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Abstract. Inverse photonic nickel-based crystal films formed by electrocrystallization of metal
inside the voids of polymer artificial opal have been studied using the microradian X-ray
diffraction. Analysis of the diffraction images agrees with an face-centred cubic (FCC)
structure with the lattice constant a; = 650 = 10 nm and indicates two types of stacking
sequences coexisting in the crystal (twins of ABCABC... and ACBACB... ordering motifs),
the ratio between them being 4:5 The transverse structural correlation length L,,, is 2.4 + 0.1
pm, which corresponds to a sample thickness of 6 layers. The in-plane structural correlation
length Ly, is 3.4 £ 0.2 um, and the structure mosaic is of order of 10°.

1. Introduction

Artificial opals consisting of submicron monodisperse microspheres packed in a face-centered cubic
structure and materials on their basis are good candidates for the creation of high quality Photonic
Crystals (PhC). They have recently attracted great attention due to their unusual optical properties and
promising applications in optical devices. Inverse opals can be synthesized by filling the voids of opal
templates and subsequent removing the initial microspheres. Three-dimensionally ordered porous

(© 2010 IOP Publishing Ltd 1
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materials are thus obtained. One of the most promising methods of filling the voids is
electrodeposition of metal, which enables almost 100% filling. The conducting PhC are of great
interest from the viewpoint of multi-functionality and interplay between the optical, magnetic, and
electronic transport properties.

The present study is aimed to investigate the structure of the inverse metallic PhCs deposited onto a
conductive substrate. The important parameters of this technology are the substrate material, the
surface roughness and the potential applied to the substrate. It has been established that PhCs
synthesized by the vertical deposition method are often ordered in a face-centred cubic (FCC)
structure [1]. However, they are prone to stacking disorder, which may result in the formation of a
Random Hexagonal Close Packed (RHCP) structure with almost equal chances of finding FCC and
hexagonal close-packed (HCP) stacking sequences [2]. Since photonic properties are based on the
light interference phenomena, they may be strongly affected by structural disorder. It is difficult,
however, to characterize and manipulate the degree of order. One of important properties of any
crystal is the size and shape of structurally coherent blocks; technologically wise these properties
describe an effective size of structurally ordered optical device. In this paper we characterize Ni-filled
inverse crystal in terms of average structure and also give an estimate of its structural coherence.

2. Synthesis of Samples

The synthesis of samples was performed by a templating technique. At first the colloidal crystal films
were formed from monodisperse polystyrene microspheres of ~ 450 = 10 nm on the mica substrates
with a thin thermally evaporated Au layer. Colloidal crystals were deposited at 60 °C from water
suspension using the electric-field-assisted vertical deposition technique [2, 3]. During the crystal
growth, the electric field of ~ 0.5 V/sm was applied perpendicular to the substrates; as it has been
shown in [2], this option allows formation of high-quality photonic crystals. At the second step the
voids between the spheres were filled with nickel by electrochemical deposition. To control the filling
of voids with metal, the electrodeposition was carried out in the potentiostatic mode at a voltage of -
0.9 V relative to the Ag/AgCl reference electrode from the electrolyte having the following
composition: 0.1M NiCl, 0.6M NiSQO,, 0.1M H3;BO,, 4M C,HsOH. To obtain the inverse structure, the
polystyrene spheres were dissolved in toluene during 3 hours.

The preliminary characterization of samples was carried out using the scanning electron microscopy.
Figure 1 shows the typical images of the obtained inverse PhC. Panels (a) and (b) represent top view
and cross section, respectively.
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Figure 1. SEM images of the inverse Ni-based PhC: top view (a) and cross section (b).

One can see that the crystal surface bears point (1) and linear (2) defects, which are related to
microsphere packing, as well as the cracks related to conditions of the template synthesis [4]. In
addition, we observe a surface containing hexagonally ordered spherical voids. It is known that the
direction perpendicular to the substrate is always the [111] axis of the FCC structure [5, 6], and the
vertical axis (along which the meniscus is moving) corresponds always to the [20-2] crystallographic
direction. Thus, one can get the idea of the crystal orientation as early as at the stage of synthesis.

3. Experiment

Microradian X-ray diffraction experiments were performed at the BM-26B Dutch-Belgian beam line
(DUBBLE) of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France [7-9]. The
monochromatic X-ray beam with the energy E = 15 keV (wavelength 1 = 0.826A, size 0.5 x 0.5 mm’
and divergence 10 mrad) was used. Diffraction of the synchrotron radiation was registered by a two-
dimensional detector (Photonic Science CCD-camera, 4000 x 2700 pixels of 22 pm *) positioned at a
distance of ~8 m downstream of the sample along the Y axis. To improve the resolution, the beam was
focused by a set of compound beryllium lenses installed in front of the sample. This setup allows
achieving an angular resolution in the order of a few microradians, which is sufficient for collecting
detailed information on the structure of large period photonic crystals [10, 11]. The inverse PhC films
were mounted on a goniometric head, which allows careful orientation of the sample. The 3D crystal
structure is investigated by collecting the X-ray diffraction patterns for different rotation angles of the
sample around its [2-20] axis in the range from — 60 to + 60 [12].

4. Results and discussion
The small angle diffraction of synchrotron radiation is a very efficient and distinctive way to
determine the structure and to characterize the ordering degree of the inverse PhC. In the small angle
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diffraction geometry the image on the detector is a section of the Fourier image of the crystal structure
by the plane perpendicular to the X-ray beam. Thus, by rotating the crystal and simultaneously
recording the diffraction images, one can reconstruct the 3D Fourier image [13], like in a single crystal
X-ray diffraction experiment, but on the mesoscopic scale.

Experiments with microradian synchrotron diffraction were performed on the Ni inverse PhC
deposited onto the conductive substrate; some of experimental images are shown in Figure 2.
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Figure 2. Diffraction patterns of the Ni inverse PhC at various rotation angles: ® = 0°
(a), 19° (b), 35° (¢), 55° (d) around the [2-20] axis.

The diffraction patterns were recorded at various rotation angles: @ = 0°, 19°, 35°, 55°, where the [2-
20] was the rotation axis and zero angle corresponds to the geometry of the inverse PhC surface
perpendicular to the beam. These obtained pictures can be identified assuming the face-centered cubic
(FCC) structure and accounting for thickness (the SEM shows that the sample consists of 8 layers
only) and hexagonal fault effects. Note that peaks of the inner hexagonal rings at © = 0 (Figure 2a) are
much weaker than reflexes of the second ring, which are the (2-20) reflexes of the FCC structure.
Accordingly, panels (b, ¢, d) show the reflection patterns for the reciprocal lattice of FCC structure cut
by the (112) (b), (110) (c), and (100) (d) planes. Bragg reflexes appearing in the diffraction pictures
can be identified as those belonging to the FCC structure, which is further corroborated by position of
the diffraction maximum on the rocking curves (Figure 3)
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Figure 3. Rocking curve [ (®) of Ni inverse PhC: symbols and lines
represent experimental data and Lorentzian approximations of the
Bragg peaks, respectively.

Presence of two almost symmetrically positioned diffraction maxima in the rocking curves for the
most of reflexes indicates that the crystal is composed from blocks with different sequences of packing
layers, ABCABC- and ACBACB-type stacking [1, 14], the volume ratio those twin components can
be roughly estimated from the ratio of integral intensities of Bragg reflexions and it is close to 4:5 for
the considered case.

Figure 4 shows Q-dependences of individual reflexes, positions of the maxima also correspond to the
FCC structure, for example Q20" = 0.02746 + 10° nm™ and Q.50 = 0.027911 nm™, Q1. =
0.01645 + 10° nm™ and Q(z_zo)cal =0.017092 nm'l, i.e. the inaccuracy is 3 %. High resolution allows us
to resolve positions of the (-1-11) and (002) reflections (Fig.4), although they are located close to each
other. Note that the experimentally observed ratio of intensities well coincides with the theory,
according to which the (002) reflexes appear to be orders of magnitude weaker what the (111) or (220)
reflexes. The lattice constant of Ni inverse PhC is 650 + 10 nm.
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Figure 4. Q-dependence of individual reflexes, which were moved in
reflecting plane.

The spatial extent of the periodic order could be derived from the full width at half maximum AQ of
the diffraction peaks, which can be determined either from a single diffraction pattern (for lateral
periodicity) or from the rocking curves (for the periodicity along the beam). The transverse structural
correlation length (perpendicular to the scattering vector Q) L,,, has been calculated using the
equation: Ly, = 21/(Q2-20) SIn€2), when Qz-20) is the position of reflex (2-20) in nm’l, Q is the FWHM
of reflection. This transverse structural correlation length L., defined from the rocking curves is 2.4 +
0.1 pm, which corresponds to a sample thickness of order of 6 layers, which is two layers smaller than
that obtained from the SEM image in Fig.1. One can not pretend to give the exact number of layers
obtained from the coherent length but the qualitative agreement has been clearly achieved. The
structural correlation length (longitudinal along the Q) obtained from the value of FWHM according to
the formula Liyy, = 2/AQ is 3.4 +£ 0.2 um. The mosaicity, i.e. mis-orientation of ABC- ACB- domains
within the sample, is of order of d¢ =10°. Thus, the degree of disorder has been described by the three
parameters: transverse correlation length Ly, , structural correlation length L,,,, and mosaic spread o¢
of the structure.

Conclusions

The data presented here show that the electrochemical method of synthesis, indeed, allows one to
duplicate the structure of artificial opals and to obtain the inverse photonic crystal. The crystals have
predominantly FCC structure with the lattice constant being 650 £ 10 nm and of average size of
coherent block about few microns. Among many methods to characterize photonic crystals, the
microradian X-ray diffraction of synchrotron radiation provides the most detailed information on
average structure, disorder phenomena, and structural coherence. The first two characteristics are
normally expressed in terms of certain type of dense-packing structure and stacking defects and
diffraction experiment becomes necessary metrological components of photonic crystallography. The
last portion of diffraction data, namely, is shape and size of Bragg nodes, seems to be of a lesser use
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for now. We show that even very simple analysis presented here provides the unique information on
the size of structurally coherent crystal blocks. It would be very interesting for a future study to
monitor the dependence of structural coherence on materials and technological parameters of
fabrication of inverse photonic crystals.
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