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Suppression of the critical angle of diffraction in thin-film colloidal photonic crystals
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We present an experimental and numerical investigation of the polarization anisotropy of the zero-order
backdiffracted light from three-dimensional thin-film photonic crystals assembled from colloidal spheres. In
particular, we compare simulations of reflectance spectra from perfectly ordered fcc lattice of spheres with
measured reflectance data from self-organized opal films and forced-assembled Langmuir-Blodgett crystal
films. We identify cross-polarization couplings and interactions between photonic crystal eigenmodes as the
major physical mechanisms for resonance depolarization effects. Based on this, we find that a necessary
condition for the observation of critical angles of diffraction in three-dimensional lattices is that the orientation
of the light’s plane of incidence coincides with a high-symmetry plane of the crystal lattice. We further show
that for currently achievable colloidal photonic crystals with moderate refractive index contrast, this resonance
depolarization mechanisms together with the destructive influence of lattice disorder effectively renders the

meaning of a critical angle of diffraction obsolete.
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I. INTRODUCTION

A strong polarization dependence of the optical response
is a fundamental property of photonic crystals (PhCs) and
relates to the topology of the electromagnetic field.!> One
prominent example is the critical angle of diffraction which
is defined as that angle at which the diffraction resonance
under TM-polarized illumination (p polarization) collapses
while it persists for TE-polarized light (s polarization). In the
simple case of a Bragg mirror, this effect originates from the
refraction of light at the planar interfaces between the vari-
ous layers of different dielectrics and can be treated using the
analogy to the Brewster angle of reflectance at the planar
interface between two homogeneous media.’

Inside three-dimensional (3D) PhCs, where planar mate-
rial interfaces are absent, TE and TM polarization are actu-
ally ill-defined polarization states of light. Instead, the polar-
ization anisotropies of the optical properties of PhC slabs
have to be defined with respect to the interfaces with the
surrounding homogeneous half spaces. For instance, we can
determine how much of incident polarized light is reflected
or transmitted into this same and the orthogonal polarization
state. This circumstance makes observed polarization
anisotropies of 3D PhCs dependent on fundamental and
“packaging”-related properties. The former are described by
the photonic band structures (dispersion relation and struc-
ture of the associated Bloch modes) of infinite PhCs (Ref. 4)
while the latter refer to size, shape, and environment of ac-
tual PhC samples. Obviously, the broad variety of packaging
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conditions for a given PhC structure leads to a correspond-
ingly rich diversity of experimental observations. In addition,
the imperfect nature of ordering inside “real-life” PhC lat-
tices further affects their optical response.

Among 3D PhCs, opal-like colloidal crystals are the most
frequently investigated materials. This is the result of their
relative ease of preparation,® large sample sizes and rather
spectacular transformations of their spectra upon changing
the propagation direction and polarization of light.®~'° In the
past, colloidal crystals were stabilized in a liquid by electro-
static forces and possessed a lattice constant that far ex-
ceeded the diameter of a single sphere.!! Light diffraction in
such crystals is fully described by the Bragg law and Mie
theory. In contrast, opal-like crystals consist of closely
packed arrangements of spheres, therefore Mie resonances of
individual spheres are suppressed, the diffraction resonances
are significantly broadened and the resonance dispersion pro-
gressively deviates from the Bragg law when the refractive
index (RI) contrast between the particles and the surrounding
medium is increased. These changes are accompanied by an
increasing influence of lattice defects that allow for un-
coupled light to propagate across the PhCs. This leads to
resonance broadening and, eventually, washes out fine fea-
tures of optical spectra.

Based on this, it has become popular to model the optical
properties of opal-like structures in terms of an effective pe-
riodically multilayered structure where the corresponding ef-
fective parameters are direction and polarization dependent.
Indeed, this model could successfully explain the angular
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dispersion of diffraction resonances in opal crystals, except
for directions that correspond to the case of multiple-band
diffraction where avoided band crossings take place.'>!? The
polarization anisotropy of diffracted light from opal crystals
has also been addressed.!*~'® However, the critical angle of
diffraction from opal structures has been investigated only
once.!> The corresponding experiment has been based on a
system where an opal structure has been immersed in an
index-matching liquid. As alluded to above, the optical prop-
erties of PhC samples with an “empty lattice” (immersed in
an index-matched liquid) are expected to be qualitatively
(and quantitatively) rather different from those where the
PhC samples are surrounded by homogeneous materials that
exhibit sizable (effective) RI contrasts.!” Explanation of po-
larization anisotropies in opal colloidal crystal exclusively
rely on the concept of independent light diffraction at differ-
ent crystal planes.'®!” However, the validity of this (simple
and thus appealing) model has never been fully established
or examined.

How far one can exploit the analogy of 3D PhCs to peri-
odically multilayered dielectric structures when interpreting
the polarization anisotropies, thus remains an open question.
In particular, the fact that the critical angle of diffraction
appears in the vicinity of avoided band crossings allows us to
utilize this phenomenon as a sensitive probe regarding the
applicability of the effective multilayered model.

In this work, we analyze polarization anisotropies in thin-
film crystals of closely packed colloidal spheres. In particu-
lar, we have studied polarization anisotropies of the diffrac-
tion at crystal planes that are parallel to the films. Our
crystals represent typical examples of realistic 3D PhCs with
moderate refractive index contrast of about 1.5:1 that also
contain different degrees of fabrication disorder. This disor-
der and the finite thickness of the film affect the polarization
anisotropy that occurs in such crystals so that we may utilize
polarization anisotropy as a sensitive probe. Therefore, we
first “construct” an ideal reference sample by numerically
simulating the reflectance spectra of thin-film colloidal crys-
tals that consist of a perfectly ordered face-centered-cubic
(fce) lattice of spheres. We emphasize that we do not model
realistic crystal structures numerically, but that we instead,
are interested in the optical response of an ideal thin-film
crystal for comparison with experimental data from real sys-
tems. The corresponding experimentally studied structures
include self-assembled thin-film opal samples and force-
assembled Langmuir-Blodgett (LB) crystals?®2! that exhibit
lower degrees of ordering. While opal structures represent
weakly disordered fcc lattices of spheres [Figs. 1(a) and
1(b)], the LB crystals might be considered as moderately
disordered systems with an underlying hexagonal symmetry
[Figs. 1(c) and 1(d)]. As a result, this approach allows us to
assess the polarization anisotropy as it results from, on the
one hand, the disorder-induced additional light scattering,
and, on the other hand, the spatial anisotropy in 3D lattice
arrangements. In particular, we focus our attention on the
link between the critical angle of diffraction and possible
mechanisms of light depolarization in 3D lattices.

II. EXPERIMENTAL TECHNIQUE

The only way to learn about the polarization properties of
ideal colloidal crystals samples with perfectly ordered lattice
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FIG. 1. (Color online) Geometry of packed spheres arranged in
fce lattices or Langmuir-Blodgett crystals. (a) A section of a fcc
lattice of spheres viewed along the cubic body diagonal. The tri-
angles denote planes of the {111} family where each (111) plane
corresponds to a hexagonally close packed lattice of spheres with
diameter D. (b) A section of a fcc lattice of spheres viewed along
one of the cubic axes. The spacing of the hexagonally closed
packed planes is denoted by d;;;. (c) A section of a Langmuir-
Blodgett (LB) crystal that consists of three (0001) planes viewed
along the stacking direction. These hexagonally close packed
(0001) planes of spheres are identical to the (111) planes of the fcc
lattice but different planes are randomly shifted in lateral direction.
(d) A section of a LB crystal viewed perpendicular to the stacking
direction. The effective (0001) plane space is denoted by dyg;. (€)
The Brillouin zone of the fcc lattice. (f) The Brillouin zone of the
hexagonal lattice. Miller indices in (e) and (f) denote characteristic
directions that correspond to lattice plane vectors in real space.
Dash lines show the scanning directions.

and identical spheres is to perform numerical simulations of
their optical spectra. Therefore, we have computed angle-
and frequency-resolved reflectance spectra of an ideal fcc
arrangement of 25 monolayers of monodisperse spheres (RI
of 1.489) that are stacked along the cubic body diagonal (the
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FIG. 2. (a) The SEM image of the cross section of the opal film
assembled from 368 nm PMMA beads. (b) The SEM image of the
cleaved LB film assembled from the 519 nm silica beads.

[111] direction) and are deposited on a glass substrate [Figs.
1(a) and 1(b)]. These computation have been performed via
the so-called Fourier-modal method?? and we have checked
that a spatial discretization of 15 nm in stacking direction
and 197 Fourier modes laterally lead to converged results
within the linewidths of our plots. By varying the incidence
angle of the incoming plane wave relative to this stack, we
have obtained spectra for directions that correspond to the
LKL’ and LW lines on the surface of the fcc Brillouin zone
[see Fig. 1(e)]. In what follows we will refer to these refer-
ence simulations of an ideal structure simply as the “fcc
sample.”

Regarding actual 3D PhC samples, we have crystallized
opal films in the meniscus on hydrophilic glass slides that are
vertically moving up and off a suspension of poly-methyl
methacrylate (PMMA) spheres [Fig. 2(a)].?* Spheres with
hydrophilic anionic surface with a RI npypa=1.489 and di-
ameter D=368 nm (standard deviation of 8 nm) have been
purchased from Microparticles GmbH. Samples of 25
X 20 mm? size were prepared.

Improvements of the crystal structure have been achieved
by applying the acoustic-noise-agitation technique to the col-
loidal suspension during the crystallization of the film. De-
tails of this technique are given elsewhere.!®?* No sintering
or other means of consolidating have been applied to the
prepared samples. As a result, the spherical shape of the
beads in the opal is preserved and further distortions of the
lattice symmetry are avoided. The ordering of prepared opals
was thoroughly characterized using Fourier-transform
analysis!® and position correlation analysis®* of the sphere
arrangements in scanning electron microscopy (SEM) im-
ages. Optical diffraction of these samples was studied as a
function of the angle of incidence and the azimuthal orienta-
tion of the plane of light incidence. Based on fitting the dis-
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FIG. 3. Scheme of the reflectance measurement setup.
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persion of diffraction resonances to the Bragg law projec-
tions for the fcc lattice of touching spheres, we concluded
that the opal lattice contains stacking faults. In contrast, the
lattice strain was largely removed due to the acoustic agita-
tion technique mentioned above.'” Since the opal lattice
closely resembles the ideal fcc lattice [see Figs. 1(a) and
1(b)], we label the diffraction resonances according to the
Miller indices associated with the corresponding fcc lattice
planes. The main resonance of our interest relates to the dif-
fraction at (111) planes, each of these planes consists of a
hexagonal lattice of touching spheres that is oriented parallel
to the substrate.

Further, we have prepared LB films by one-by-one stack-
ing of precrystallized monolayers of SiO, spheres?! that ex-
hibit a RI ngio,~1.42 and diameter D=519 nm (standard
deviation of 20 nm, purchased from Microparticles GmbH).
Similar to the opal films, the spheres in each monolayer crys-
tallize into a hexagonal lattice. However, in the LB crystal
these monolayers are laterally misaligned in a random fash-
ion relative to the positions of an fcc lattice so that the LB
samples can be considered as moderately disordered
crystals® [see Figs. 1(c) and 1(d) and Fig. 2(b)]. Since one of
the limits of fully ordered LB crystal is the hexagonal lattice
[Fig. 1(f)], we will subsequently use the four-digit Miller
index notations for this lattice, simply in order to easily dis-
tinguish between the resonances in opal and LB crystal films.
Consequently, we denote the growth plane of the LB crystal
films as the (0001) plane and we have studied films that
consist of ten (0001) layers which have been obtained from
ten deposition cycles. The standard sample size was 25
X 75 mm?. No sintering of the LB crystal films has been
applied.

The angle- and frequency-resolved reflectance spectra
were acquired with an angular resolution of less than 1°. The
incidence angle # was varied from 10° to 80° at steps of 2°
with respect to the film normal with an uncertainty of ~0.2°
(Fig. 3). This angular resolution was achieved by placing the
sample at a distance of 500 nm from the collecting optics and
by using an aperture to reduce the beam width (Fig. 3).
Collinear-oriented polarizers were used to select the copolar-
ized reflected light either within the plane of incidence (p
polarization) or orthogonal to that plane (s polarization).
High-sensitivity Peltier-cooled fixed-grating charge coupled
device (CCD)-based spectrometers from Ocean Optics with a
16-bit dynamic range were used to acquire reflectance spec-
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tra. Such dynamic range allows to record the signal with
intensity variation of 4 orders of magnitude without substan-
tial influence of noise providing that the dark readings
amounts to 1-2 counts. Absolute values of reflectance were
obtained with respect to the reference channel that includes
all optical elements except for the sample. Averaging over 20
spectra at each angle was used to reduce the relative mea-
surement error. The ~0.4 nm wavelength resolution of the
spectrometer and the absence of sharp peaks in the spectra
encouraged us to average the intensity readings over a 3-nm-
wide range and, thus, to further reduce the uncertainty in
magnitude readings to about 2 X 1072 of a percent. Further-
more, we have employed a polarization scrambler plate in
front of the light collecting optical fiber in order to avoid the
polarization response of the spectrometer grating.

Similarly, spectra of cross-polarized reflected light have
been obtained by turning the analyzer by 90°. In order to
provide the required increase in the signal integration time,
we introduced a 0.025 gray filter into the reference channel
and corresponding corrections for the nonlinearity of the
CCD sensitivity were used in the signal channel. However,
the corresponding 40-times higher sensitivity is achieved at
the cost of a threefold times increase in the dark reading so
that the lower limit of the absolute values of the measured
signals is 2 X 1075-3 X 107> percent.

In the applied measurement scheme (Fig. 3), the sampled
volume of the crystal increases with increasing incidence
angle because the spot size of nominally 1 mm in diameter
for normal incidence that illuminates the sample becomes
about three times larger at an incidence angle of 6=70°.
Further, the uncertainty in detector readings becomes larger
for larger incidence angles for two reasons. First, mirror re-
flectance at the sample surface increases for larger incidence
angles. This effect is additive to the magnitude of the diffrac-
tion resonance and, to a first approximation, does not depend
on the wavelength. Consequently, when determining the po-
larization anisotropy of the diffraction resonances at each
incidence angle, we have subtracted the magnitude of the
off-resonance reflectance magnitude from the values of the
backdiffracted light. A second effect is the possible inhomo-
geneity of the crystal lattice that may result from inhomoge-
neous convective liquid flow in the crystallization vessel.
This can lead to additional smearing out of resonances for
larger incidence angles. To reduce the influence of this factor,
we have (i) performed the measurements in the central part
of the samples where structural inhomogeneities are ex-
pected to be minimal and (ii) checked that the spectra in the
measured area are consistent for different spot sizes at fixed
incidence angle.

Once more, we want to emphasize that the numerically
calculated spectra of the ideal fcc lattice are free from ex-
perimental uncertainties and any effects related to structural
defects. Therefore, these calculations serve as an ideal refer-
ence sample.

In order to facilitate the comparison between the different
samples as well as between samples and the ideal fcc lattice,
we subsequently plot all spectra as a function of the reduced
frequency that is measured in dimensionless units D/\. Fi-
nally, unless explicitly stated otherwise, we subsequently
consider only copolarized reflection spectra into the zeroth
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order, i.e., the reflection is measured for the same polariza-
tion as the incident (linearly polarized) light. In this case, it
suffices to specify the polarization of the incident light alone,
i.e., p(111) denote the copolarized reflectance peak associ-
ated with the (111) plane under p-polarized incidence.

In the case of an opal film, we have identified the orien-
tation of the plane of the incident light by using the surface
diffraction pattern. A corresponding fit of the Bragg law to
the experimentally obtained angle dispersion of the (111)
resonances yields an interplane distance of d;;;=301 nm (so
that d;,,/D=0.816) and an effective long wavelength RI
n,sr=1.361." In addition, from the periodicity of the Fabry-
Perot oscillations in the reflectance spectra and the effective
RI in the long-wavelength limit, we have determined the
thickness of the film to be 25 (111) planes—and this is the
reason why we have computed the reference reflectance
spectra for the fcc lattice for 25 monolayers. A similar fit of
the (0001) diffraction resonance for the LB film delivers the
a lattice plane spacing dyy;=441 nm (so that dyy /D
=0.85), and an effective long wavelength RI n,=1.245.%
These results provide clear evidence of the expected lower
volume fraction of spheres in the LB crystal film as com-
pared to the dense packed fcc and opal lattices.

III. POLARIZATION ANISOTROPY OF DIFFRACTION
RESONANCES

In Figs. 4(a) and 4(b), we present numerically calculated
reflectance spectra of the thin-film fcc sample under s- and
p-polarized illumination for the LKL’ scanning direction.
These spectra contain two resonances that are assigned to

(111) and (111) planes. In what follows, we will focus on
three important angles of incidence that we have indicated by
A, B, and C.

The A direction corresponds to an avoided crossing in the
resonance dispersion [Fig. 4(a)] and is observed in the reflec-
tance spectra under s-polarized incident light. The character-
istic feature of the A direction is the coexistence of s(111)

and s(111) resonances at D/N=0.535 and 0.572. In order to
obtain the magnitude of the diffraction resonance, AR, in a
uniform manner for all samples, we have measured the
height of the resonance peak and have subtracted the back-
ground to obtain AR=R,,—R3;. Here, we have measured
the background value Rj3; at D/A=0.37 which lies below
the (111) resonance. As shown in Fig. 4(c), the magnitudes

of s(111) and s(111) resonances are rather similar at 6,

=54°. In contrast, p(111) and p(111) cross each other at the
same A angle at D/A=0.549 [Fig. 4(b)], i.e., in between two
s bands. Furthermore, the value of the p-band peak is about
half of that of s bands [Fig. 4(c)].

The B direction is specific to the long-wavelength end of
the spectra. Along this direction the intensity of the off-
resonance reflected p-polarized light approaches its mini-
mum. In other words, this is the Brewster angle [Fig. 4(b)].

The C direction is the one, along which the resonance in
p-polarized light vanishes from the spectra of the fcc sample
[Figs. 4(b) and 4(c)]. By definition, we can assign the angle
0=62° to be the critical angle of diffraction at the (111)
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FIG. 4. (Color online) Computed angle- and wavelength-resolved copolarized reflectance spectra for 25 layers of a fcc lattice of spheres.
Panels (a) and (b) depict, respectively, the case of s- and p-polarized incident light. Miller indices are used to identify the resonances
associated with different crystal planes. (c) Angular variation in the magnitudes of the diffraction resonances that are indicated by arrows and
letters on panels (a) and (b). The arrows A, B, and C denote, respectively, angles of the incident light that correspond to band anticrossing,
Brewster and critical angle of diffraction. The inset to panel (a) shows a snapshot of the photonic band structure for the fec lattice of touching
spheres near the angle A. The corresponding Bloch modes are numbered from 1 to 6. In these and the following spectra the logarithmic
grayscale coding has been chosen to emphasize the spectral features. The corresponding experimental results for an opal film are displayed

in Fig. 5. See the text for further details.

planes. At higher angles of incidence, this resonance is re-

stored and, moreover, it is then accompanied by the p(111)
resonance [Fig. 4(c)].
The reflectance spectra of the real-life opal film show

similar diffraction resonances for the (111) and (111) planes
as those discussed in the ideal fcc lattice [see Figs. 5(a) and
5(b)]. Near the incidence angle 6,~50°, the band anticross-
ing separates the s-polarized resonance into two bands that
are centered at D/N=0.523 and 0.554, respectively [see Fig.
5(a)]. Along the same A direction, the p(111) resonance ap-
pears at D/N=0.541. In this region of band splitting, the

value associated with the s(fl 1) resonance reaches the value
associated with the s(111) resonance, again very similar to
the situation in the ideal fcc lattice discussed above (see Figs.
4 and 5).

At angles #=54°-56°, both, the intensities of the off-
resonant reflectance and the p(111) resonance are reduced by
two orders of magnitude and reach a minimum [see Fig.
5(b)]. However, in contrast to the fcc sample the diffraction
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peak does not collapse [Fig. 5(c)]. At higher angles, both
peak and background reflectance recover their intensity. In-
terestingly, at #=62° the p(111) resonance does not exhibit
any peculiarities.

The reflectance patterns of the LB crystal film contain one
strong resonance band in both polarizations [see Figs. 6(a)
and 6(b)]. Under p-polarized illumination both, the reso-
nance and off-resonance reflectance intensity, display a mini-
mum at 6=52°.

The distinctive feature of the p resonance in the LB crys-
tal film is its nonmonotonous angular dispersion. In fact,
within the #=48° —56° angle range, the p(0001) resonance is
substituted by another resonance that exhibits the opposite
dispersion [Fig. 6(b)]. This effect looks like a kink in the
resonance dispersion. By analogy to opals, we associate this

behavior to the avoided crossing of the p(0001) and p(111)
diffraction branches. The fact that anticrossing appears in the
spectra of p-polarized light can be associated with the spe-
cific symmetry of the LB crystal film. Despite the poorly
defined anticrossing, the frequency splitting between p and s

1000y 00000000
PO X X
10t 020 XX ooc

o “x o°

©

resonance magnitude (%)
o
o

X X s111

0.1 . . . .
60 70 40 45 50 55 60 65 70

0 (degrees)

FIG. 5. (Color online) Measured angle- and frequency-resolved copolarized reflectance spectra from 25 layers of an opal film. Panels (a)
and (b) depict, respectively, the case of s- and p-polarized incident light. Miller indices are used to identify the resonances associated with
different crystal planes. (c) Angular variation in the magnitudes of the diffraction resonances. The arrows A, B, and C denote angles similarly
to those in Fig. 4. The corresponding theoretical results for an ideal structure are displayed in Fig. 4. See the text for further details.
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FIG. 6. (Color online) Measured angle- and frequency resolved copolarized reflectance spectra from ten layers of a LB crystal film.
Panels (a) and (b) depict, respectively, the case of s- and p-polarized incident light. Miller indices for a hexagonal lattice are used to identify
the resonances associated with different crystal planes. (c) Angular variation in the magnitudes of the diffraction resonances. The arrows A
and B denote angles similarly to those in Fig. 4. See the text for further details.

bands is about A(D/X\)=0.023 which is just a little lower as
compared to the corresponding shift that we have observed
in the opal. Thus, in the LB crystal film the A, B, and C
characteristic directions of the fcc sample merge into one
single direction.

The angular diagrams of the polarization anisotropy of
diffraction resonances in our PhC films are represented by
the ratio R,/R, for the (111) resonance reflectance (see Fig.
7, recall that by R, and R, we denote the copolarized reflec-
tance spectra, i.e., R, corresponds to p-polarized backscat-
tered light under p-polarized incidence and R, corresponds to
s-polarized backscattered light under s-polarized incidence).
If the corresponding resonance cannot be resolved in the
spectrum, we have substituted its value by the value of the
reflectance at the projected resonance frequency. The dia-
gram for the fcc sample shows a sharp minimum at 6.=62°
[curve 1, Fig. 7(a)]. In this sample, the R,/R ratio for the
off-resonance reflectance at D/\=0.37 shows an even deeper
minimum at 6z~ 56° [curve 2, Fig. 7(a)]. This latter angle
corresponds to the Brewster angle fp=arctan(n,)=54° in
the ideal fcc lattice with an effective RI 7.
~\0.74npyna+0.26=1.379 that is given by the ideal fcc
volume packing fraction of 0.74. The inaccuracy of the

Brewster angle estimate originates from the poor approxima-
tion of the effective index by this simple formula. It is in-
structive to mention that curve 1 represents anisotropy values
that are related to different frequencies, whereas curve 2 cor-
responds to the anisotropy at fixed frequency.

The polarization anisotropy of the opal film largely fol-
lows the behavior of the ideal fcc lattice but with the (111)
resonance anisotropy maximum at 6=56° [see Fig. 7(b)].
The corresponding Brewster angle for the low frequency off-
resonance reflectance is 6= 54°. It coincides with our esti-
mate of the Brewster angle when we take as the effective RI
n.r=1.361 which we have obtained from the Bragg fit to the
s(111) resonance dispersion. Thus and rather surprisingly,
the direction of the (111) resonance anisotropy maximum
differs only marginally from the Brewster angle.

This tendency is supported by the anisotropy diagrams of
the LB crystal film. In this case, the minimum of the R,/R;
diagram for the (0001) diffraction resonances cannot be re-

solved due to the anticrossing with the (1010) band dis-
cussed above. However, the off-resonance anisotropy at
D/N=0.37 peaks at the angle 6;=52° [see Fig. 7(c)]. This
Brewster angle estimate #3=51.2° is consistent with the es-
timate for the LB crystal film that uses the effective RI n,,
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FIG. 7. (Color online) Angular variation in the polarization anisotropy in copolarized reflectances that are associated with the (111)
diffraction resonance in the case of ideal fcc lattice: [panel (a), curve “1:” solid line with dots] and opal film [panel (b), curve 1: solid line
with dots] and the corresponding (0001) diffraction resonance in the case of LB crystal film [panel (c), curve 1: solid line with dots]. The
anisotropy is represented in the form of R,/ R, where R, and Ry, respectively, denote copolarized reflectance for p- and s-polarized incident
light. For comparison, each panel also features the results for off-resonant cases at D/A=0.37 (curves “2” in all panels: solid lines with
crosses). See the text for further details.
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=1.245 which we have extracted from the Bragg fit to the
5(0001) resonance dispersion. The smaller value as com-
pared to that of the opal film is consistent with the lower
volume fraction of the high-dielectric material (the spheres)
in the LB crystal film.

IV. ONE-DIMENSIONAL MULTILAYER MODELS

The dispersion of diffraction resonances in colloidal crys-
tals that are stabilized by electrostatic forces in a liquid is
well described by expanding diffraction in a 3D lattice into a
series of resonances from one-dimensional (1D) lattices.!" A
similar approach also works satisfactorily in the case of
close-packed opal-like structures that are impregnated by an
index-matching liquid and—albeit to lesser degree—in the
case of these structures with moderate RI contrasts.'® This
observation makes it reasonable to check if the 1D approach
can also be used to interpret the polarization anisotropy of
our samples.

Let us apply the model of an effectively periodic multi-
layered structure to the ideal fcc lattice. In the simple Bragg-
mirror-type model, the critical angle of diffraction can be
expressed as?’

€a€h

tan 6, = \/— (1)
(8a + Sb)gv —&€4€p

where ¢,, €, and g, denote, respectively, the dielectric con-
stants of the materials in layers a, layers b, and the external
medium v. In order to apply this expression to an fcc lattice
of spheres stacked along the [111] direction one has to de-
termine the (effective) modulation of a dielectric constant
profile along the [111] axis [see Fig. 1(b)]. Taking the modu-
lation depth as ~60% (Ref. 28) for the ideal fcc lattice, the
critical angle 0,=62° from Fig. 4(a) and g,=1 for air, we
derive effective dielectric constants of layers £,=2.08 and
g,=1.25, respectively. Since the effective dielectric constant
of the ideal fcc lattice that is assembled from PMMA spheres
is about seff=fsphere8PMMA+fU8v=1'88’ where fsphere=0'74
and g,=1 for air, we can estimate the fraction, f,,, of a layers
in the resulting effective Bragg stack &,;=f,&,+(1-f,)&, as
f.=0.76. If we, similarly, assume 6,=56° to be the critical
angle of diffraction in the real-life opal film, we have to
adopt £,=2.187 and g,=1 in order to satisfy the expression
(1). This raises the important question whether we at all can
assume that the depth of dielectric constant modulation in
slightly disordered fcc lattice is 100%. Clearly, this is impos-
sible, because from an SEM inspection of the samples and
the above-mentioned Bragg fit to the angular dispersion of
the (111) resonance, we have found d,;; <D. Moreover, we
simply cannot apply the above procedure of an effective 1D
model to the LB crystal film because expression (1) would
force us to chose g,<1.

Alternatively, the layered diffraction model that has been
specifically adapted to opal structure leads to the expression
for the critical angle of diffraction as sin 6,=\e,s/(2¢,)."
The validity of this expression has been confirmed in the
case of opal films that have been immersed in an index-
matching liquid. However, in the case of sizable (effective)
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RI contrast between opal film and the surrounding medium
such as is the case for our ideal fcc lattice and the real-life
opal film, this expression yields a critical angle 6.=74°
which far exceeds the value 6,=62° that we have observed in
the copolarized calculated reflection spectra under
p-polarized illumination (see Fig. 5).

The failure of the effective 1D models to describe our
computational and experimental findings leads us to consider
more carefully various physical mechanisms that may con-
tribute to the depolarization phenomena described in Sec. III.

V. LIGHT DEPOLARIZATION IN COLLOIDAL
PHOTONIC CRYSTALS

A. Lattice disorder

The collapse of the resonance under p-polarized illumina-
tion when approaching the critical angle of diffraction is
manifest not only as a decrease in the value on resonance but
also as a narrowing of its linewidth. Both of these require-
ments are fulfilled at 6,=62° in the case when the ideal fcc
lattice is scanned along the LKL line of the Brillouin zone
[see Fig. 8(a)]. In the case of the real-life opal film, the
resonance values achieve their minimum at 6=56° but the
resonance bandwidth remains at 60% of its value at =10°
[see Fig. 8(b)]. In the case of the LB crystal film, we observe
qualitatively the same omnipresence of the diffraction reso-
nance in the p-polarized light as for the opal film [see Fig.
8(c)].

The obvious difference between the ideal fcc lattice and
the experimentally prepared samples is the fabrication disor-
der of the latter. Obviously, the lattice disorder is accompa-
nied by random scattering processes that are known to give
rise to depolarization effects.?” More precisely, random scat-
tering could be able to prevent the resonance under
p-polarized illumination from strong narrowing and vanish-
ing.

It is commonly accepted®® that defects in the opal lattice
are responsible for a reduction of the magnitude of the dif-
fracted light intensity by about a factor of two as compared
to the values of ideal fcc lattices. This decrease for (111)
diffraction along the plane normal is solely the result of dis-
order that diverts a fraction of the light flow in the resonance
order from the expected scattering direction, the peak inten-
sity provides an effective or average measure of losses that
are caused by imperfect periodicity in a stacking sequence of
(111) planes [cf. spectra in Figs. 8(a) and 8(b)]. On the other
hand, the almost twofold increase in the relative full peak
width at half maximum (FWHM) AE/E,.,,,., at 6= 10° in the
LB film relative to the opal film together with an almost
unchanged peak magnitude [cf. Figs. 8(b) and 8(c)] can be
attributed to the stronger light localization in a partly disor-
dered lattice.?! Although we have found a substantially in-
creased disorder in the LB crystal relative to the opal film
(cf. Figs. 2 and 8), there is no corresponding difference in
magnitude of the diffraction resonance [see Figs. 8(b) and
8(c)]. Moreover, while random scattering can certainly lead
to a smearing out of the polarization anisotropy, it is difficult
to conceive that it will be able to completely suppress the
critical angle of diffraction. Therefore, we have to examine
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FIG. 8. (Color online) Copolarized [(a), (b), and (c)] and cross-polarized [(d), (e), and (f)] reflectance for p-polarized illumination for the
ideal fcc-stacked, opal, and LB crystal films under various angles 6 relative to the normal. (a) copolarized reflectance spectra of the ideal
fee-stacked film for p-polarized illumination along the LKL line in the BZ (see Fig. 1) for §=10° and 6=62° (dashed and bold solid line,
respectively) and along the LW line in the BZ [see Fig. 1(e)] for #=62° (thin solid line). The number at the peak of the LKL spectra for
0=10° denotes its relative FWHM. (b), (c) the same as (a) for the opal film (#=10° and #=56°) and the LB crystal film (#=10° and 0
=52°). For the LB crystal film, the 30° azimuth rotation of the sample relates to changing the scanning direction from the AL to the AH line,
which are both high-symmetry lines within the BZ zone [see Fig. 1(f)]. However, this difference is irrelevant in the case of a LB film due
to the disorder in these structures. (d) cross-polarized reflectance for the ideal fce-stacked film along the LKL and LW directions in the BZ
and for an illumination angle #=62°. (e), (f) the same as (d) for the opal film (6=56°) and the LB crystal film (6=52°). See the text for

further details.

further mechanisms that could contribute to the observed
loss of the critical angle of diffraction in real-life 3D PhCs.

B. Resonance vs off-resonance polarization anisotropy

It is rather instructive to consider the entire angle- and
frequency-resolved polarization anisotropy map. Specifically,
when comparing the polarization anisotropy spectra along
the LKL scanning direction at frequencies below and above
the (111) or (0001) resonance (see Fig. 9), we notice that, at
the Brewster angle, the polarization anisotropy of the off-
resonance reflectance exceeds by a factor of three that at the
frequencies above the (111) or (0001) resonance. We illus-
trate this fact by depicting in Fig. 9 the polarization aniso-
tropy spectra for the angles A and C. Thus, the polarization
anisotropy in the effective medium regime of light propaga-
tion is stronger than in the regime in which the light is
coupled to eigenmodes of the PhC.

In the range of the (111) resonance, the polarization an-
isotropy is further reduced relative to its off-resonance value.
This difference is particularly pronounced in the ideal fcc
lattice—the (111) backdiffracted light is about an order of
magnitude less polarized than the off-resonance reflected
light [see Fig. 9(a)]. Low values of the polarization aniso-
tropy remain noticeable in the (111) resonance of the opal
film but this effect almost completely vanishes for the (0001)
resonance of the LB crystal film [see Figs. 9(b) and 9(c)].
The only exception to this is the anisotropy for angle C in the
ideal fcc lattice. In view of the fact that the low-frequency
off-resonance polarization anisotropy solely relates to the
light reflection at the film-air interface, we associate this re-
duction of the polarization anisotropy to rather inefficient
light coupling to PhC eigenmodes at the air-PhC interface.
Within the resonance bandwidth only evanescently decaying
or inhomogeneously propagating modes are available for
coupling, hence the light of both polarizations is strongly
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FIG. 9. (Color online) Angle- and frequency-resolved polarization anisotropy spectra along the LKL direction for (a) the ideal fcc lattice,
(b) the opal film, and (c) the LB crystal film. Overlayed are the polarization anisotropy spectra for the angles A (thin solid line) and C (thick
solid line) and the corresponding values are indicated on the top horizontal edge. See the text for further details.

reflected which leads to a significant reduction in the polar-
ization anisotropy.

Since lattice defects introduce a continuum of defect
modes that may allow light to flow through a PhC in the
spectral range of a stop band, they also may contribute to the
increase in the resonance polarization anisotropy in disor-
dered PhCs. For instance, the resonance and off-resonance
anisotropy in the LB crystal film are very similar at nearly all
angles except for those in the neighborhood of the Brewster
angle (see Fig. 9).

Furthermore, for the ideal fcc lattice, we notice a pro-
nounced feature in the polarization anisotropy in the range of

the (111) and (111) resonance anticrossing, i.e., for angles
between 50° and 55° and frequencies near D/A=0.55 [see
Fig. 9(a)]. In fact, in this range the breakdown of polarization
anisotropy takes place, i.e., the reflection coefficients for the
p- and s-polarized light take on the same values. For the opal
film, we observe a similar breakdown of the polarization
anisotropy near the band anticrossing at §#=46-52°. If we
take into account that PhC modes are indistinguishable in the
anticrossing range [inset, Fig. 4(a)], this breakdown of the
polarization anisotropy corresponds to the simultaneous ex-
citation of all existing modes independent of their symmetry.

C. Band anticrossing vs diffraction polarization
anisotropy

Azimuthal rotation of the plane of light incidence with
respect to the opal lattice by 30° results in a strong change in

07 Rp/Rs
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~
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0.5448
1.044
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0.4
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0.005748

the appearance and dispersion of diffraction resonances in
both numerically and experimentally (see also Ref. 10) ob-
tained spectra. This rotation corresponds to a change from
the LKL to the LW scanning direction [see Fig. 1(e)]. How-
ever, this azimuthal rotation leads to a strong increase in the
resonance magnitude for p-polarized illumination in the ideal
fec lattice at #=62° [see Fig. 8(a)] whereas the same rotation
produces small changes in the resonance magnitude for the
opal crystal film [see Fig. 8(b)]. This pronounced difference
between ideal fcc crystal and opal films is a consequence of
a fabrication disorder associated with the opal films. This
spatial anisotropy is the key observation for the explanation
of the complex depolarization behavior of our samples.

The absence of the decay of the p-polarized resonance
when scanning along the LW line (as opposed to scanning
along the LK line) leads to the modification of the polariza-
tion anisotropy of the ideal fcc lattice and the opal film (see
Fig. 10). At frequencies below the (111) resonance, the an-
isotropy achieves it maximum at the Brewster angle in the
same manner as along LK direction. However, the anticross-

ing of the LW dispersions of the (111), (200), and (111)
diffraction resonances is shifted toward the Brewster angle
so that the anticrossing ranges include angle C. As a result,
the breakdown of the polarization anisotropy replaces the
critical angle of diffraction. We thus obtain that the band
mixing in the anticrossing range suppresses the polarization
anisotropy.

o
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FIG. 10. Angle- and frequency-resolved polarization anisotropy spectra along the LW direction for (a) the ideal fcc lattice and (b) the
opal film. The arrows indicate angles A and B. See the text for further details.
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The fact that the critical angle of diffraction in 3D crystals
becomes a function of the azimuthal orientation of the plane
of light incidence establishes the failure of effective 1D mul-
tilayered structure models for the interpretation of the polar-
ization anisotropy of diffraction resonances in 3D PhCs.

D. Cross-polarization coupling

An efficient mechanism that leads to a direction-
dependent suppression of the critical angle of diffraction in
3D lattices is the s-p polarization conversion. For scanning
along the LW line the numerical simulations show the high
efficiency of polarization mixing that occurs over a broad
spectral range around the direction A [see Fig. 8(d)]. At the
nominal critical angle, up to 30% of incoming s-polarized
light gets scattered into p-polarized light. Hence, the cross-
polarization scattering provides a further mechanism for
washing out the critical angle of dispersion. Importantly, for
the LK scanning direction, cross-polarization coupling in
ideal fcc lattice becomes at least 10%° times weaker. This
observation explains the strong directionality of the critical
angle of diffraction. In the experimentally realized structures,
we find that the cross-polarization contribution is much
weaker—up to 3% along LW direction at §=56°—but it per-
sists for all scanning directions. In accordance with the simu-
lation results, the cross-polarization coupling is reduced by
an order of magnitude along the LK direction for the same
incidence angle [see Fig. 8(e)]. It is interesting that in the
poorly structured LB crystal film the cross-polarization cou-
pling is smaller than in the opal film. We would also like to
note that in all three studied colloidal crystals, the maximum
of the cross-polarization coupling occurs near the diffraction
resonance. The presence of lattice defects and cracks in the
films is the origin for the much lower cross-polarization con-
version efficiency which we observe in the experimentally
prepared colloidal crystals. We will discuss the nature of the
cross-polarization effects in a separate paper. At this point,
we only want to mention that for a given direction of light
propagation, the efficiency of the relevant process is directly
related to the asymmetry of the electromagnetic field distri-
bution within a unit cell of a PhC lattice.® As a result, ex-
perimentally unavoidable lattice defects represent an omni-
present source for cross-polarization effects for all directions
of incidence.

Returning to the copolarized reflectance spectra of the
opal film (see Fig. 5), we can now conclude that there is no
specific critical angle of diffraction for the p(111) resonance.
The minimum of the p-resonance magnitude corresponds to
the light refraction at the opal-air boundary, i.e., to the Brew-
ster angle. Its apparent shift to higher angles of incidence is
a result of mixing with cross-polarized converted light. The
latter component peaks in the range of the avoided band
crossing that occurs in the opal at marginally smaller angles.
Additionally, the azimuthal misalignments of crystallites in
the opal film reduces the sharpness of the observed peak in
the polarization anisotropy diagram of the p(111) backdif-
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fracted light [see Fig. 7(b)]. A similar conclusion applies to
the LB crystal film, where the polarization anisotropy of the
diffraction resonance peaks at the Brewster angle due to a
much weaker cross-polarization conversion [see Fig. 8(f)].

VI. SUMMARY

We have studied the polarization anisotropy of the copo-
larized resonantly backdiffracted and copolarized off-
resonance reflected light in 3D thin-film colloidal crystals
with moderate RI contrast: an ideal fcc lattice of PMMA
spheres, opal crystal films with slightly disordered fcc lat-
tices, and LB crystal films that consist of stacked, laterally
misaligned but individually ordered monolayers of two-
dimensional close-packed crystals of silica spheres.

In all cases, we have observed strong polarization aniso-
tropy of a diffraction resonance from the crystal planes that
are parallel to the film surface. Moreover, the value of the
corresponding anisotropy is nearly the same as that at the
Brewster angle which we obtain when considering these
crystals as effective homogeneous media whose parameters
are extracted from the low-frequency regime. Furthermore,
we have demonstrated in the case of diffraction from these
3D lattices that the critical angle of diffraction cannot be
uniquely defined. In fact, in order to observe a collapse of the
diffraction resonance under p-polarized incident light, a
sample should be an fcc monocrystal and the plane of inci-
dence should include three high-symmetry axes of the fcc
lattice from the (111) and (200) families. In this context, we
have identified the two major physical mechanisms that con-
tribute to the elimination of the critical angle of diffraction.
These are the interactions of the bands in the range of
avoided band crossings and the cross-polarization conversion
in the case of asymmetric electromagnetic field distributions
within a unit cell of the lattice. These mechanisms make the
polarization anisotropy of diffraction strongly dependent on
the azimuth orientation of the lattice with respect to the plane
of incidence as well as upon the lattice distortion by intrinsic
defects. In a view of these results, we can conclude that the
polarization anisotropy of diffraction in 3D crystals with
moderate refractive index contrast cannot be adequately
modeled via diffraction in effective periodic multilayered
structures.
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