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Light Localization Effect on the Optical Properties of Opals Doped with Gold Nanoparticles
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Polystyrene artificial opals having both different microsphere diameters and gold nanoparticles (AuNP) doping
levels have been prepared and their spectroscopic characterization has been performed. Reflectance spectra
of doped opals show a red shift of the photonic band gap and a reduction of its width and intensity upon
increasing AuNP doping level, but they do not show any direct evidence of AuNP plasmon resonance.
Transmittance spectra of the same samples recorded on the same spot area show, instead, a doping level
dependent line shape. For the highest doping level a complicated sigmoidal line shape due to the overlap of
broad AuNP absorption and photonic crystal stop band is observed. This unusual effect is accounted for by
considering the localization of standing electromagnetic waves within both the microspheres and the interstices
where the AuNP are embedded.

Introduction In this respect, several papers have been devoted to opals used
as a template for infiltration of metallic composite nanoparticles.
Only in a few papef” have the optical properties of such
systems been investigated focusing on the role of surface
plasmon resonance and/or photonic band gaps when well
separated in energy. Our interest is the spectroscopy of opals
doped in a controlled manner with gold nanoparticles (AuNP),

Among photonic crystals (PC), i.e., materials possessing a
periodical modulation of the dielectric constant on a scale length
comparable to the wavelength of visible light, artificial opals
are a simple, cheap, and interesting playground to investigate
optical effects on this class of materials. Despite opals not

showing a complete photonic band gap (PBG) but only a ~> "=~
pseudogap (stop band), their versatility allows interesting which instead show some overlap between the surface plasmon

structures to be obtained. As a matter of fact, they can be resonance of the AUNP and the photonic stop band. In a previous

employed as templates to prepare inverse opals (which instead/°'k: We have reported that weakly AuNP-doped opals show

might have a complete PBG) and they can be easily infiltrated &N interesting optical switching effect when resonantly photo-
with a variety of materials ranging from metals to organic excited with a modification of transmittance at the stop band

semiconductors. of about 150% in the nanosecond time regihia.this paper

Concerning the infiltration with metallic systems, we can W& focus our attention on AuNP highly doped opals whose
roughly distinguish between two approaches. One is the transmittance spectra show_, for the signature assqmated with
infiltration with bulk metal&-5 while the other is the infiltration ~ the Stop band, an unusual line shape due to a particular effect
with metallic nanoparticle®: 14 The first approach exploits the of light localization. Different mech_amsms for Ilght_ Ioc_allzatlon
Drude-like behavior of the metal dielectric constant close to Nave been reported so far. For instance, localization due to
the plasma frequency to obtain an inverse opal having a largedisordet®*7or engineered defé@tof the three-dimensional (3D)
dielectric contrast, which favors the opening of a complete opal structure is known to confine the electromagnetic field
photonic band gap. Moreover, such composite photonic crystalsinside the photonic crystal. Here, we find a case of light
might become, in a suitable spectral range, a transparent systentocalization that can be useful in preparing new materials for
possessing a high electric conductivity. Tailoring of the photonic Photonics: the formation of stationary waves for photon energies
band structure provided by metal (i.e., redistribution of elec- close to both the high (air band) and low energy (dielectric band)
tromagnetic field density of states into the photonic crystal) can border of the stop band. In this case the electromagnetic field
also substantially modify the blackbody spectrum emitted thus of impinging light is standing, i.e., localized, in the opal
enhancing thermal emission in the visible spectrum and allowing microspheres or in its interstices without propagatibm our
the engineering of novel and efficient light sources. Metallic system, when the photonic stop band is tuned on the broad
nanoparticles as a medium for infiltration or for preparation of surface plasmon resonance of AuNP a novel fingerprint is
inverse opals has attracted much attention due to their impor-observed in transmittance spectra thus providing a simple tool
tance in the field of catalysis, sensing, and photofick!t 15 to evaluate the achievement of the localization conditions. Notice
that when such a condition is obtained, the group velocity of
* To whom correspondence should be addressed. E-mail: comorett@ light is reduced and then the interaction time of photons with

C“ir“ﬂ‘;?g‘g?é?éﬁé i Swdi di Pavia the photonic crystal is increased. In the case of opals, when the
iUniverSit‘adeg" Studi di Padova. interstices are infiltrated with photoactive materials, such as
8 Universitadegli Studi di Genova. molecules suitable for lasing or nonlinear optics, the extended
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time of interaction between active material and localized Wavelength (nm)
(standing) light provides a new tool for lowering all threshold 0 %0 600 650 700 750 800
processes with respect to bulk materials, i.e., for tailoring the  [--- (a) ]

properties of the materials.

Results and Discussion

AUNP were prepared by laser abla@®r3 in water solutions
of sodium dodecyl sulfate (1® AuNP/cn?®). Their average
diameter was determined by fitting the WUVis solution spectra
with the Mie—Gans model, which was shown to be a simple
and reliable metho#?=23 It was found that AUNP have an

Reflectance (arb. units)

‘ = -,
average diameter of 10 nm, which is small enough to be included A ‘u“ <! A RS y
in the interstices of opals without perturbing their structure. kg r--~...,,;;:=«;i.'-'“'v") A ‘%" "‘:"V“*““
Polystyrene (PS) opals, both bare and AUNP doped, were grown 21000 20000 19000 18000 17000 16000 15000 14000 13000 12000
according to the procedure previously reporteéthe AuNP Wavenumber (cm™)
doping level of opals is determined by the AUNP amount inside
the polystyrene microsphere suspensions (Duke Scientific) used Wavelength (nm)
for opal growth. We prepared opals with two PS microsphere 500 550 600 650 700 750 800
diametersq = 260 and 300 nm) and with three different AUNP  F___pae ' soomm o\ e p ()

concentrations, determined in order to have, in the growth
suspensions, about 2 AuNP for 100, 10, and 1 microspheres.
Samples grown with such suspensions are labeled as low loading
(LL), medium loading (ML), and high loading (HL) opals,
respectively. We observed that the deposition kinetics of AUNP
is faster than that of microspheres so that, in the early stage of & |
sample formation, the infiltration degree is higher than that
calculated, whereas an almost bare opal grows at the end. As & @t
consequence we also found that in the infiltrated part of the
opal (several millimeters long), the AUNP concentration is not
perfectly uniform, being slowly increasing along the growth
direction. Then the infiltration process suddenly stops and a bare 21000 20000 19000 18000 17000 16000 15000 14000 13000 12000

opal is growrf However, on the scale length of the probing Wavenumbers (cm™')

spot (100um diameter) the opal is very uniform and nice rigyre 1. Near-normal incidence 5 reflectance spectra (TM
interference fringes are observed in optical spectra thus indicat-polarization) for 260 (a) and 300 nm (b) bare and different AUNP doped
ing the good optical quality of the sample (see below). opals. All spectra are normalized at the peak intensity.

Figure 1 compares the reflectance (R) spectra of bare opalsreal dielectric constant. Indeed, reflectance spectra do not
with those for opals having different AuNP doping levels, both comply with those predicted for metallic photonic crystals where
for 260 and 300 nm spheres. Bare opals of 260 nm spheresthe dielectric constant has a negative real part and a small
(Figure 1a) show the typical reflectance peak (Bragg peak) dueimaginary one, which induces a strong reduction of photonic
to backward diffraction of incident light by the photonic crystal band dispersion with the appearance of a cutoff frequency and
at 17305 cm? (578 nm) as well as well-pronounced interference a dramatic decrease of the reflectance intensity for photon
fringe patterns due to reflection from the backside of the sample. energies higher than that of the cutéf®>
The spectral position of the Bragg peak (the fingerprint of all  Figure 2 reports, for the same samples, the transmittance (T)
photonic crystals) bathochromically shifts upon increasing the spectra recorded in the same spot area used for R measure-
AuNP doping, as expected for infiltration with a dielectric ments2® For 260 nm bare opals the T minimum is detected at
medium. In particular for LL, ML, and HL 260 nm opals the 17105 cnt? (585 nm) while for LL opals it is at 16717 crh
peak is observed at 16601 (602 nm), 15843 (631 nm), and 15571(598 nm), in agreement with above findings observed in R
cm! (642 nm), respectively. Furthermore, all spectra show spectra. For ML opals the shape of the T spectrum is modified
interference fringes (both below and above the energy of the into a broad background band (156621000 cnl) with a weak
Bragg peak) for any AuNP doping level, thus indicating the dip at about 15872 cr (630 nm). This weak dip occurs almost
good optical quality also for doped opals. We also notice that, at the same wavelength of the peak of the R spectrum for the
upon increasing the AuNP doping level, the intensity of the same sample (Figure 1a). If the AuNP doping level is further
reflectance peak decreases and its full-width half-maximum increased (HL samples), the background becomes more pro-
(fwhm) is reduced. These effects already have been discussedounced and broader (210602000 cnt?) and the weak dip
and accounted fdt.Similar results are observed for 300 nm  becomes a sigmoidal structure whose center (indicated by an
opals (Figure 1b) where the Bragg peaks are spectrally shiftedarrow in Figure 2a) is located at 15580 th(642 nm). The
according to the scaling laws of photonic crystélfndeed the broad T background is very similar to the absorption spectrum
Bragg peak for bare, LL, ML, and HL doping samples is of aggregated AuNP as observed both in solufidfisand in
observed at 14813 (675 nm), 13928 (718 nm), 13783 (725 nm), AuUNP doped opals after solubilization of the PS microsphres.
and 13320 cm! (751 nm), respectively. Notice that from all  This fact further supports our previous findings that the
these spectra no evidence of spectral features due to AuNPinfiltration occurred with nanoparticles and not with bulk metal.
plasmon resonance is detected. We point out that this effect is not observed in the R spectra

We natice that such spectra can be unambiguously interpretedthus suggesting that its origin is due to an absorption process
in terms of infiltration with a dielectric material possessing a by AuNP. More puzzling is the origin of the sigmoidal structure,
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Figure 2. Normal incidence transmittance spectra for 260 (up) and 20000 18000 16000 14000

300 nm (down) bare and different AuNP doped opals.

I . . . Wavenumbers (cm™)
which is the main interest of this work. We notice that the center

. . Figure 3. Dispersion properties of 260 nm HL AuNP doped opals
of this feature matches Fhe Bragg peak Of. the c_orrespondlng .R bogth for reﬂectgnce (@) Fc':lndptransmission (b) for TE polarizatign. szctra,
spectrum, thus suggesting some correlation with the photonic recorded every 5 are offset for clarity.
pseudogap (see below).

T spectra recorded for 300 nm samples (Figure 2b) have diameter, strongly suggests the correlation with the photonic
similar behavior to those described for 260 nm opals except stop band. To demonstrate this assignment, we recorded on the
for the bathochromic shift associated with the scaling laws of same spot area R and T spectra at different incidence angles
PCs. For bare, LL, and ML opals the minima are detected at for TE polarizatiod” and for all samples. Such spectra are
14721 (679 nm), 14229 (703 nm), and 138707érv21 nm), reported and compared in Figure 3 for 260 HL opals where the
respectively, and favorably compare with the spectral position effect of sigmoidal structure is more pronounced and evident.
of the Bragg peak in the R spectra for corresponding samples. Figure 3a shows the dispersion of the photonic stop band

For 300 nm HL opals, a double minima (1864836 nm, with a progressive ipsochromic shift of the peak upon increasing
15317653 nm) broad background absorption is again observed the incidence angle. In the transmittance spectra (Figure 3b)
and the sigmoidal structure is overlapped to the steep part ofthe sigmoidal structure also shifts toward higher energies upon
the T spectrum at about 13222 cth(756 nm), thus giving it a increasing the incidence angle in full agreement with the
pronounced step-like character. One again notice that the centedispersion of the stop band observed in reflectance spectra
of the sigmoidal structure is located at the same wavelength of (Figure 3a). The position of the stop bantid,ban) can be
the Bragg peak in the R spectra. simply related to the incidence angl@) through the effective

The energy shift of the stop band observed in the R and T refractive index fer) of the opals and to the interplanar spacing
spectra can be related to the concentration of AUNP inside the(D) by the well-known Bragg Snell law @siop bana= 2D (Nt
opal interstices. In fact, the infiltration of AUNP modifies the — sir? 0)°5 where D = a(2/3)°5 is fixed by the sphere
PC dielectric contrast, increasing the refractive index of diameterf® This formula is used to obtaines by fitting the
interstices and then the effective refractive inde) of the dispersion of the peak observed in the R spectra (Figure 3a)
photonic crystal. The spectral position of the observed sigmoidal and the dispersion of the sigmoidal feature observed in the T
structure also appears to follow such a dependence, with respecspectra (Figure 3b) averaged over TE and TM polarizations. In
to either the doping level or the PS sphere diameter. both cases, we found the same effective refractive index within

Very intriguing is the presence and nature of the sigmoidal the experimental error (see Figure 4), in particular, for 260 (300
structure. The correspondence observed between the center ofim) ng is 1.42 (1.43), 1.49 (1.49), and 1.52 (1.53) for LL, ML,
the sigmoidal feature and the Bragg peak in R spectra, as welland HL opals, respectively. In the framework of the Lorentz
as the scaling properties of its spectral position with the sphere Lorenz theory for the effective mediu##? these values fomes
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Figure 4. Dispersion of reflectance peak (red squares) and sigmoidal
structure (blue circles) as a function of the incidence angle. Lines are air band

fitted with the Bragg-Snell law. Data are averaged over TE and TM L /// """
polarizations.

dielectric band

(c)
correspond to a change of the dielectric constant of interstices

between spheres with respect to the case of bare opals of 3%
(9%), 50% (50%), and 77% (86%) for LL, ML, and HL opals,
respectively. Since the results obtained for the center of the
sigmoidal feature are very similar of those for the peak in the

R spectra,.we unambiguously assign thg sigmoidal feature to, 540 15000 16000 17000 18000
the photonic band structure even though it possesses an unusu Wavenumbers (cm™)
shape.

; . . ) . Figure 5. Sketch of electric field localization in the high (low)
Besides this structure, which disappears at the highestgielectric constant materials for a one-dimensional photonic crystal
incidence angles, a background absorption, almost independentvhen photon frequency approaches dielectric (air) bands (left and right,
of polarization and incidence angle, can be observed with two respectively) at the photonic gap (a) and same sketch for the energy of
minima located at 18885 (530 nm) and 15800 &1633 nm). the electromagn'etic field (b). Big yellow balls represent PS microspheres
From the comparison of the transmittance spectra of infiltrated (€°s = 2:53) while red dots correspond to AUN{saup = 1.03-

- . . 1.86 depending on the doping level). Comparison of the calculated
opals with those of AUNP solutioriswe assign the double photonic band structure of a HL infiltrated opal with experimental R

minima in transmission to the absorption of spherical (about ang T spectra (c). The yellow (red) dashed area indicates reduction
18800 cnt) and spheroidal (at 15800 cit) AuNP. According (increase) of absorption due to PS microspheres (AuNP).
to this interpretation and comparing the intensities of the two
bands, we deduce that the amount of spheroidal AUNP inside AUNP are present. This explains (see Figure 5c) the structure
the interstices of the opals is much increased with respect toof the sigmoidal feature that reflects a higher absorption (red
that existing in the suspension used to grow opals. This fact is area), with respect to the background, at higher frequency and
reasonable since, during opal growth, evaporation of water a lower absorption (yellow area) at lower frequency.
allows a greater AuNP interaction, thus giving rise to aggregates A possible objection to our reasoning could be due to the
whose typical absorption is close to the low-energy side of the limited thickness of the samples, which could reduce the
visible spectral region. interaction of photons with the photonic crystal and then with
The explanation for the unusual line shape of the sigmoidal the active material there embedded. We then compared the
feature observed in T spectra is possible taking into account Bragg attenuation lengthg, i.e., the attenuation per unit length
the effect of AUNP absorption joined to the localization of the of transmitted wave in a photonic crystal for frequencies within
electromagnetic field close to the band gap. In Figure 5 we the stop band, with the sample thickness obtained from the
compared T spectra with the photonic band (PBG) structure interference fringes. Usuallyg is obtained by coherent back-
calculated for our opaf® At the pseudogap in the L point of  scattering measuremefitsr by measuring the transmitted light
the Brillouin zone, the photonic bands are almost flat (see Figure intensity attenuation in samples having different thickriéss.
5c¢), thus making the effective refractive index divergent and This last method is unuseful in our case, due to the change of
then slowing down to zero the group velocity of the light, i.e., the line shape in transmission spectra observed upon increasing
generating a stationary wave. In these conditions, the electro-the AuNP doping level. In principle.g can also be deduced
magpnetic field in the air band, namely the high-energy photonic from the relative width of the stop band in reflectance measure-
band, is mainly localized in the low dielectric constant material ments
(Figure 5a), whereas the electromagnetic field of the dielectric
band, the low-energy photonic band, is mainly localized in the _ 2DEg
high dielectric constant materitflin the present case, the high Lg = aAE (1)
dielectric constant material is represented by the PS spheres (
= 2.53) and the low dielectric constant materialtbg interstices whereD is the interplanar spacing previously definég, the
infiltrated with the AuNPparticles since we have found above stop band energy, andE its full-width half-maximum. This
that their dielectric constant is in the range 2-(386. method might be affected by defects which broaden the stop
Therefore, one can predict that a lower absorption is operating band?-34thus making the values af obtained from eq 1 quite
in the dielectric band since the electromagnetic field is localized rough. However, we adopted this approach being aware of its
where the transparent PS spheres are present. On the contraryimits but also of the better optical quality of our samples (due
a larger absorption can be found for the air band since in this to reduced thickness,m, and pronounced interference fringes)
case the electromagnetic field is localized where the absorbingwith respect to those used in literature (about 10@ thick).
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s o e e S B e features due to surface plasmon are instead very broad.
6. = Lp 30 Moreover, braggoritons or similar excitations like polariténg
J v d . show a branching of optical modes between excitonic and
25 = . . . . . o
— 54 5 photonic bands possessing different dispersion and polarization
g 4l w = 20 = properties. Our data instead show a single dispersive unpolarized
o v w ~ 3 spectral feature with different line shapes for reflectance or
S 34 % = transmittance spectra. For these reasons we feel that our
i . ) . L .
- 5] adf = 105 interpretation, related to standing waves inside the sample, is
J 7] to be preferred.
1+ 5 To the best of our knowledge, this is the first report of the
0. o effect of light localization in the transmittance spectra of the

photonic crystal of opals infiltrated with low absorbing materials.
This result is particularly stimulating since this effect can be
eff further exploited with infiltrating materials possessing large
Figure 6. Comparison of Bragg attenuation lengtiz) and thickness  nonlinear optical or lasing properties. In this case, light
(d: left scale,um; right scale, number of sphere layers) for different |gcalization in the spatial region where active material is
AUNP doped opals. infiltrated might allow optical thresholds to be reduced to
activate harmonic generation, optical limiting, switching effects,
or lasing, as already observed in one-dimensional photonic
- , : -V structures’®4° since the interaction time of photons with the
0.09 reporteq in previous papers. Notice also that for infiltrated crystal is enhanced. A possible strategy to obtain such three-
opalsAE/Eg is even further decreased. dimensional nanophotonics systems can be the functionalization

We then determinetls for all our 260 nm opals at different ot microspheres and/or gold nanoparticles with nonlinear active
AuNP doping levels and we compared those values with the olecules.

sample thickness determined from the interference fringes (see
Figure 6). Notice that all these data have been measured on thezgnclusions
same spot area (1Q0m diameter).

The values ofLg obtained favorably compare with those
reported in the literature for PS opals infiltrated with Rhodaffine
(1.5-2 um) or Coumarine dyé&3 (2 um) and for silica opaf§
(5.1um). We also notice that in all cases, < d, thus indicating

T M T v ] v L v I v I v T M 1
140 142 144 146 148 1.50 1.52 1.54
n

As a matter of fact, the quality test for our bare opals is the
reduced broadening\E/Eg < 0.05, with respect to the value

We found experimental evidence of the effect of light
localization on the optical properties of PS artificial opals doped
with gold nanoparticles. For low AuNP concentrations the effect
of doping is the same as that of infiltration with a dielectric

that light propagating inside the stop band is attenuated by material, i.e., a bathochromic shift of the Bragg peak, joined to

coherent Bragg scattering independently of the AuNP doping & reduqtion of its fwhm and a lowering of its intensity. For the
level and thus confirming that photons are allowed to interact ML doping level, however, the AuNP plasmon absorption cannot

with the photonic crystal and then with AuNP in agreement P€ neglected and a remarkable difference between R and T

with our interpretation. In addition, by considering that photons SPectra is observed. A sigmoidal structure, whose spectral
are back reflected form interfaces, as testified by the interferenceP0Sition and dispersion properties are similar to those observed
fringes, further room for photoropal interaction is provided. " R for the Bragg peak, is overlapped to the broad background
A further confirmation that our opal films are thick enough to

due to the absorption of the plasmon band of AuNP. The line
demonstrate fully developed photonic crystal properties can be Shape of this structure has been recognized to be the signature
obtained in the literatufé3®where it is demonstrated that opals

of light localization inside the PC. In the air band, when the
20 sphere layers thick already possess photonic properties fu”yelectromagnetlc field is localized within the interstices among

developed and very close to that of bulk samples. Notice that Microspheres, the absorption increases due to the presence of
our HL opals are more than 25 layers thick, then we expect absorbing AuNP. When instead the electromagnetic field is

that photons traveling within such samples with energy in the localized within the PS microspheres (dielectric band), the

stop band are coherently diffracted by the photonic crystal and absorption is reduced since PS is transparent. This effect, due

that all optical effects observed are intrinsic to the photonic band © the photonic crystal structure, modifies the broad AuNP
structure and not due to artifacts. absorption giving rise to the unusual line shape observed. These

Finally, we would like to notice that for HL samples, the results show new properties of opals infiltrated with active
reflectivit;ll data show thahE/Eg = 0.02-0.03 in full agreem;ent materials which can be exploited for nanophotonic applications.

with the values calculated from the band structure reported in
Figure 5 (0.035) thus confirming in an independent way that
the approximation used for our band structure calculations are
reasonable.

A general comment on unusual line shapes observed in optical
spectra of infiltrated opals could also be useful. A complicated
reflectw@ line shape has l?een r.eported in que infiltrated opals References and Notes
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