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Abstract

Emission of globular SiO, photonic crystals infiltrated with dielectrics is
observed within a wide spectral region under excitation with the light
wavelength 1 =400 nm. The first part of the emission spectrum located in the
vicinity of the excitation line depends on infiltrated substance and is explained
by surface-enhanced Raman scattering effect. The second one lying in the region
of 440-650 nm that includes the stop-band is caused by spontaneous parametric
down-conversion.
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1. Introduction

Optical phenomena in structures possessing spatial modulation of dielectric constant at
distances close to the light wavelength (photonic crystals) are of a great interest because
of the presence of forbidden gaps in their photonic band structure [1-3]. Synthetic opals
made of SiO, globules demonstrate pronounced stop-band for the light propagating along
<111> direction and modification of the photon density of states near the stop-band.
Owing to possibility for changing their optical properties by infiltrating them with various
substances, these materials have long been under extensive experimental study [4-6]. The
emission of initial synthetic opal photonic crystals (SOPC) observed under ultraviolet
excitation has been interpreted in terms of enhanced Raman and parametric scattering
[7, 8]. At this time, similar opal emission under 400 nm dye laser excitation has been
explained by the impurity luminescence [9].

The aim of the present work is to clear up the nature of emission peculiar for the
initial and dielectrics-infiltrated synthetic opals, which occurs under excitation by photons
of the energy higher than the high-frequency edge of the stop-band.

2. Samples and experimental setup

Dimensions of the SOPC samples in this study were about 1.0 x 1.0 x 0.1 cm®. Photonic
stop-band positions were determined from the transmission spectra. The opal infiltration
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was made by soaking the initial samplesinto a water solution of dielectric materials, with
a subsequent high-temperature annealing at the temperatures lower than the melting one
(595 °C for Ba(N0s),, 630 °C for CuCl, and 120 °C for LilOs).

The emission of the SOPC was excited by LED Edixeon EDST-3LAX (/e = 400 Nm
and the average power of 30 mW). The exciting radiation for all samples lied in the upper
photonic band at a significant distance from the band edge. In some cases LED radiation
located at 517 nm was employed for excitation. The emission spectra were measured in
the forward and back scattering geometries with the use of modernised spectrometer
DFS-12. They were detected within an aperture of <0.17x sr in the <111> direction.
Registration of a useful signal was carried out in a regime of photon counting with
accumulation. Finally, spectral distribution in the emission spectra was corrected by
subtracting the spectrum of exciting radiation.

3. Resultsand interpretation

As aresult of 400 nm excitation, an intense emission band has been observed for all of
our samples within the region of 400-440 nm, i.e. near the exciting line. The spectra
position of the band remains independent of the stop-band position in the initial samples
(see curves 1 and 2 in Fig. 1d), though it is sensitive to the presence of infiltrated
substance (Fig. 24). It isknown [9] that the luminescence of OH-groups in synthetic opals
is detected in the region of 400-600 nm. In our case a broad band in the region of
510650 nm was observed (curve 1 in Fig.1a). This band disappears after high-
temperature annealing of samples at 800 °C but the band in the vicinity of exciting line
then becomes more intense (see curve 2 in Fig. 1a). In order to exclude the luminescence
of OH-group defects, all the samples were annealed prior to the measurements.
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Fig. 1. (@) Emission spectra for the initial SOPC samples before (curve 1)
and after (curve 2) annealing at 800 °C, and (b) the same spectra for the
samples infiltrated with LilO3 after two (curve 1) and three (curve 2) cycles of
soaking into an aqueous LilO3z solution. The excitation is performed by
irradiating at Aex = 400 nm. Stop-band positions are marked with rectangles.
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Trying to understand the nature of the band located in the vicinity of the exciting
line, we have used another excitation wavelength (517 nm). In this case the emission
spectrum was also observed near the exciting line and was similar to that represented by
curve 2 in Fig. 1la. These regularities allow us to suppose that the band observed near the
exciting line is due to the surface-enhanced Raman scattering (SERS) by the substances
forming the sample structure (in our case, SiO,, CuCl,, Ba(NOs), and LilOs). It is known
[3, 7] that there is a possibility for increasing optical field in the photonic crystal volume
due to diffuse motion of photons with low velocity. This enables detecting such a process
as the Raman scattering, even under weak excitation powers.

In order to obtain more detailed information on the spectral distribution of the SERS,
we have measured, with the resolution of 2 cm™, the emission spectra in the vicinity of
the 400 nm exciting line under correct spectral conditions. These spectra are depicted in
Fig. 2a on the standard Raman-shift scale. They are too wide, when compare with the
usual Raman spectra. This could be explained by the two following reasons. The first one
is a significant width of the exciting line (Al ~ 30 nm) and the second is a possible
amorphous state of substances which form the sample structure. Then we can describe
quantitatively the density of vibrational states g( ) for those substance by calculating
the reduced Raman spectrum Jg( 2 ) (for the Stokes component) as follows [10]:

9(2)~ Jr(2)= 202 - 2) ™ n(2,T) +1™ (),
where Q denotes the Raman shift, ©, the incident photon frequency (4.71-10°s™),
n(2,T) the Bose-Einstein factor and J(2) the Raman spectrum measured. The reduced

Raman spectra calculated after neglecting 2 in the multiplier (2, — Q) ~* are presented

in Fig. 2b.
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Fig. 2. (a) Emission spectra in the vicinity of the 400 nm exciting line and (b) the
corresponding reduced Raman spectra for the initial SOPC sample (curves 1) and
the samples infiltrated with CuCl, (curve 2), Ba(NO3), (curve 3) and LilO3 (curve 4).
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Besides the intense band located near the exciting line, a wide continuum is observed
within the 460-640 nm region in the spectrum peculiar for the LilOs-infiltrated sample
(see curves 1 and 2 in Fig. 1b). The latter is also observed in the spectrum for another
sample infiltrated with Ba(NOs),. The spatia distribution of emission intensity for the
sample with Ba(NOs), is shown in Fig. 3a. The spectral distributions of emission intensity
for the both samples (after subtracting the intense band located near the 400 nm line) are
similar (see Fig. 3b). To fill the pores of the synthetic opals, severa infiltration cycles
have been made, keeping the temperature of agueous LilOs solution to be 60 °C. The
emission intensity within the 460-640 nm region has proportionally increased with
increasing quantity of infiltration cycles (see Fig. 1b). Moreover, as seen from Fig. 3b,
there is a good correlation between the position of the intensity maximum and the stop-
band position. These facts allow us to assume some other nature of this emission band
rather than the impurity luminescence.

Namely, the origin of this continuum may be explained by spontaneous parametric
down-conversion (SPDC) occurring in spatially non-uniform samples with a regular
structure. The SPDC can be most probably observed in the vicinity of maxima of the
photon density of states at the edges of the stop-band, if we deal with synthetic opals
infiltrated with substances possessing relatively high @ values. The SPDC spectral
distribution observed represents a sum of spectral bands for each of single pores
containing nonlinear substance. These bands are shifted with regard to the corresponding
band position in a uniform medium, in accordance with a “quasi-phase matching”
condition. In addition to this, an interference of radiation from different pores should take
place [11]. The SOPC emission appears inside the stop-band due to existence of some
own optical states caused by defects and structural disordering of samples.
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Fig. 3. (a) Photo of SPDC emission for the SOPC infiltrated with Ba(NO3),,
and (b) its SPDC spectrum (curve 1) and spectrum for the SOPC infiltrated
with LilO3 (curve 2) under excitation at A.x = 400 nm. Stop-band positions are
marked with rectangles.
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4. Conclusion

Emission of the initial and dielectrics-infiltrated synthetic opals is observed under the
excitation at 2 = 400 nm. Interpretation of the secondary emission spectra of initial opals
is made in terms of SERS that reflects the density of vibrational states. The emission of
Ba(NOs),- and LilOs-infiltrated opal appearing as a wide structural continuum is due to
the SPDC, i.e. three-photon parametric light scattering.
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Anomauin. Bunpominiosanns zanobynapuux SO, (omonnux xpucmanie 3 inginempoeanumu
OieleKkmpuKamu cnocmepieanocsb 8 WUpPOKOMY CREKMPANbHOMY 0IanazoHi npu 30Y0x4CeHHI C8ImIoM
3 doeocunoro xeuni eunpominioganns A= 400 wm. [lepwa wacmuna cnekmpy GUNPOMIHIOBAHMHS
JIOKANI308aHA NOOIU3Y NIHIT 30)0HCEHHs 3anedcumy 610 IHQIIbMPOBAHOI peuoUHY | NOSCHIOEMbCS
NnoBepPXHEB0-NIOCUNEHUM KOMOIHAYiliHuM po3cisuHaAM. [lpyea uacmuna, AKa 3HAX00UMbCA 6
obnacmi 440-650 Hm, wo e6xknouae cmon-30Hy, CHPUHYUHEHA CHOHMAHHUM NAPAMEMPUYHUM
PDO3CIAHHAM.
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