering from all of the individual electrons. The contrast
between the heterogeneities is determined by the difference in the electron density of
each material. However, when the x-ray energy is tuned near the atomic absorption
edge of constituent elements, for example the K absorption edge of carbon at 284 eV,
the core electron is excited to an unoccupied molecular orbital, and strong resonance
enhancement in the scattering intensity is observed, relative to energies far below or
above this absorption edge. Now, the x-ray is no longer interacting with ‘free’ electrons
but bound electrons. This resonance effect is analogous to the simple harmonic
oscillator: the x-ray absorption and thus scattering reach the maximum when the
incident x-ray energy matches the resonant frequency of the specific chemical bond.
This process is elementally sensitive, as the core-electron binding energy is elementally
specific (C K edge at ~284 eV, N K edge at ~410 eV, O K edge at ~543 eV, F K edge at
~696 eV, and so on). Furthermore, this resonant process is also chemically sensitive, as
the excited state that corresponds to an unoccupied molecular orbital is defined by the
chemical bond environment. The anomalous scattering effect can be used to provide
enhanced scattering intensity and chemical sensitivity of the scattering objects, thus
resulting in the unprecedented analytical capability of a tunable, chemically sensitive
structure probe of nano-scale and meso-scale components in heterogeneous, complex

materials, without the need for chemical modification.?

The physical basis of the contrast mechanism and the general advantages of RSoXS
have been demonstrated in the past few years.?*?* The effects of the interaction of x-
rays with matter are encoded in the complex index of refraction, n(E) = 1 — d(E) + iB(E),
where E is the photon energy, & is the dispersive component, and (3 is the absorptive
component.? These two energy dependent terms of the index of refraction are related
to the complex scattering factor, f = f; +if.= fo+Af'+iAf’ in the forward scattering or long
wavelength limit, through d + iB = aA’(f; +if;), where a = nare/21, with n, being the
number density of atoms and r. the classical radius of the electron. Consequently, bond-
specific contrast can be achieved in the same manner as done in near edge x-ray
absorption fine structure (NEXAFS) spectroscopy, because d and (3 change rapidly as a
function of photon energy near absorption edges, and the quantity Ad%+AR? determines
the materials contrast and scattering strength. Figure 1b depicts the fundamental



relations as well as the physical mechanism exploited in anomalous scattering and the
energy dependent optical constants & and [ for polystyrene (PS) and poly(methyl
methacrylate) (PMMA). It can be seen that the difference in chemical constitution
between PS and PMMA, two polymers with very similar elemental makeup and electron
density but slightly different functional group chemistry, leads to drastic spectral
differences, especially when the photon energy is close to 285 eV. d and 3 are related to
each other by the Kramers-Kronig transformation, and the material contrast between PS
and PMMA can be calculated in this manner. The contrast factor is an energy
dependent profile, in which the strong absorption associated with each specific bonding
resonance (e.g. C=C, C=0) will generate very large enhancements at specific energies,
which brings tunable chemical sensitivity to RSoXS. This unique chemical sensitivity of
RSoXS was demonstrated in resolving the complicated morphology of a PIl-b-PS-b-
P2VP triblock copolymers (BCPs),* which will be discussed in detail in the application

section.

Recent developments on soft x-ray scattering with polarized x-rays highlight one of the
most exciting and most novel capabilities of RSoXS methods, namely the generated
polarization dependent anisotropic scattering that reveals /local molecular orientation.?”2®
In soft x-ray scattering, the linear dichroic absorption often exploited in NEXAFS or x-ray
microscopy is accompanied by strong linear dichroic dispersion near the carbon
absorption edge. This leads to strong scattering contrast based on bond orientation,
which cannot be achieved with hard x-ray or neutron scattering, as neither hard x-rays
nor neutrons have any sensitivity to bond-orientation. The use of linear or circularly
polarized x-rays allows the bond orientation contrast to be switched on and off,
respectively, which is very useful for characterization of the correlated and individual
domain size and any long-range domain correlations.?® The contrast factor varies at a
given photon energy when the angle between a molecular transition dipole moment and
incident photon electric field changes. A maximum in the contrast factor is seen when
the incident photon electric field is perpendicular in vector to the transition dipole
moment, associated with the specific incident photon energy, of one component in the

heterogeneous material, which will lead to anisotropy in the observed scattering pattern.



Crystalline, semi-crystalline and liquid-crystalline organic materials have locally large
anisotropic bond orientation statistics. This anisotropy strongly impacts the mechanical,
optical, and electronic properties of such materials. For example, charge transport in
organic thin films is often highly anisotropic, and the energetics of transport depend
upon domain size, degree of order within domains, domain correlations, and the domain
boundaries.?® Knowing the relative impact of all ordering at these different length scales
is necessary for a detailed understanding of organic thin film devices. By taking
advantage of the polarization of the incident beam, an inherent characteristic of
synchrotron sources, the orientation of molecular planes at surfaces and interfaces can
be determined independently, providing yet another key to unlock structure-property
relationships that will lead to better material design. In addition, the RSoXS instrument
described in this report further provides polarization tunability through the third
generation synchrotron with elliptically polarized undulator that enables modulation of
the electric field vector at all angles between and including s and p polarization, as well
as left and right circular polarization. Furthermore, RSoXS reveals local molecular
alignment independent of overall crystallinity and represents an important new tool for
examining the connection between transport properties and morphology in organic and
hybrid organic-inorganic electronic devices. These correlations are valuable to guide
molecular design for improved polymers and to develop a better understanding of

charge generation at polymer-polymer interfaces.

RSo0XS Instrumentation

Unlike the hard x-ray scattering that has been around for nearly a century, the
development of soft x-ray scattering has taken place only in the last decade and
primarily within the previous five years. Most of the initial soft x-ray synchrotron
applications have focused on spectroscopy and were later extended to microscopy.
Much of the early work, as discussed above, has largely focused on organic materials,
especially thin films of conjugated polymers, polymer blends, and block copolymers.?°2*
8 Due to the organic nature of these materials, this early work has primarily utilized
incident x-rays of low energy close to the carbon, nitrogen, oxygen, and fluorine 1s

absorption edges. There has, however, been even earlier development using soft x-ray



scattering on magnetic materials and on strongly correlated materials where the

electron ordering is of interest.?*3°

The resonant soft x-ray scattering (RSoXS) instrument, at Beamline 11.0.1.2 at the
Advanced Light Source at Lawrence Berkeley National Laboratory (LBNL), is the world’s
first dedicated soft x-ray scattering beamline that is optimized for meso-scale soft
material science.?*®' Sourced by a state-of-the-art elliptically polarized undulator, the
scattering chamber is designed to accommodate various scattering geometries with
customizable sample environments (Figure 2a). It is capable of collecting scattered x-
ray radiation with energies from 150 eV to 1.5 keV, with full polarization control, and
thus can probe a large range of heterogeneous length scales from 0.5 nm to 5 pym
(Figure 2b), which is comparable to (or often larger than) the g-range that traditional
SAXS and small angle neutron scattering (SANS) can access. Due to the longer
wavelength, in general soft x-rays can access lower g values which enables the
characterization of larger structure. Moreover, the flexible geometry of the scattering
chamber enables numerous scattering and spectroscopy experiments. Since the
samples reside on a flat plate that is attached to a goniometer (?), the plate can be tilted
by 90[] to transition from a transmission SAXS setup to grazing incidence SAXS with
soft x-rays (GI-RSoXS). In addition, the CCD detector can be centered at a position of
2[1, and resonant soft X-ray reflectivity (RSoXR) can be performed on thin films to study
buried interfaces and the chemically sensitive composition through the thickness of the
film.?® Finally, NEXAFS spectroscopy can be carried out using this RSoXS instrument,
such that the spectra and scattering may be recorded with consistency. Attached to the
CCD is a photodiode, where the beam transmitted through the sample is recorded as a
function of photon energy to elucidate at which energies the x-rays are absorbed most,
producing an inverted NEXAFS spectra. Alternatively, the sample plate may again be
tilted so that total electron yield (TEY) detection of NEXAFS spectra is possible, by way
of measurement of a replacement current by an electrical circuit that keeps the total

charge on the sample plate neutral.



Like SAXS/WAXS, RSoXS also has the potential to be a high-throughput
characterization method, where samples can be prepared on various commercially
available substrates or supports (Figure 2c). The current sample holder can take ~50
samples with one load into the high vacuum scattering chamber (=107 torr), enabling
fast screening of samples prepared by varied processing conditions. RSoXS provides a
novel route to unambiguously decipher the complex morphologies of mesocale
materials. Using soft X-rays, where the photon energy can be tuned to match the
absorption spectrum of the different chemical components, the scattering contributions
from the individual components can be isolated, enabling a glimpse into these complex
morphologies with unprecedented detail. Exciting progress has been made using
RSoXS in material characterization; with continuous instrumentation development and
the ability to robotically measure many combinatorial samples in a high-throughput
fashion, or alternatively to perform detailed time-resolved, in operando experiments,, the
exploration of mesoscale material science will be extended to a broader scientific
community, addressing the grand challenges in energy, biology, and environmental

research.

3. RSoXS: Applications

RSoXS at Beamline 11.0.1.2 at the Advanced Light Source has been widely used in
characterizing the morphology of thin film materials since its construction and continues
to do so. RSoXS attracts users with a broad range of backgrounds, with research
covering polymer, block copolymer, and composite morphology, particle assembly,
organic photovoltaic morphology, organic LEDs, membranes and porous mateirals,
batteries and fuel cells, biomaterials, and so on. In conjunction with complimentary
techniques such as x-ray diffraction (providing crystalline information) and transmission
electron microscopy (real space image and phase information), a thorough description
of the structure of investigated material can be obtained. In the subsequent section, we

discuss the important results of RSoXS in materials science research.

3.1. Complex Structure Determination and Chemical Sensitivity

Enhanced contrast by anomalous scattering makes RSoXS an effective tool to



characterize the morphology of thin films (=100 nm thickness) in a transmission
geometry. Thus, it is widely used in studying the length scale of phase separation of
block copolymers and polymer blends. One of the unique advantages of RSoXS is the
chemical sensitivity as compared to conventional SAXS and SANS, and therefore the
morphology of multicomponent systems of two phases and more can be resolved. One
successful example is to use RS0XS to unambiguously decipher the complex
morphologies of triblock copolymers (BCPs), which display morphologies that are quite
complicated and can hardly be resolved by common scattering methods. Poly(1,4-
iIsoprene)-block-polystyrene-block-poly(2-vinlypyridine) triblock copolymer (IS2VP), with
chemical structure, composition and molecular weight information shown in Figure 3a,
was chosen as the model system to carry out the experiment.?® In hard x-ray small
angle scattering, a hexagonally packed cylindrical structure was seen for this block
copolymer (Figure 3b). However, due to the similarity in electron density among these
blocks, it is not possible to distinguish different polymer phases. Using soft X-rays at the
carbon K edge (near 284 eV), where the spectroscopic signatures of the polymers are
dependent on the chemical composition and bonding environment, RSoXS can
distinguish between different polymer species with their differences in their energy
dependent complex index of refraction, which is elementally and chemically specific.
Shown in Figure 3c is the real and imaginary components of the complex index of
refraction of PS, PI, and P2VP. Since the difference in complex index of refractions is
proportional to the x-ray scattering power of the materials, and when tuning the soft x-
ray energy to match the absorption spectrum of the different components in the BCP,
the scattering contributions from the different polymer blocks can be isolated, analogous
to contrast matching in neutron scattering, but without the requirement for chemical
labeling. Shown in Figure 3d are the transmission scattering images at three different
energies and morphology model of the block copolymer, which includes the change in
contrast among the three blocks as the photon energy is changed. When the photon
energy is tuned to 250 eV, the dispersive component o of Pl and PS were matched, and
therefore the x-rays cannot distinguish the difference between these two components.
Thus, the scattering contribution of P2VP was isolated, and the scattering pattern
corresponds to the distribution of the P2VP blocks. At 284 eV, the contrast between PI



and P2VP were matched, and the x-rays see a hexagonally packed cylindrical structure,
which has smaller unit cell spacing. When the energy was tuned to 280 eV, the contrast
was not matched for any pairs; therefore, the scattering has contributions from both
domain correlations of varied unit cell spacing. RSoXS made it possible to
unambiguously determine the co-assembly of two nested hexagonally packed arrays of
nanoscopic cylindrical microdomains. It enabled an unequivocal evaluation of the details
of their complex microphase separated morphologies and agrees with preferential
staining experiments done by transmission electron microscopy (TEM). It should also be
noted that the radially averaged RSoXS profiles provide far more information on this
nested hexagonally packed structure as compared to hard x-ray SAXS results, due to
the added benefit from anomalous scattering and spectroscopic contrast within the fine

structure of the carbon 1s absorption edge.

Another descriptive example can be seen in the structural elucidation of mesoporous
polymer membranes, which have application in water filtration, gas separation, and Li-
ion battery electrolytes.®** When hard x-ray SAXS is applied to study these films, the
pores and material contrast dominate the scattering profiles, making it hard to probe
detailed polymer phase separated structure. Taking polystyrene-block-polyethylene-
block-polystyrene (SES) as an example,® hard x-ray scattering can resolve the porous
structure, as indicated by the black line in Figure 3e. RSoXS, however, provides a
much better solution to study the morphology of these samples. By taking the NEXAFS
spectra of the constituent blocks and calculating the contrast between each block, block
and void fractions can be calculated from the scattering results (Figure 3f). Therefore,
through the selection of the appropriate photon energy, complementary information

regarding the porous structure and polymer phase separation can be obtained.

3.2. Scattering Anisotropy and Interfacial Orientation

RSoXS has been extensively used in characterizing morphology of the active layer in
thin film electronic devices. For example, RSoXS has been established as a standard

method to study the length scale of phase separation in organic photovoltaics.* The



successful use of RSoXS has led to important discoveries in the OPV field, yielding new
concepts such as multi-length-scaled morphology,®*® hierarchical structure,® phase
purity and interfacial orientation,?3* strongly broadening the understanding of
structure-property relationship in functional material blends. In addition to the routine
application in characterizing the length scale of phase separation, the inherent feature
of the polarized electric field of synchrotron soft x-rays has also been intensively
exploited (polarized soft x-ray scattering, P-SoXS), providing new methodologies to
study the local molecular orientation and structure and orientation at buried interfaces in
polymeric thin film blends.?® One thing to note is that polarization is the nature of the
synchrotron x-rays, which means all the RSoXS experiment were utilizing polarized soft
x-rays. The use of yet another acronym, P-SoXS, for this method is to emphasize the
unique scattering anisotropy caused by locally ordered structure. As an example,
shown in Figure 4a are transmission RSoXS profiles of DPP-based conjugated
polymer:PCBM blends (DPP:PCBM) at different photon energies across the carbon 1s
edge using horizontally polarized x-rays (s polarization).***> DPP:PCBM blends form
large-scaled PCBM aggregates, embedded in the DPP polymer matrix. The size scale
of this phase separation can be directly obtained by calculation from the soft x-ray
SAXS profile. As seen from Figure 4a, the change in photon energy leads to drastically
different scattering anisotropy, with the azimuthal dependence of the scattering intensity
changing at a given q vector. The polymer 1s-t* transition shows intensity
enhancement in the vertical direction, while the 1s-o* transition shows intensity
enhancement in the horizontal direction. It was discussed previously how the transition
dipole moment vector and the electric field vector alignment will lead to differences in
scattering contrast factors (Figure 4b), which is what gives rise to this scattering
anisotropy. Varying the electric field in different directions will change the anisotropy of
scattering accordingly. This information was used to reconstruct the DPP polymer chain
orientation with respect to the aggregated PCBM domains in the blends. It has been
shown with GIWAXS that DPP is a well-ordered polymer that takes on an edge-on
orientation and tends to form fibrils in bulk heterojunction blends. Thus a fibrillar mesh
network morphology is expected in BHJ blends. The optical model and contrast factor

from other conjugated polymer blends show that when the transition dipole moment is
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aligned with the electric field, the scattering contrast factor will decrease. Thus, under s
polarization a vertically enhanced intensity indicates that some 1s-1t* transition dipoles
are parallel to the x-ray electric field (Figure 4c). In this case the polymer chain will be
aligned in the same direction as that of the fibril long axis, which is drastically different
from the state-of-the-art P3HT chain organization in their fibrils (Figure 4d). This unique
characterization capability will fundamentally change the transport picture of conjugated
polymers, which show anisotropic charge transport in which hopping through the -1t

stacking direction and intrachain transport are the directions of higher mobility.

This property of characterizing the local orientation is advantageous and can be applied
to examine many complex structures. A successful example is demonstrated that uses
linearly polarized x-rays to investigate the hierarchical structure in molecular liquid
crystals.*® Shown in Figure 4e is an example of a bent-core liquid crystalline molecule
(NOBOW). It is known that introducing molecular chirality into a liquid crystal may lead
to a twisting force that can modify the equilibrium state, resulting in various helical
structures. However, achiral molecules have also been observed to form helical struc-
tures, forming the helical nanofilament (HNF) phase. The NOBOW molecule is a bent-
core molecule and it is achiral, which also forms a chiral-like liquid crystal structure. This
HNF is made up of twisted layers, indicating not only molecular chirality but also layer
chirality drives the formation of helical structures. The helical pitch can be readily
characterized using polarized RSoXS methods, yielding new understanding towards
hierarchically structured materials. The scattering intensity anisotropy correlated well
with the molecular dipole and x-ray electrical field interaction, which deceases when the
photon energy is switched off-edge. The helical pitch expanding under thermal

treatment can be easily probed by RSoXS experiments.*

3.3. Solvent Environment and Contrast Matching

The implementation of solution environment sample cells dramatically extends the
applications of RS0XS, also considering that more sample environments can be
designed for dynamic experiments of devices in operation. More importantly, it opens
the possibility to study the structure of biomaterials, which have specific, inherent
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functions in the solution state. Shown in Figure 5a is the solution cell that was
developed for RSoXS, in which the liquid sample is captured in a small volume in
between two silicon nitride windows that are attached with epoxy. The contrast of
RSoXS can be continuously tuned by changing the photon energy, and thus
biomaterials with specific functional groups can be probed, enabling the exploration of
new science from natural materials. An interesting example in this category can be the
found in the recent investigations of the colloidal structure of cow’s milk.** Previous
research has shown in specially treated dry milk that the colloidal casein supramolecule
aggregated and casein polymer chains act together to maintain casein micelle integrity.
The proteins aggregate into spheres of 8 nm in diameter, and calcium phosphate
clusters are also present that are 4.8 nm in diameter, as shown in Figure 5b.*®* RSoXS
of milk samples were carried out in liquid form by using the solution sample cell just
described. Typical absorption profiles and reduced scattering patterns using calcium L-
edge photon energies are shown in Figure 5c¢.*° It is shown that the calcium phosphate
nanoclusters display distinct absorption peaks near 350 eV, and therefore energies
within the fine structure of this edge can be used to tune contrast and locate the calcium
phosphate component. By tuning the photon energies, different contributions from
protein aggregates and calcium phosphate clusters can be obtained. The morphology
picture of casein in milk is now that the calcium phosphate clusters and protein spheres
aggregate together to form a hierarchical structure, for which the inter-globular distance
Is around hundreds of nanometers in solution, and the calcium phosphate clusters has a
inter particle distance of ~ 15 nm.

Another successful demonstration is seen in characterizing the hierarchical structure of
ion-conducting polymers.*” Nafion is the benchmark material for proton exchange
membranes due to its remarkable conductivity and good structural and chemical
stability.”**° The presence of multiple interfaces between the polymer and inorganic
components can result in a preferential orientation of ion-conducting domains due to
wetting interactions and ultimately affect the transport properties.**** Hard x-ray SAXS
lacks the capability to probe the small difference between the heterogeneous domains
of this type of membrane due to the limited contrast from materials of similar density
with different molecular orientation. RSoXS can maximize the contrast between phases

12



of interest by tuning the incident x-ray energy. Preliminary RSoXS results with a wet
sample cell have demonstrated that Nafion films contain partially oriented molecules
inside ionomer domains (Figure 5d,e). It was the first observation that before the
crystalline phase starts forming, fluorine aggregation occurs in the as-cast Nafion films.
Using polarized x-rays, it was surprising to observe strong scattering anisotropy, which
indicated preferred local crystalline grain orientation at the interface between different
phases (Figure 5d). This effect is only visible when tuning the photon energy to the
fluorine absorption edge (~696 eV). We will further develop RSoXS with in-situlin-
operando sample environments to characterize the morphology of this class of
mesoporous polymer membranes and to establish dynamical structure-property
relationships under operating conditions. RSoXS is the only tool to date that can reveal
this type of partial ordering within domains, a property that is important to the tuning of
proton conductivity and gas permeability of photocatalytic systems, and to optimize the

performance of solar-powered fuel generators.

3.4. Grazing Incidence Scattering and Depth Information

Internal thin film structures, particularly interfaces between different materials, are often
critical to material properties and performance, but buried interfacial characterization is
typically very difficult. Grazing incidence resonant soft x-ray scattering (GI-RSoXS), a
technique that measures diffusely scattered soft X-rays to selectively reveal the spatial
frequency distribution of internal interfaces, is of high interest to address this issue. With
this technique, diffuse scattering from a buried interface can be selected by judicious
choice of photon energy, thus allowing detailed characterization of the interfacial
structure,® which is nearly impossible to achieve by conventional characterization
methods. Taking a polymer bilayer as an example, conventional grazing incidence
scattering can typically only isolate the surface and the bulk;® the bilayer is seen as a
single layer. It is true that, by modifying the lower layer using deuteration, the buried
interface can be probed by neutron scattering.®>** However, the cost is high and
deuteration for many materials is difficult to achieve synthetically. Soft x-ray and neutron
reflectivity can probe the buried interfacial information and construct vertical
composition profiles of a thin film, yet they cannot reveal in-plane correlations within a
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system.>*** Soft x-rays have relatively long wavelengths, energy dependent contrast
and tunable penetration, making GI-RSoXS a very promising tool for probing
nanostructured thin films. The contrast/sensitivity of the scattering pattern varies
significantly with photon energy close to the absorption edge of the constituent atoms.
GI-RS0XS offers extra capacities such as enhanced interfacial sensitivity and depth
profiling with chemical information. The fine absorption spectra near the absorption
edge due to the different chemical bonding environments allow the tuning of sensitivity
by simply changing photon energy.> Control of the electric field intensity throughout the
depth of the film and scattering contrast between materials can unambiguously identify
scattering from different sources. Combined with index matching, the energy tunability
can be applied to probe buried interfacial structure at different depths. We have started
the general method development of GI-RSoXS with block copolymer thin films and
organic photovoltaic (OPV) materials. Soft x-ray scattering data are collected as a
function of incident angle, and photon energy, which should be selected to provide
depth information and resonant enhancement for the different polymer components.
Shown in Figure 6a is the GI-RSoXS of the IS2VP triblock copolymer. In the scattering
Image, the in-plane direction signal reveals the lateral order of the film, and the out-of-
plane direction signal reveals vertical information of the thin film. In-plane line-cuts of
the scattering signal are also plotted. By tuning photon energy, different blocks of the
triblock copolymer can be highlighted. Figure 6b displays the GI-RSoXS results of a
mesoporous block copolymer thin film. Quite different scattering signals at different
photon energies are seen. Analysis and reconstruction of the 3-dimensional structure of
the sample is currently in progress. By carefully tuning the photon energy and incidence
angle, depth-dependent morphology of thin films can be studied by GI-RSoXS. Figure
6c¢ depicts a typical experiment of this nature, exploring the 3-D morphology of a PS-b-
P2VP block copolymer thin film.*® A complete characterization of depth-dependent
morphology would need to reduce the scattering contribution of the film interfaces, and
this can be done by using the right photon energy to minimize the interface scattering
effects, achieved by matching the index of refraction between the film and silicon
substrate. Scattering within the soft x-ray region has the added benefit of large critical

angles, thus enabling fine-tuning of this variable, offering a precise control in depth
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resolution. In the PS-b-P2VP case, it was seen that the as cast polymer thin film
showed a lamellar morphology throughout the entire film. Thermal annealing
significantly reduced the ordering at the top surface to a depth about 30 nm, and the
order at the thin film-substrate interface was preserved. A relevant metrology application
of this scattering instrument and technique in probing the 3-D structure of soft matter is
critical-dimension small-angle x-ray scattering (CD-SAXS). When a soft x-ray source is
used, the enhanced contrast can be used to probe the 3-D structure of ultra thin films.
lllustrated in Figure 6d is an example of resonant CD-SAXS (res-CDSAXS) to study the
internal structure of self-assembled block copolymer thin films.>” By taking transmission
scattering measurements at variable angles, the 2-D or 3-D reciprocal space map from
nanostructured scatters can be constructed, which can be further used to resolve the

complex buried features in the phase separated block copolymer.

5. Conclusion

In this report, we have reviewed technical details, achievements, and future
developments of resonant soft x-ray scattering. The unique advantages of RSoXS,
including chemically sensitive contrast tuning, large range of accessible length scales,
inherent polarization, and high throughput sample screening, make it an ideal tool for
the next generation in soft matter characterization. With more soft x-ray facilities
commissioned at synchrotron facilities, RSoXS will be accessible to the broader variety
of user communities of different backgrounds, which will further diversify the application
of this technique. We expect RSoXS to make significant contributions to understand
detailed structure-property relationship in varied disciplines of materials science in the

near future.
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Figure 1 (a) Schematic summary of conventional transmission SAXS, with the
scattering contrast related to the complex index of refraction. (b) The fundamental
relations and physical mechanism exploited in anomalous scattering and energy

dependent & and 3 for polystyrene (PS) and poly(methyl methacrylate) (PMMA).
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Figure 2 (a) Photograph of the RSoXS scattering chamber, with CCD detector at left
and sample plate in center. Importantly, the chamber provides flexibility for customizable
sample environments. (b) RSoXS pattern for a calibration sample of 300 nm diameter
PS spheres in latex, mostly highlighting the very large g range accessible by movement

of the sample-detector distance and detector tilt. Length scales from 5 nm to 2 [Jm can
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be routinely investigated. (c) Photograph of the sample holder plate that is capable of
high-throughput, in-situ, and electrical biasing RSoXS experiments. Partially adapted
from Ref. 20.
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Figure 3 (a) Chemical formula, composition, and molecular weight of the PI-b-PS-b-
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P2VP block copolymer investigated in Ref. 26. (b) Hard x-ray SAXS shows a
hexagonally packed cylindrical structure. (c¢) The real, dispersive and imaginary,
absorptive components of the complex index of refraction of PS, Pl and P2VP. (d)
Energy dependent RSoXS images showing the nested hexagonally packed domain
structure. (e) and (f) Hard and soft x-ray SAXS and a schematic showing the void and
polymer domain structure in a SES triblock copolymer. Adapted from Refs. 26, 32, and
33.
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Figure 4 (a) Energy dependent transmission RSoXS images of DPP:PCBM blends
across the carbon 1s edge, showing anisotropy near 1t* and o* transitions. (b)
Schematic displaying the selective excitation of horizontally oriented molecular

transition dipole moments with the horizontally oriented electric field of the incident x-
rays. (c) and (d) Polarization dependent scattering patterns from DPP:PCBM blends

and cartoons explaining the local molecular orientation information that these patterns
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contain. (e) Helical structure of filaments of liquid crystalline NOBOW (shown in inset)
and the RSoXS image that shows scattering from the pitch spacing of the helix. Adapted
from Refs. 42 and 43.
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scattering shows that the calcium phosphate nanoclusters are contained within the
casein globules. (d) Nafion has a hierarchical organization that becomes swollen with
water. (e) Scattering at the fluorine K edge reveals its local molecular orientation in

these water channel domains. Partially adapted from Ref. 46.
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thin film. (b) GI-RSoXS imaging of a mesoporous block copolymer thin film at three
different energies. (c) Thermal annealing drives surface disordering in thin films of PS-b-
P2VP as found by GI-RSoXS. Surface and buried structures can both be probed by
selecting the appropriate energy and incident angle. (d) CD-SAXS with soft x-rays
enables the 3-D investigation of domain structure in thin films of self-assembled block
copolymers. Partially adapted from Refs. 56 and 57.
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