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Anisotropic Resonant Scattering from Polymer

Photonic Crystals
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Self-assembly of nanostructures with periodicity on the 100 nm
scale produces striking optical effects, including enhanced
reflectivity, photonic stop-bands, enhanced optical scattering,
and Anderson localization of photons.'-! Similar properties
have also been widely studied in natural biomaterials which
self-assemble in more sophisticated ways, such as butterfly
wings, beetle carapaces, and flower petals.8] However, such
self-assembly processes intrinsically incorporate disorder in the
nanostructures, which degrades the reflectivity but enhances
the wider scattering of light. Full understanding of the role of
such disorder in optics is currently lacking because the nature
of the disorder is not well characterized.

Previous studies of disorder in photonic crystals have dem-
onstrated suppression and broadening of the photonic band
gap, and enhancement of diffuse scattering.’~!* However, anal-
ysis of the angle-dependence of scattering has been limited. In
high refractive index contrast inverse opals diffuse scattering
in band-gap directions is suppressed,l' but conversely, in the
low-contrast regime scattering is enhanced on-resonance.’”!
In sedimented opals, polycrystallinity dominates the scattering
properties.[1°]

Angle-dependent measurements have been limited by cur-
rent techniques which cannot capture the complete angular
range of scattered light. Dark-field spectra give indications of
structural order (Figure 1a) but do not distinguish the angular
(6) or azimuthal (¢) dependence of scattering. Typically,
goniometry measurements require very precise alignment,
are relatively slow, and are restricted to the plane of incidence.
Opaque-screen goniometry allows simultaneous measurement
of a range of angles,'”] but so far has been restricted to flat
screen geometries limiting its utility to near back-scattering
only. We have thus developed a hyperspectral goniometry
technique allowing rapid, three-dimensional measurement of
optical scattering cones.

Here, we use hyperspectral goniometry on a self-assembling
photonic crystal to demonstrate how to completely reconstruct
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the reciprocal space of scattering vectors. This yields the three-
dimensional shape of the dominant reciprocal-lattice point
responsible for the intense structural color, and separates reso-
nant and background scattering processes. In these crystals
we identify a previously unknown but significant anisotropy
of the scattering process which dominates the optical interac-
tions. Such techniques have widespread use in separating the
different contributions to disorder and their optical effects.

Collimated light from a supercontinuum laser source is
filtered into 10 nm bandwidths by a computer-controlled,
liquid crystal tunable filter, and focused to an 80 um spot on
samples mounted on nonreflecting substrates at the center of a
translucent white hemispherical screen (Figure 1b). The inten-
sity distribution of scattered light arriving at the thin screen is
imaged from the outside with a digital camera. High dynamic
range is achieved by combining multiple exposures ranging
over three decades.

The flexible single domain photonic-crystal films used are
produced by shear ordering of submicrometer-sized hard-core/
soft-shell polymer nanospheres.!'®-2!l These polymer-opal films
demonstrate vivid structural color generated by spectrally-
resonant Bragg scattering, the saturation of which is strongly
enhanced by doping the material with absorptive sub-20-nm
carbon nanoparticles.’>?2 The ordering within the material,
and consequently the visual iridescence, is greatly improved by
an edge-induced rotational shearing processi?}l which anneals
out disorder to yield close-packed lattices with (111) layers
parallel to the film surface.

Because of their low refractive index contrast (An = 0.1),
light penetrates hundreds of layers into such polymer opals,
providing a unique system to study the interplay of order and
absorption. In this study, close-packed polymer opals with core
sphere radius 85 nm and fill fraction 34% are doped at various
levels with carbon nanoparticles (Figure 1b, inset). Following
mixing by extrusion, they are rolled into 130 + 10-um-thick
films and passed through the edge-shearing process several
times.2]

Hyperspectral goniometry measurements yield a composite
image at each incident wavelength (Figure 2a) which captures
the front surface specular reflection peak while clearly resolving
the resonant-scattering cone (which is up to two orders of mag-
nitude less intense). The wide angular range collected includes
all scattering directions within 90° of the specular reflection at
0,. Measured intensities are referenced to a standard Lamber-
tian scatterer. The full normalized hyperspectral data set is ana-
lyzed with a reciprocal-space transformation?*! which exactly
converts the observed angular intensity distribution, S(¢, 6, A),
into a three-dimensional map of the scattering vectors, S(q).
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Figure 1. a) Dark-field spectra of polymer-opal films show improving order with edge shearing.
Data are normalized to a reference Lambertian scatterer. Inset: (left) photo of polymer-opal
film (= 6 cm x 2 cm); (right) edge-induced rotational shear processing of core—shell nano-
spheres between rigid tapes. b) Experimental setup. Collimated white laser light passes through
tunable-wavelength filter; monochromatic light striking sample at angle 6; is reflected (arrow)
and scattered (cone) onto hemispherical screen and externally imaged. Inset: transmission
electron micrograph of the (111) layer in polymer opal (0.8 um x 0.6 um) showing the 170 nm
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displacement required for individual spheres
to squeeze through the gap between neigh-
boring spheres in the layer above or below.
Edge-shearing causes a slow decrease in
this disorder (Figure 3d), but the continued
movement of spheres throughout annealing
keeps the layers apart and thus some varia-
tion in spacing remains.

The measured in-plane scattering S(qy, 4,)
clearly shows anisotropic disorder in each
sheet layer with T, = 2T",. The Fourier relation
to real space indicates the size scale of the
defects and suggests that additional sphere
chains aligned along x are responsible. We
test this hypothesis, modeling such defects
by inserting a short chain into a hexagonally-
close-packed layer of spheres and relaxing the

diameter spherical cores.['®l

With the sample in the xy plane and light incident in the
xz plane at an angle 6; to the z axis, the change in wavevector
for scattering into the direction with spherical polar angles
(¢, 6) is q = ko (cos g sinf — sinfy, singsind, cosd + cosf;),
where tildes denote quantities measured inside the sample
and k, = 27/ . The internally and externally measured values
are related by the average refractive index, #: A= A/7,
sinf = sin#/n. Samples are mounted so that processing
(rolling and subsequent edge-shearing) was aligned in the x
direction. The camera is directed along the specular reflection
rather than the sample normal and the coordinates subse-
quently rotated into the correct reciprocal-space orientation.!?#!

By measuring in spectral slices from 450-700 nm at an inci-
dence angle of 30°, we thus reconstruct the full scattering dis-
tribution S(q). This reveals strong scattering around the (111)
reciprocal-lattice point, g;1; = (0, 0, 31 um™), for these polymer
opals (Figure 2b). It is immediately clear that the scattering
is anisotropic in all three directions, appearing as a flattened
ellipsoid. While we have previously reported an anisotropic
response to stress,?’! the optical anisotropy
presented here is intrinsic to the nanostruc-
ture, appearing in all unstretched samples. (a)

To closely examine the nonspecular scattering,
the intense front surface reflection is removed. (/g ’
We fit the resulting reciprocal-lattice scattering L
distribution around g;;; with a three-dimen- X
sional Gaussian function to find the ampli- K2R
tude and wavevector widths, I, .. The overall
scattering strength, Sy;; = [S(q) d’q (integrated
over the full reciprocal-lattice spot), is greatly
enhanced by the edge-shear process, linearly
increasing by 300% over two passes (Figure 3a,b).
The shape of the reconstructed reciprocal-lattice
spot reveals both disorder in the average layer

resulting forces (Figure 4a). Direct calcula-

tion of the resulting scattering vectors S(q)2%

produces anisotropic scattering in agreement
with that observed in our samples (Figure 4b). The average
size of the defects in our samples (estimated from gy;1/T,) is
5 spheres wide and 10 spheres long, with an approximately
Gaussian shape. Our results show that edge-shearing does not
anneal these defects out, and they may even lead to the degrada-
tion of order on further shearing passes. The 40° angular range
of the scattering cone which controls the structural color in
such systems is thus entirely set by these chain defects, whose
origin is not yet understood microscopically.

Because the shape of the reciprocal space spot is unaffected
by edge-shearing, the observed increase in scattering strength
(S111) upon shearing must be caused by an increase in either
the effective number of ordered layers or the effective refractive
index contrast. However, cross-sections show that samples are
ordered throughout their thickness,”! eliminating the former
mechanism. The latter is determined by the intrinsic refrac-
tive index contrast between the shell and core polymers, An,
but is also affected by the degree to which spheres are vertically
displaced about the mean layer spacing.
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spacing (q,) as well as in-plane defects (q.,).
In every case we find strongly anisotropic
scattering, with T', > T, > T, (Figure 3c).

The average variation in layer spacing,
I',/Jgii1 = £3%, corresponds to the

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. a) High dynamic range false color images of scattering from polymer opal at various
wavelengths collected on a hemispherical screen, showing highly anisotropic scattering. The
small black spot in the center is the intense specular reflection; the hole through which light is
introduced is seen on the left. b) Three-dimensional contour plot of reconstructed reciprocal-
space scattering distribution at (from innermost contour outwards) 180, 140, and 100% of a
reference Lambertian scatterer. Inset: scattering slice 5(0, q,, q,).
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Figure 3. a,b) Integrated scattering intensity (S;;;) shows (a) little
dependence on carbon loading (random variations due to variability of
sample preprocessing) and (b) linear increase with edge shearing passes
(empty, crossed, and filled circles denote 0, 1, and 2 passes, respectively).
c) Full-widths at half maximum (T, ;) of Gaussian fits to reciprocal-space
scattering distributions. The smallest disorder is in the average layer
spacing (I, black). In-layer disorder is greater in the y direction (T, red)
than in the processing direction (I, blue). d) Disorder in average layer
spacing, I',, decreases linearly with edge shearing.

To determine how this kind of disorder can affect the effec-
tive refractive index contrast, we model the material as a close-
packed lattice of high-index spheres embedded in a continuous
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Figure 4. a) Simulated ten-sphere chain defect shaded according to
displacement from a perfect hexagonal lattice of spacing a, with darker
spheres being further from lattice points. b) Calculated scattering inten-
sityl?%l of ten-sphere chain defect with 125% contour of experimental S(q)
from Figure 2b (dashed). c) Side view of close-packed lattice showing
two layers of high-index cores (black) surrounded by low-index shell
matrix (grey). One sphere is displaced from the layer by &; these random
displacements throughout layers decrease the effective refractive index
contrast. d) Effective refractive index contrast (A#) shows decrease with
disorder (o) and an optimal particle size (r).
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matrix of low-index shell (Figure 4c). The fill fraction sets the
radius of the spheres, r, to be up to half the lattice constant.
Allowing for layer spacings, L, which can vary around the close-
packed separation and given random displacements, &;,, of
spheres from the upper and lower layers of a unit cell, we calcu-
late the effective refractive index profile at a depth z,

iz, 81, 82) = nenent + An f (2, 81, 83)

where f (2, 81, &) = 7 (r2 +2) /24/3 is the fill fraction per
unit area, with r’; =2 — (z — §)%, %, =r* = (L — z + &)% The
effective refractive index profile is obtained by averaging over
all possible random displacements,

7(2) = naan + An [ f (2. 81, 8,) D (81) D(6,) ds, ds,

and employing a normal distribution with zero mean and
standard deviation o for the disorder distribution D. The effec-
tive refractive index contrast, A7 127l decreases as disorder
increases (Figure 4d), due to the layers becoming increas-
ingly blurred. Optimum contrast is achieved at r = 0.41, cor-
responding to a volume fill fraction of 41%.

The chain defects and layer disorder, which set the widths
of the scattering cone and thus determine the perceived color
properties, are little modified by the presence of the carbon
nanoparticles. The effect of the latter is instead predominantly
on the large-angle scattering background, produced by multiple
scattering inside the sample.?®! Averaging this background
outside the g;1; spot shows its suppression as carbon doping
increases (Figure 5a). To compare with the absorption length,
we measure transmission through equivalent polymer-opal
films in which the refractive index contrast has been chemically
balanced (An = 0).%)

We model the background-generating multiple scattering
using a Monte Carlo simulation of propagation in a semi-infi-
nite homogenous scattering medium with exponentially distrib-
uted free paths of mean length £. The background scattering
intensity for absorption length « is then given by

Io) = [;" e 7L (2)dz

where L is the backscatter path-length distribution. A good
fit to our data plotted against « (Figure 5b) is achieved with a
mean free path of 820 nm and an angular scattering distribu-
tion dominated by forward scattering of width £38° (Figure 5b,
inset), giving a mean backscatter path length of 76 um, sim-
ilar to that measured previously.?2l Most scattering paths
are shorter than the absorption length, so that only the rare
longer paths are strongly attenuated. Consequently, while the
absorption length drops by a factor of 16 over the range of
carbon dopings used in this study, the background scatter is
only halved. The origin of background scattering is thus com-
pletely separate to the resonant scattering in such nanostruc-
tures; it arises from local shape or size polydispersity, but is
totally unaffected by global ordering. This strategy to enhance
color saturation resembles that in many biophotonic struc-
tures which incorporate pigments, but here is quantitatively
explained.
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Figure 5. a) Normalized average background scattering intensity (black, right axis) decreases linearly while absorption length in index-matched polymer
opals (red, left axis) drops exponentially with carbon loading. b) Calculated background scattering intensity from Monte Carlo simulation (line) using
a mean free path of 820 nm fits well the measured intensities (points). Inset: probability density function of best-fit Mie scattering angle distribution

used in simulation shows forward dominated scattering.

In summary, these results show how proper reconstruction
of the scattering vectors from a nanostructure using hyperspec-
tral goniometry gives detailed insights into their structural color
properties. In our polymer opals this reveals the strongly aniso-
tropic nature of the resonant scattering process. The increase in
scattering strength with shear processing is shown to arise from
the increasing effective refractive index contrast with improving
order. We find that chain defects govern the observed angular
scattering cone which sets the strongly colored appearance,
and their control is thus crucial in self-assembly. Absorptive
doping eliminates the multiply scattered background without
affecting the resonant scattering. Such full measurements of
the scattering are thus crucial to understand optical scattering
in nanostructures and underpin novel biomimetic strategies.
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