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Angle-resolved transmission spectroscopy of opal films
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The angular behavior of light transmission through opal films over a broad range of wavelengths and angles
was investigated. The opal films were prepared using the capillary deposition method (CDM). Many well-defined
diffraction peaks were detected and indicate that the CDM results in opal films with high quality. Peaks coinciding
at normal incidence split when samples are rotated. The angular shift of these peaks was found to satisfy the
kinematical diffraction theory very well. Furthermore, the variation of intensity with incident angle can be
interpreted in terms of a simplified dynamical diffraction theory. Moreover, the presence of two differently

oriented domains in CDM-made opal films is essential in discussing the measured spectra.
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I. INTRODUCTION

The optical response of photonic crystals at frequencies
above the well-known stop band is of a special interest due
to rich optical phenomena and their related applications.
Slow-light-enhanced light-matter interactions at flat bands in
this region can, for example, improve the performance of all
applications where optical gain, absorption, and nonlinear ef-
fects are necessary.! Furthermore, the engineering of refraction
phenomena, e.g., self-collimation,? superprism effects,>* and
negative refraction,’ are steps towards all-optical integrated
circuits.

Due to the statistical nature of self-assembly processes, the
resulting artificial opals contain many defects (point defects,
dislocations, twin boundaries, and domains) that are not
well understood. Scattering by defects is believed to be one
reason for peak broadening and background in the measured
spectra.®® These effects decrease the resolution and signal-to-
noise ratio of high-order peaks severely at short wavelength.
As a consequence, high-quality opals are necessary to study
optical properties in this wavelength range.

Surprisingly, there is only a limited number of works on
the interpretation of transmission (or reflection) spectra at
frequencies above the stop band.’!” Published works'*!3
mainly attempted to explain special features like the observed
double peak of the stop band at the edge of the Brillouin
zone. The observed peaks have been interpreted using different
concepts: overlap of Bragg diffractions,'>"'* band branching, '
twinning,'®!” and surface diffraction.'® Many of them point
out the “mixing” of the different diffraction planes. In the
twin-based interpretation,'®!” two possible beam paths are
discussed. The first one is the normal Bragg reflection, but
the second one comes from the reflection of refracted light
in the opal by two fcc twins. The two beams have a similar
direction and are detected simultaneously.

Frequently, transmission (or reflection) spectra have been
compared with band structure calculations.'>!%? This ap-
proach perfectly describes the angular behavior of the stop
band. At higher frequencies, however, the observed peaks are
more difficult to interpret; in this region, many bands exist?'
and intermix.?” The correspondence between band structure
and transmittance (or reflectance) spectra is still a matter of
debates.
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It seems that Lopez et al.?> were the first to use the concept

that dips in transmission spectra originate from diffracted
beams that are not collected by the detector. The interpretation
based on diffraction was refined by Andreani et al.'®?® and
Nair et al.** by calculating the density of states along a certain
propagation direction called directional DOS. They found out
that the stop band and the second-order peak, respectively,
correspond to a dip and a sharp peak in the directional DOS.
Miguez et al.'! suggested that the low group velocity of flat
bands can be the origin of high reflectivity at high frequencies.
Unfortunately, there was no further discussion why peaks were
observed only at certain frequencies. Peak assignment based
on Bragg diffraction for liquid-infiltrated opals was reported
by Rybin et al.>> and Asher et al.*

In this paper, we describe the rich features in angle-resolved
transmission spectra showing various angular dependences.
The measured spectra are interpreted based on a nonstandard
combination of kinematical and dynamical diffraction theo-
ries. The presence of oriented domains of different fcc lattices
was found to be reflected in the measured spectra.

II. EXPERIMENTAL PART AND NUMERICAL DETAILS

A. Sample preparation

Thin opal films were prepared by using the capillary
deposition method (CDM). Details of this method have been
described before.’”?® A 0.5 wt% suspension was obtained
by diluting a 10 wt% suspension (Microparticles GmbH) of
polystyrene spheres (diameters: 920 & 23 nm and 266 £ 7 nm)
with Milli-Q water. The dilution process was carried out with
the assistance of an ultrasonic bath to ensure the suspension
homogeneity. The thicknesses of polymer spacers (Piitz
GmbH + Co. Folien KG) determining thickness of resulting
opal films were 15, 25, and 50 pum. Opal deposition was
carried out at 23 °C and 35% RH in aroom with well-regulated
temperature and humidity. Deviations in temperature and
relative humidity were in the range of £1°C and +1.5%,
respectively. Depending on thickness, it took 2-5 days for
opal deposition to be complete.

Colloidal particles with a big diameter were chosen in order
to obtain higher-order diffraction within a range of wavelength
where the spectrometer works well. For wavelengths lower
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than 400 nm, material absorption reduces the resolution of the
measured spectra. The opal film with a particle diameter of
266 nm was prepared for optical microscopy imaging.

B. Characterization

The transmission measurements of the opal films were
carried out using a Cary 5G UV/vis-NIR spectrometer (Var-
ian). A variation of the incident angle of incoming beam
was achieved by employing a rotating stage (C-862 Mercury,
Physik Instrumente GmbH) for rotating the opal samples. The
stage was placed in the middle of the sample container of
the spectrometer. Opal films were positioned on top of the
rotating stage at a distance of about 8 cm from the incoming
light entrance. The spot size was approximately 15 x 3 mm?.
The measurements were accomplished by synchronizing the
transmission measurement and the stage rotation in a cyclic
mode. The measurement time of each cycle was divided into
scanning and idle times. After scanning at a certain incident
angle, the opal sample was rotated to the next intended angle
within the idle time. In all measurements, the times to rotate
the stage were much shorter than the idle times (fotate /fidle <
1/50). An angular resolution better than 1 millidegree was
achieved using this rotating stage.

Angle-resolved transmission spectra were measured for two
scanning directions with respect to the opal growth direction,
g (see Fig. 1). The two cases differ in respect to the orientation
of rotation vector (@) and growth direction. In the setup
labeled V, @ is perpendicular to g, whereas for the setup
H they are parallel to each other. The spectra were taken
at a wavelength range between 400-2500 nm (step 1 nm)
with an angular variation from —70° to 70° (step 1°). The
detector of the spectrometer changed at 800 nm from PbS
photocell for NIR to photomultiplier for UV-Vis. This change
caused a small step (“kink™) of the extinction especially for
scattering samples. The baseline correction measurements
were performed without any sample.

A stereomicroscope (Nikon SMZ-1B, objective 3.6 x 2x,
working distance 4 cm) was used for the observation of do-
mains in the opal films. Dark-field imaging of opal samples was
performed with illumination from Halogen light source (Schott
KL1500 LCD). Light guiding with two flexible fiber-optics
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FIG. 1. Opal orientation for angle-resolved spectroscopy (ARS)
measurement (a) case V, (b) case H. The shaded regions show parts
of the samples where measurements were preformed. The angle
Box¢ = 0 is normal incidence.
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allowed easy manipulation of incoming light inclination. The
guides were fixed to shine the samples symmetrically from left
and right at an angle of about 45° with respect to the surface
of opal films and at an angle of about 100° to the growth
direction. Images were taken at a low objective magnification
(1.0 x 2x) by mounting a microscope digital camera MA88 (C
& A Scientific Co., Inc.). At image acquisition, the position of
the camera was chosen to be on the opposite side of incoming
light. Changing the camera position caused a slight shift of the
probed area. The initially imaged area was restored by moving
the sample carefully.

C. Simulations

The band structure calculations of opals were carried out
by using the MPB program (MIT photonic bands)?® which is
freely available online. All calculations for different packing
conditions (i.e., sintered, close-packed, and expanded opals)
were done for polystyrene opals with a refractive index of
1.59. The grid size and resolution were 7 and 32, respectively.
The resolution defined the number of plane waves used
for calculation. The sintered opal was approximated by
overlapping spheres.

III. RESULTS

A. ARS maps

Angle-resolved spectroscopy (ARS) allows the tracking of
spectral features of opal films upon changing the incident
angle. The observed peaks can be more confidently assigned
to systematic variations from ARS than just based on spectra
at the single angle 0.5 = 0. Figure 2(a) shows the shift of the
first-order peak corresponding to the stop band. Initially, the
peak occurs at 2 um and then it shifts to a shorter wavelength
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FIG. 2. (Color) (a) Extinction spectra for selected incident angles
and (b) ARS map for the case H (sample: MDN-MA-102-02). The
spectra in (a) are the cuts of the ARS map along the indicated
lines. The inset is the zoom of the transmittance spectrum at normal
incidence showing Fabry-Perot oscillations. Descriptions of the
features I, II, and III are given in the text. The scale of color bar
will be used in all following ARS maps.
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as the incident angle increases. Also Fabry-Perot oscillations
are noticeable (inset).

Shifts and the intensity variations have also been reported
in many other works (see, e.g., Refs. 12, 15, 16, 20, and 21).
However, the features at short wavelengths cannot be identified
easily. They may come from diffraction by the lattice planes
or simply from noise. When presented in an ARS map as
in Fig. 2(b), however, these complicated features become a
remarkably pronounced pattern.

An ARS map is a surface plot of the extinction (E =
—log,,T) versus frequency and the external incident angle.
Due to the elongated shapes of extinction peaks in this
presentation, we will call them “ridges” and the region
in-between “pans,” respectively. The normalized frequency
is used in the ARS maps because the Maxwell equations
become scale-invariant using this frequency, ® = wa/2nwc =
a/A. Here, it is expressed by the wavelength in vacuum A and
the fcc lattice constant a. The second basic parameter in the
ARS map is the external angle 6.y, of the incident light with
respect to the normal of the surface of the opal film.

Several ridges at @ = 1,...,1.3 that overlap at normal
incidence clearly split in the ARS map due to the different
angular dependence of these peaks. The crossing of the two
lowest-order ridges at an angle of about 55° (at & of about 0.7)
becomes also easily visible.

Even above @ = 2, a number of well-resolved ridges
becomes visible in the ARS maps (see Fig. 3). A single ridge
describes an extinction peak shifting with a special angular
dependence. Every ridge occurs in both cases (V and H), but
with different slope and position, as it will become clear later.
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FIG. 3. (Color) (a) and (b) ARS maps of sample MDN-MA-098-
02 with 25 um thickness for case V and H as indicated. (c¢) and
(d) ARS maps of sample MDN-MA-102-02 (different position as in
Fig. 2) with 15 pm thickness for case V and H. All ARS maps use
the same scale of color bar as in Fig. 2. Although the H and the V
map are qualitatively very similar, there are reproducible shifts in the
band crossings and transmission eye positions.
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To our knowledge, no previous work has reported such a high
resolution of extinction peaks for frequencies @ > 1.2, likely
due to the quality of the samples used.

B. Special features

In the high-frequency region, the ARS maps show compli-
cated patterns due to crossing of ridges (Fig. 2, feature I).
The most notable crossings are at @ = 1.5 and 1.7 with
corresponding O of about £25° and +15° for case V.
For case H, the crossings appear at slightly larger angles,
at about +30° and 320°. At these crossings, simultaneous
diffraction occurs at different lattice planes (called “multiple”
diffraction by Vos et al.'*'*). This could be of interest for
beam splitting or mixing processes. Furthermore, quite narrow
regions of reduced extinction are visible which might be called
transmission eyes (feature II). Those could be used for efficient
propagation through the photonic crystal and for excitation of
electronic or other nonphotonic states.

The lowest-frequency crossing of two peaks (feature IIT)
is worth to be discussed more in detail (see Sec. IV). The
experimental findings show that the crossing angle is smaller
in case H than in case V and that the crossing point is more
pronounced in case H.

The height of the ridges in the ARS maps shows also
a pronounced variation. The stop band (at @ = 0.603 for
normal incidence) can be described by a monotonous decrease
whereas the ridge at & about 0.9—1.1 has an initial decrease
followed by an increase with the increasing incident angle.
The intensities of many other ridges at frequencies above 1.1
are less changing upon change of incident angle. These nearly
flat ridges are, for example, visible at frequencies of about 1.5
and 1.9.

Additionally, we mention the following: (i) The kink at
® = 1.52 (equivalent to A = 800 nm) is a result of changing
the detector. The kink is more pronounced at incident angles
above 40 degrees. (ii) The ARS maps for opals with thicknesses
of 15 um and 25 pum show no significant differences. Also an
opal with a thickness of 50 um has a very similar pattern,
but the strong background reduces the contrast between ridges
and pans for @ > 1.2. (iii) Less-resolved ridges can be noticed
for case H at frequencies above 1.7 and angles larger than
40 degrees. They probably occur due to the inclusion of the
middle region that contains a high concentration of defects
(see, e.g., the title picture of Ref. 30).

C. Lateral structure

Besides the spectral and angular behavior, the lateral
homogeneity is an interesting question. Since it is convenient
to do these investigations in the visible range, we used smaller
spheres for that. When viewing in reflection with the naked
eye, an opal sample (diameter 266 nm) shows metallic-red
appearance at normal incidence. It looks greenish and bluish
at oblique viewing angles. The opalescence is homogeneous
over the whole sample area.

A microscope observation, however, surprisingly reveals
the existence of regular stripes showing different brightness.
The stripes cover most of the sample area. The stripes look
either bright greenish or dark with slightly red colors
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FIG. 4. (Color) Dark-field images of an opal sample viewed under
a stereomicroscope (objective 1.0 x 2x, working distance 4 cm) with
illumination at ~45° from left (a) and right (b). The arrows with the
same color indicate the same features.

depending on the incoming beam direction. Dark-field images
of a representative area are shown in Fig. 4. The left image was
taken with illumination from the left. When the beam came
from the right, the initially bright area turned dark and vice
versa as is shown in Fig. 4(b). Some smaller regions appearing
dark in the bright stripes were also nicely inverted between left
and right images.

The width of one stripe varies from sample to sample, it
even varies within one sample. In general, its value is between
400 and 1500 um. The average stripe width is around 700 um,
which is much bigger than the crack distance (50-100 pm)
typical for CDM- and VD-made samples.?’?8

IV. DISCUSSION

A. Scanning planes

The knowledge of lattice orientation”® of CDM-made
opal films in respect to the growth direction allows the
determination of the scanning planes in the k space. Since
the growth direction g = [110], the rotation vectors shown in
Fig.larewy =n x g = [112] and wy = g = [110]. The opal
film surface is oriented perpendicularly to n = [111] in the
conventional choice of the coordinate system. The scanning
planes (see Fig. 5) are perpendicular to the rotation vectors.
These planes are probed by the beam in an angle-resolved
experiment.

FIG. 5. Scanning planes for (a) case V and (b) case H. The order
of the superscript of the different Gamma points was chosen with
increasing distance to I" and due to an appropriate ikl ordering. The
dashed lines are special scanning lines for (022)-type ridges that will
be discussed in Secs. IV C and IV D.
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Figure 5 displays the reciprocal lattice including the higher
BZs. To show the relation between the lattice points outside and
inside the first BZ, they are labeled in the following manner:
X" = X% 4+T"and L", = L + I'" with the subscript m for
the different X or L points inside one BZ and the superscript
n for the different BZs. For the points of the irreducible BZ
weuse =10, [ = L(l’, X = X(l), etc., as usual. According
to this drawing, the variation of the external angle for case
V corresponds to the scanning along the KYWYLWK?Y path
regarding the edge of the lowest BZ. For case H, it corresponds
to scanning along X gU LK Lg. For ideal polystyrene opal, W
and K (U) points correspond to the external incident angles
64° and 56°, respectively.

B. Kinematical interpretation of the ARS maps

A direct comparison of the ARS map with the band structure
shows a matching only for the ridge corresponding to the
lowest stop band.’! A fair agreement can be obtained for
the ridge at @ ~ 0.9-1.1 in case H by introducing slight
corrections (i.e. sphere deformation) into the calculated model.
Above this frequency, no coincidence has been found between
band structures and spectra. Therefore we propose to use a
kinematical picture first, in order to assign the peaks (ridges) in
the complicated patterns of the ARS maps. In the kinematical
picture as used in crystallography,3? the extinction peaks
originate from diffraction at lattice planes. This picture is
rough for photonic crystals, but it might be helpful to clarify
the origin of the extinction maxima.

The wavelength corresponding to diffraction by the (hkl)
plane can be calculated by using the Bragg law:

Akt = 2Regrdpk €OS Oy, (1)

where negr,dpi,0n1 are the effective refractive index, the
interplanar distance, and the angle between (hkl) and the
beam, respectively. The effective index of the opal can be
approximated by the volume-averaged refractive index of
constituent materials, neg = ngpndy + (1 — ¢y)ny,, with the
refractive index of the particles (ngn), the refractive index
of the medium (n,,), and the particle filling fraction (¢, =
Vipn/ V). The interplanar distance is djy = Dv/2(h* + k? +
12)~1/2, with the diameter of colloidal particles D. In this
work, the effective refractive index and the lattice constant
were simultaneously determined by fitting of the angular A, ,
behavior.

To calculate 6y;; from the external observation angle ey,
we determine the beam direction vector by first. The refraction
at the surface of the opal is taken into account using Snell’s
law to calculate the internal angle:

Oine = 0" (Sin Gexe/ 1err)- 2)

Then, the beam direction vector is
by = n + tan(6iy) - (0 x %), (3)
where 0" = wy /i /|®y/ g is the normalized rotation vector

either for case V or for case H. This vector can finally be used
for calculating 6y;:

“

Onit = cos™! [—(bo ' thl)i|

[bol |Gkl
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FIG. 6. (Color) ARS map with calculated lines for different
families of diffraction planes for case V: (a) {111}, (b) {002},
(c) {022}, (d) {311}, (e) {222}, and (f) selected lines for all families
including {333}.

The calculation of 6y, with Eqs. (2)—(4) is more general than
similar approaches reported before by other authors.'>3 Tt
is valid for all diffraction vectors, not only for those on the
scanning planes.

Due to the fact that the refractive index of PS varies with
the wavelength, the solution of Eq. (1) cannot be obtained
in a straightforward manner. For a given 6.y, the values of
Onki» bo, and Oy in Egs. (1)—(4) slightly depend on the Bragg
wavelength, which we want to calculate. However, since this
dependence is weak, Egs. (1)—(4) can be solved iteratively.31

In Figs. 6 and 7, the calculated angular variation of the
Bragg wavelength of different ikl planes is overlapped with
the measured spectra. We note that many lines from different
planes in one family are identical and, thus, only one of them
is shown. Some lines lie above the regarded frequency range;
therefore, they are not visible.

Figure 6(a) shows a perfect agreement of the (111)
diffraction line with the measured ridge over the whole angular
range. The other lines have no coincidence with experimental
features. All diffraction lines from {002} planes are in perfect
agreement with the ridges in the ARS map as shown in
Fig. 6(b). Very good agreement is visible for {022} planes
except for the (220) plane, which is difficult to judge because
it is located in the region of high background. For the {113}
planes [see Fig. 6(d)], good agreements are evident only for
(311) and (131) planes. Perfect agreement was found only for
the (222) plane in Fig. 6(e). All nonidentical diffraction lines
that are in good agreement with measured ridges are compiled
in Fig. 6(f).

It is noticeable that several calculated diffraction lines
[e.g., (111),(113), and (222)] are not observed in the ARS
map. Some of these disappearances can be explained with
small form factors [e.g., for the (002)- and (222)-type re-
flections], others cannot. Their disappearance is beyond the
kinematical picture. In addition, one observes pronounced
intensity variations along all diffraction ridges, which have
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FIG. 7. (Color) ARS map with calculated peaks for different
families of diffraction planes for case H. (a) {111}, (b) {002},
(c) {022}, (d) {311}, (e) {222}, and (f) selected peaks for all families
including {331} and {333}. The dashed lines are mirror images of
solid lines with respect to the 6.y, = 0 line.

also no explanation in this picture. These phenomena will be
considered in the next section.

Apart from the appearance or disappearance of reflections
in ARS maps, there are slight discrepancies in the position
of some reflections. We ascribe them to the applied effective
refractive index, which must be considered as a rough approx-
imation for the behavior of waves in the opal. To improve
fitting, we slightly generalize the effective refractive index
approximation that was used up to now. The effective medium
theory that was essentially developed for small scatterers (or
long wavelength) approaches its validity limit in opal systems.
The ratio of the scatterer size to the wavelength of light is about
one or even larger. We propose to correct this by introducing
a wavelength-dependent correction through a field occupation
factor ¢y = egpn/é, relating the energy densities in the spheres
with the average energy density. Then, the volume filling
fraction ¢, should be replaced by ¢ = ¢, ¢ that represents the
degree of field energy concentration in the dielectric (spheres).
Above 1 um, the ¢, was found to be equal to one (no
correction). It increases by about 10% at shorter wavelengths.
That means that at high frequencies the average field of the
propagating waves is slightly stronger inside the dielectric
compared to the air regions. This correction is already included
in Figs. 6 and 7.

The dashed lines in Fig. 7 were added as mirror images of
the corresponding lines with the same color. This addition was
made due to the fact that our CDM-made opals contain two
different mirror-symmetric domains that were simultaneously
probed by the incoming beam. Subdomain spectroscopy'®-**
might be of interest to see differences in their optical
properties. However, it should be noted that most of these
mirror images overlap with other lines in the family.

Theoretically, the variation of the incident angle to positive
or negative values is asymmetric in case H. The scan includes,
e.g., states at the L9 point for positive angles and states at X 2
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for negative angles. They correspond to the (111) and the (002)
reflection, respectively, in the kinematical picture. The states
as well as the reflections are clearly different and therefore
a difference in the spectra can be expected. Because of that,
the observed symmetry of the ARS map in the case H can be
assigned as an effect of the simultaneous probing of the two
different fcc domains.

In Fig. 7(a), a perfect matching is visible for the (111)
and the (111) planes. The other reflections of this family
are not observed experimentally. For {002} planes, perfect
agreement was found for the (002) and the (200) planes. In
Fig. 7(c), the (220) fits nicely with the corresponding ridge.
In Fig. 7(d), good agreements were found only for the (113)
and the (311) planes, which are mirror images of each other.
Perfect agreement was found also for the (222) peak as shown
in Fig. 7(e). All nonidentical peaks that are in agreement with
the measured ridges are compiled [see Fig. 7(f)].

C. Kinematical interpretation and band structures

In the last section, the Bragg law was used to calculate the
@(Bext) positions of diffracted beams. However, this calculation
delivers neither the width of the diffraction peaks nor the
dependence of their intensity on the incident angle. However,
both are apparent in ARS maps. This information is beyond
the kinematical picture but it can partially be extracted from
the band structure.’> Normally, this information is obtained by
considering the partial band gaps and the coupling efficiencies
of the different modes with free waves. However, a simplified
interpretation based on the band structure can already deliver
the main features.

What exactly is the correspondence between the kine-
matical picture and the band structures? In the kinematical
picture, the reduced extinction is caused by scattering, which
occurs when the k vector is on a Bragg plane defined by
k - G = |G|?/2.3 The frequency of the scattered light is then
given by the light cone formula w = |k|c/n.s. Compared to
that, the band structures describe the allowed propagation
states. In band gaps no propagation is possible; therefore the
band edges are connected with the edges of the extinction
peaks. Band edges can preferentially be found at symmetry
planes in inverse space. If the symmetry plane is identical to
a Bragg plane, both ways of interpretation correspond to each
other.

Practically, this correspondence is easy for the (111) ridge.
The Bragg plane is the edge of the lowest BZ, therefore the
band structure at the plane containing LUKW corresponds to
this reflection. For the (022) ridge, however, the Bragg plane
contains T''T"? [see Fig. 5(b)], so it is not an edge of a BZ
anymore. The band structure has to be calculated along this
line and the relevant bands are those surrounding the light cone.

D. Extinction intensities

We describe the measured extinction peaks in terms of
the frequency-integrated transmission drop intensity [Itp =
f d&(Tgg — T)], the simplest information not exploiting a
special shape of the peak (see Fig. 9). The background in the
measured spectra (Egg = —log;yTsg) has to be determined
and separated prior to integration. The increase of background
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with angle was approximated by Egg = E/ cos iy Since the
transmission drop inside the band gap is nearly constant, the
Itp is approximately proportional to the width of the gaps.
This enables comparison with the band structure.

‘We focus on the discussion of three ridges [(111), (022), and
(220)] showing a strong angular variation in their height. The
theoretical width of the (111) ridge can be obtained directly
from the known band structure along the edge of the lowest
BZ. However, this is not the case for the (022)-type ridges as
discussed in Sec. IV C. The Bragg planes lie outside of the
lowest BZ. For calculation, we first determine the scan lines
(crossing of scan plane and Bragg plane) and the corresponding
external angles. Figure 5(b) shows that this line is ' "2 in case
H. By knowing that the internal angle /(I''T'X %) is equal to
/(LT K), the external angles can be calculated from the k
points of the MPB output (see Sec. Il C). From Fig. 8(b),
one can see that the gap between the 6th and the 8th bands
corresponds to this ridge. The 7th band is either equal to the 6th
or the 8th bands. For the case V, the scanning line is not so easy
to see because the (022) point lies outside of the scanning plane
shown in Fig. 5(a). However, closer geometrical considerations
show that the scanning line contains I'! and I''7 [drawn in
Fig. 5(a)]. Therefore, the band structure was calculated there
as visible in Fig. 8(a). A magnified view of this figure shows
that the light cone lies between the 8th and the 9th bands.
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FIG. 8. Band structure at the scanning lines (a) I''T'"7 and
(b) T''T"2. The black lines are the corresponding light cones. Some
selected external angles are given on the top of the plots.
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FIG. 9. The Ip and the theoretical gap width for three different
peaks and geometries as indicated. The different theoretical curves
have been calculated from band structures for opals with a radius of
0.49D (dash-dotted line), 0.50D (solid line), and 0.51D (dotted line).
The ideal close-packed opal has a radius of 0.50D.

Therefore the (022) ridge corresponds to gap between 8th and
the 9th bands.

The comparison of the width of the partial gap and measured
Itp is shown in Fig. 9. For the peak corresponding to the
stop band, there is a good qualitative agreement between
measurement and calculation. The integrated intensity has a
maximum at the L point and disappears near the W and U (K)
points. Ascribing a higher value to the background would shift
the edge of the ridges slightly while the trend of transmission
drop remains nearly unaffected. The slope of the theoretical
curve decreases with the increase of the filling fraction (i.e.,
changing from expanded to close-packed or sintered opal
models), however, there is not much change in its angular
dependence.

An exciting nonmonotonous angular dependence of the Itp
was found for the (022)-type ridges as shown in Figs. 9(c) and
9(d). The initial decrease is followed by an increase with a
shoulder. The theoretical value (A®) was extracted from the
band structure calculated along the I''T"? path for the case H
and along T''T"!7 for the case V. The positions of the minima
and the shoulder of the integrated intensities are in a fairly good
agreement with the calculated values from the band structure.
Here, it has to be considered that sometimes the separation
of the regarded peak from other peaks is difficult. This can
induce erroneous small shifts in the experimental curve. In our
special case, the (111) ridge interferes with the (220) ridge. The
characteristic features of the intensity curves are connected
with degenerate states of the 6th, 7th, and 8th bands within the
BZ for case H. In case V, degenerate states occur between the
8th and 9th bands. It is very likely that these features are not
connected with further symmetry lines than the scanning line,
but this question needs further investigation.

Itis interesting that the calculated Itp for (220) ridge shows
a high sensitivity on the sphere packing conditions around
Oext & 0. A slight radius change results in a dramatic change on
its shape. This sensitivity may enable a conclusive parameter
fitting of refined opal models to the experimental results.

PHYSICAL REVIEW B 86, 024105 (2012)

The visible deviations of the fit from the experimental
data may come from four sources: (1) the Itp integration
boundaries, (2) an oversimplified sintering model, (3) the
dispersion of the refractive index, and (4) the coupling factor
between external and internal photon states. Due to the overlap
of many ridges, it is difficult to unambiguously determine
the edge of (022)-type transmission drops for external angles
below 20 degrees. On the theoretical side, a more sophisticated
description of the opal sintering than just the overlapping
sphere model seems the most necessary to us.

E. Domain structure

The interpretation of ARS has required the consideration of
the fcc structure twinning. Therefore, it is of some interest to
have also information on size and arrangement of the different
fcc domains. Our observation of stripes with different bright-
ness under the microscope indicates that our opals consist of
different domains which we assign to the two simultaneously
formed fcc lattices.”® The illumination direction determines
which one of them has a bright appearance. The simultaneous
probing of these domains due to the relatively large beam size
in ARS is the reason of the highly symmetric ARS maps with
respect to normal incidence.

The mechanism of image formation for the stripes seems
to be rather complicated. On the one hand the stripes have
the color of the Bragg reflection under the illumination angle.
On the other hand, the Bragg reflection cannot reach the mi-
croscope objective because the objective’s aperture is smaller
than the illumination angle. Therefore scattering by defects
must play a decisive role in the image formation. Clearly, a
significant difference in the structure of the neighbored stripes
must exist, otherwise they could not behave so differently. We
assign this difference to the two possible fcc lattices with two
corresponding defect distributions. The detailed explanation of
the image formation will, however, be the topic of a separate
paper. The stripes are oriented parallel to growth direction.
We have observed that they have already been formed during
deposition.

The existence of similarly regular stripes (width
50-300 pm) orientated along the growth direction on a
VD-made opal film was reported by Andreani et al.'’
The image was taken in transmission mode at an oblique
illumination. The authors interpreted the differently-colored
stripes in a related manner. This result as well as the very
similar lattice orientation®®’ indicate a strong similarity in
opal formation mechanisms between the VD and the CDM. In
both methods, the suspension flow has a dominant influence
on particle ordering.

V. CONCLUSIONS

The ARS maps show that CDM-made opals deliver well-
resolved and rich patterns in the range of higher Bragg peaks.
Such patterns have not been reported so far. In addition, the
observation of Fabry-Perot oscillations indicates homogeneity
of the opal samples.

Even though opal films look homogeneous, we found
that they consist of alternating parallel stripes. The stripes
correspond to differently oriented fcc domains with the
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average width of 700 um. This surprisingly high width points,
in turn, to a negligible effect of the corresponding domain
boundary in many experiments. The existence of the fccl|fcc2
domain boundary was already concluded in a former paper,?®
but their importance for the optical properties was slightly
overestimated.

The kinematical interpretation of ARS maps explains the
observed ridges very well. Furthermore, the refractive index
dispersion turns out to be important for discussing high-order
diffraction ridges. The band structures deliver a convincing
explanation of the intensity variation of selected low-order
ridges.

The transmission drop of the (220) peak in H geometry
was found to be very sensitive on sphere sintering; its

PHYSICAL REVIEW B 86, 024105 (2012)

shape changes significantly by a slight change in sphere
packing (non-close-packed or sintered). This can be used for
deeper exploration of sintering or deformation of artificial
opals.
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