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Spatially periodic hybrid structures based on opal films coated with
a=-Si:C:H layer: synthesis and emitting properties
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The luminescent response of a two-dimensional photonic crystal based on a hybrid structure formed from
a synthetic opal film covered with an emitting layer of hydrogenated amorphous silicon-carbon alloy has been
studied. Spectral-angular dependencies of photoluminescence intensity of the synthesized structure were recorded
using spectral Fourier microscopy. In the spectral-angular dependencies of photoluminescence intensity in the
visible wavelength range, characteristic peaks were observed, the appearance of which is associated with the
interaction of radiation from a-Si:C:H nanoclusters with the radiating modes of the two-dimensional photonic

crystal, characterized by a low group velocity.
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Introduction

In recent years, active work has been underway to
create new photonic structures that realize efficient resonant
interaction of radiation with the active medium [1]. Two-
dimensional (2D) photonic crystals (PCs) are considered
among the most promising dielectric media for achieving
light amplification due to an increase in the probability
of radiative recombination, described by the Purcell fac-
tor [2]. Among various approaches proposed to increase
luminescence signal intensity, one of the most promising is
based on the interaction of radiative modes of PCs with
low group velocity and luminescent centers whose emission
lies energetically inside the light cone above the photonic
bandgap of the 2D PC [3]. Such interaction does not
require the formation of a microcavity, which significantly
simplifies the fabrication of such structures. For example, [2]
reports data on increased PL intensity in the spectral range
of 800—1100 nm in a silicon 2D PC with a triangular lattice
of air holes. Publications [4,5] demonstrate increased PL
intensity in 2D PCs formed on the basis of silicon structures
with self-assembling Ge(Si) nanoislands.

In this work, spectral-angular dependences of the photo-
luminescence (PL) response intensity of hybrid structures
formed from synthetic opal films coated with a luminescent
layer of hydrogenated amorphous silicon-carbon alloy (a-
SiC:H) were investigated. The a-Si:C:H layer and the
underlying top monolayer of hexagonally close-packed
spherical amorphous silica (a-SiO;) particles form an 2D
photonic crystal structure. In this structure, the a-Si:C:H,
layer serves as the emitter, exhibiting intense PL in the
visible wavelength range. The spectral position of the PL
contour can be easily varied by changing the carbon content

in the a-SiC:H film. The full width at half maximum
(FWHM) of the a-Si:C:H PL contour reaches 0.6—0.7 eV.
The high FWHM value can be explained by the fact
that carbon-enriched films represent a heterogeneous fine-
grained system in which individual nanogranules are isolated
from each other by high potential barriers [6].

Experimental Method

Opal films from close-packed monolayers of a-SiO;
spherical particles with a diameter of ~ 520nm were
grown by liquid-phase colloidal epitaxy on a fused quartz
substrate [7]. The particle size dispersion by diameter
was ~ 5%.  Growth layers parallel to the substrate
surface corresponded to the (111) crystallographic plane.
The opal films were then coated with an a-Sij_,C,:H
layer by plasma-enhanced chemical vapor deposition using
a silane-methane-argon gas mixture. The ratio of gas
flows of carbon- and silicon-containing components in
the gas mixture corresponded to the film composition
with x = 0.58 [8]. The a-Si:C:H layers were deposited
simultaneously on the opal film and an adjacent quartz
substrate (reference sample) in a single technological cycle
and had nearly identical thickness ~ 240nm. The PL band
maximum of a-SiC:H was at a wavelength of ~ 700 nm,
with FWHM of ~ 200 nm. The refractive index of the a-
Si:C:H film was determined using spectral ellipsometry [8].

Spectral-angular PL intensities of the synthesized 2D PCs
were studied using spectral Fourier microscopy [9]. For
PL excitation, a 405nm laser diode was used, with its
radiation focused onto the sample from the substrate side
using an Olympus 20x objective with numerical aperture
Ny =0.4. PL signal detection was performed using an
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Olympus Plan FL 100x objective with numerical aperture
N4 = 0.95. Unpolarized PL signal was measured in the
wavelength range 400—1100nm and emission angle range
relative to the surface normal 0—50° using an Acton
SP2500i spectrometer with a 300 mm~! diffraction grating
and CCD matrix (Princeton Instruments PIXIS 256) as the
detector. The CCD matrix had 256 x 1024 pixels. The
spectral resolution of the setup was 0.2 nm, and the angular
resolution ~ 0.2°.

Calculation procedure

Optical response spectra of spatially periodic hybrid
structures and the PC band diagram were calculated using
the modal Fourier method in the form of a scattering matrix
(rigorous coupled wave analysis — RCWA) [10]. In this
method, solutions to Maxwell’s equations for each layer are
found by expanding the electric and magnetic fields into
Floquet-Fourier modes (plane waves). The exact solution
can be represented as an infinite series over these modes.
In the calculations, special attention was paid to selecting an
adequate shape for the a-Si:C:H cover layer. It was found
that the ,,semicrescent“ model (Fig. 1,c¢) best describes the
influence of the cover layer on the optical properties of the
studied structures [11]. The refractive index of opal spheres
was determined from analysis of Bragg reflection spectra of
the original opal film and taken as 1.92.

For calculating the radiative ability spectra of the a-
Si:C:H layer, a method based on the -electrodynamic
reciprocity principle was used, according to which the
problem reduces to calculating the electric near field of a
plane wave in the emitting layer. With this approach, the
problem of calculating radiation from randomly distributed
and randomly polarized oscillating dipoles is replaced by
a problem in which the structure is illuminated by a
polarized plane wave Ei(x,y,z) = Ex(y) exp(ikoz — iwt).
The resulting electric field distribution in the a-Si:C:H layer,
1; = [[dxdy(|E;x|*|E;y|?) then gives the corresponding
polarized component of the emission intensity [12].

Results and Discussion

Fig. 1, a shows an atomic force microscopy (AFM) image
of the a-Si:C:H/opal hybrid structure surface. The a-Si:C:H
film uniformly covers the a-SiO, spherical particles forming
a closely-packed layer perpendicular to the opal film growth
direction [111]. The inset to Fig. 1,a shows a defective
area of the hybrid structure where the a-Si:C:H film is
partially absent, revealing the surface of the a-SiO; spheres.
AFM relief measurement in the defective area allowed
determination of the a¢-Si:C:H film thickness which is equal
to ~ 240 nm.

The diffraction pattern of monochromatic light (405 nm)
at normal incidence of the laser beam on the sample
from the substrate side is shown in Fig. 1,b. Due to the
two-dimensional spatial periodicity of the structure, the
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Figure 1. AFM image of the 2D PC a-Si:C:H/opal (a). The
inset shows a fragment of the structure where the a-Si:C:H film
is partially absent, revealing a-SiO, spheres. Diffraction pattern
of monochromatic light (405nm) on the a-Si:C:H/opal hybrid
structure (b). Schematic view of the hybrid structure used in
calculations. For simplicity, only one monolayer of a-SiO; spheres
is shown (c).

diffraction pattern in this observation geometry consists of
six reflexes characterized by Cg symmetry relative to the
incident beam. In the experiment, the structure was oriented
such that two of the six reflexes lay in the horizontal plane.
The PL signal detection plane passed through one of the
three equivalent pairs of nodes of the hexagonal reciprocal
lattice: (-11) (1-1); (01) (0-1); (-10) (10). In modeling, we
assumed that the vertical section of the a-Si:C:H layer has
a semicrescent shape. A schematic image of the structure
section is shown in Fig. 1,c.

Experimental spectral-angular dependences of PL inten-
sity for the synthesized hybrid structure are presented in
Fig. 2,a and b. Thanks to the broad a-Si:C:H PL contour,
a large number of peaks can be simultaneously observed
in the experimental PL spectra in the wavelength range
550—900 nm with their spectral positions depending on the
emission angle. At angles close to zero, the PL spectrum
features the most intense peak at 735 nm with a broad short-
wavelength wing (Fig. 2, ). With increasing emission angle,
the position of the most intense peak experiences a long-
wavelength shift, and at 8° this peak acquires a doublet
structure due to the appearance of a short-wavelength peak
at 700nm. With further angle increase, the doublet shifts
toward shorter wavelengths. Note that, according to Bragg
reflection spectra, the 3D photonic stop-band for the opal
films studied in this work, formed from a-SiO; spheres with
a diameter of ~ 520nm is located in the near-IR spectral
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Figure 2. Photoluminescence (PL) spectra and band diagram of the a-Si:C:H/opal—two-dimensional photonic crystal: experimental
spectral-angular dependences of PL intensity measured by spectral Fourier microscopy (a); PL spectra recast in (wavelength/intensity)
coordinates for detection angles in the range 0—50°, graphs shifted along the ordinate axis for comparison convenience (b); band diagram
of 2D PC a-Si:C:H: own PC modes are shown (red lines — TM modes, black — TE modes) and light cone (slanted straight blue lines),
gray rectangle corresponds to the spectral PL range for the a-Si:C:H sample, regions with near-zero group velocity near the I'- point of
the Brillouin zone and corresponding PL spectrum peaks are marked with red ellipses and dashed arrows (c); experimental PL spectra at
zero emission angle of 2D PC a-Si:C:H/opal (1), PL spectrum of the reference a-Si:C:H film (2), PL spectrum calculated using the modal

Fourier method in scattering matrix form (3) (d).

region (1100—1200nm) and does not affect the spectra
measured in the visible range.

Fig. 2, ¢ shows the calculated band diagram of the 2D PC.
It can be seen that in the spectral region corresponding to
the a-Si:C:H PL contour (gray band), there are numerous
dispersion curves with complex w(x) dependence. The
emission of a-Si:C:H nanoclusters overlaps with several
radiative modes localized in the vicinity of the I'-point in
the Brillouin zone of the 2D PC which are located inside
the light cone and, as calculations show, are characterized by
low group velocity dw/dk ~ 0. The interaction of a-Si:C:H
nanocluster emission with PC modes causes the strong
transformation of the PL spectrum observed experimentally.

A detailed analysis of the connection between the observed
spectral-angular PL. dependences and the calculated band
diagram will be presented in a separate publication.

Here we consider in more detail only the PL spectra
at zero emission angle. Fig. 2,d shows the experimental
PL signal dependences for the 2D PC a-Si:C:H/opal and
the reference a-Si:C:H film deposited on a fused quartz
substrate, measured at an emission angle close to 0 (ie.,
near the I' point of the Brillouin zone). It is evident
that interaction with PC radiative modes having near-zero
group velocity (marked by red ellipses on the energy band
diagram, Fig. 2,¢), leads to substantial spectrum narrowing
and an ~ 2.5 increase in peak PL intensity compared to the
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reference sample. The figure also shows the PL spectrum
for the studied hybrid structure calculated using the modal
Fourier method in scattering matrix form. Comparison
of the spectra shows good agreement between theory and
experiment (see arrows in Fig. 2,d). The discrepancy may
be due to the simplified nature of the calculation, which
does not account for the influence of the lower layers of the
10-layer opal film.

Conclusion

This work presents results of studying the luminescent
response of an 2D PC based on a spatially periodic
hybrid structure opal film coated with an emitting a-
Si:C:H layer using spectral Fourier microscopy. In the
500—1000 nm wavelength range, characteristic peaks with
various angular dependences were found in the 2D PC
PL spectra. Comparison of experimental PL spectra with
the calculated 2D PC energy band diagram allows the
conclusion that the peaks observed experimentally in the
spectral-angular PL dependence of the hybrid structure arise
due to the interaction of a-Si:C:H nanocluster emission
with PC radiative modes located inside the light cone and
characterized by low group velocity. The hybrid structures
obtained in this work are of interest both for fundamental
studies of radiation interaction with active media and for
practical applications in selective enhancement of lumines-
cent response.
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