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Light reflectance in three-dimensional metallo-dielectric photonic crystals of polyelectrolyte-coated
latex spheres infiltrated with gold nanoparticles has been studied. Broad directional reflectance
bands associated with the surface plasmon resonance in the lattice of the gold nanoparticle shells are
observed in a wavelength range well separated from the diffraction resonance of the opal lattice.
Dependence of surface plasmon resonance spectra on the Au nanopatrticle distribution has been
demonstrated. @005 American Institute of PhysidDOI: 10.1063/1.1875735

Substituting dielectrics with metals in photonic crystalsnear infrared (NIR) optical reflectance spectra of Au
(PhCsg is a way towards robust omnidirectional photonic nanoshell opals and Au-infiltrated opals.
band gap materiafs? However, technological challenges as- Opal films of 10-12um thickness were crystallized
sociated with the synthesis of submicrometer-sized metdfom core-shell polystyrenéPS beads of 640-nm-diartD)
spheres and their assembly in a crystal have not been yépated by two, four, six, and eight electrically charged
resolved. Mimicking metal spheres, metallo-dielectric corePE layers. Since the outermost PE layer is oppositely
shell spheres with a gold coating synthesized on silica beadgarged  with  respect to the positively charged
were recently realized and assembled in a regular latfice. 4-dimethylaminopyridine-stabilized 6-nm-diameter Au NPs,
Alternatively, gold nanoshells were formed depositing goldt_he electrostatic forces Ieaq to binding and dense impregna—
colloid nanoparticlesNPs on polymer sphere%.OpaI-Iike tion _of the PE _ter_nplate with Au NPs. The Au co_ntent in
assemblies of Au nanoshells exhibit a superposition of th&tudied Au NP infiltrated PE-coated sphere opals is 49 and

. . . 0, i -
lattice diffraction resonance and the surface plasmon resc)Eith % for samples made of four and eight PE-coated

nance(SPR.% Despite the wide spectral separation of thesespheres, respectively. The NPs mostly occupy the interstices

resonances. the dispersion of the Au NP opal diffractionOf the opals, as demonstrated by scanning electron micros-

! P P copy (SEM), and impregnated opals preserve a face centered
resonance is squeezed due to the strong frequency depenu—bic (fcc) symmetry of bead packingFig. 1). Altering the
dence of the dielectric constant of the composite introduceaumber of PE layers and the NP impreénétion time allows
by the Au N_PS' ”,1 fact, the SPR in opals assembled from A_L{uning of the amount of gold. A shortcoming of this approach
nanoshells is split into several bands, the central frequenmqg the lack of control of the metal density depth profile in the

of which are, generally, independent on the lattice rotation, 1 \yhich prevents a precise correlation of the optical spec-
while the band intensities are directionally dependérithe 4 1o NP loading. In the following, we denote these opals as

isotropy of SPR can be a consequence of the spherical symyy.infiltrated opals to distinguish them from Au-coated

metry of core-shell beads, whereas the SPR band magnitudgals, which are assembled from Au nanoshells.
becomes a function of the nanoshell interaction.

One method, which avoids difficulties in packing heavy
metal beads, is the infiltration of pre-assembled opals with
metal NPs. To facilitate homogeneity of the NP distribution
in the opals, polyelectrolytéPE) multilayer-coated spheres
were used to form the opaﬁsThe PE layers act as a matrix
for uptake and immobilization of the metal NPs on the
sphere surface. In this article, we compare the visible and

FIG. 1. Schematics of metal shells in Au-coai@yl and Au-infiltrated(b)

30n leave from loffe Institute, St. Petersburg, Russia. opals. Circlegsquaresrepresent Au-coated spher@ shellg. The darker
YAuthor to whom correspondence should be addressed; electronic maithe circle (squarg the more distant it is from the figure plang.shells
sergei.romanov@nmrc.ie connectingO shells are not shown for simplicity.
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FIG. 2. Reflectance of bare opdlsurve 1) and opals from the same beads F 5 ]
coated with 8 PE layers beforf@) and after infiltration with Au NP$3). . ? 2_ Ly

400 600 800 1000 1200 1400

The samples were illuminated by a 1-mm-diam colli- wavelength (nm)

mated beam of white light from a halogen tungsten lampgig. 4. Reflectance of 59 wt% Au-infiltrated opals at different angles.
Reflectance was measured in the mirror configuration at th8pectra are shifted vertically for clarity and labeled by angles of incidence.
same angle with respect to thl1] axis of the fcc lattice as Arrows indicate SPR bands.

the angle of light incidence). An aperture was used to select

the reflected light within 5° of the solid angle along the de-of PE layers increases by four times, yielding an essential
tection direction to obtain angle-resolved reflectance spectrancrease in the Au NP coating thickness. The SPR reflectance

The (111) diffraction resonance of opal of PE-coated PSpand of lightly loaded opals is centered-af40 nm. Follow-
beads is “red” shifted compared with that of the opal made ofng an Au loading increase, the SPR splits into two bands,
uncoated PS beads due to the lattice parameter inc(B@se  moreover, both bands shift to longer wavelength. The long
2).° Both opal films have similar crystal quality, as assessegyavelength band increases its intensity and width at higher
from the resolution and width of the resonance peaks in repading, hence in the highly loaded opal the short wave-
flectance spectra. Further redshift of tfll) diffraction  |ength band appears as a satellite to the long wavelength
resonance after Au NP infiltration occurs due to the increasgand.
of the lattice parameter and changing the effective refractive A well-known redshift of the SPR of Au NPs in a
index (RI) of the ensemble. Owing to complex contribution “heavy” dielectric environment and NP aggregation explains
of NP dielectric constant, a precise evaluation of the diffracthe enhanced reflectance in the range 550—620 timthe
tion resonance is out of the scope of this study. case of stand-alone nanoshells, the SPR spectrum consists,

The development of SPR bands of Au nanoshells fO”OWSrnain|y, of two d|po|e bands. The bandwidth of the |0ng
the increase of Au NP loading. SEM data indicate only 6%wavelength one, which relates to the nanoshell cavity and
increase of the bead diameter in the 49 wt % AU-inf”trateCHepends on Ca\/ity size and shell th|ckn%§%pan be very
opal with respect to bare opal from 640 nm beddsus proad, extending to the NIE. The latter is similar to the
leaving the lattice parameter practically unchanged in thgong wavelength SPR band in Fig. 3. The rule that the SPR
opals with spectra 1-3 of Fig. 3. Simultaneously, the numbe{yavelength decreases with increasing shell thickness for the
same total nanoshell diameter applies to individual
nanoshell$? The opposite trend of changing the SPR wave-
10} &=10° -~ length in Au-infiltrated opal points to the crucial role of in-

] teractions between nanoshells in the dense lattice. For ex-
ample, the calculated reflectance of two-dimensio24b)
metal PhC predicts the dramatic spectrum variation depend-
ing on the metal filling fractiort® Additionally, a number of
multipole resonances with interaction-dependent intensities
fill the spectral range between dipole resonarfées.

SPR bands in the reflectance spectrum of Au-infiltrated
opals behave differently along the observation angle in-
crease: the 570 nm band remains at the same position but
, , , quickly disappears, while the 645 and 985 nm bands shift to
600 800 1000 1200 1400 longer wavelengths and the intensity of 645 nm band in-

wavelangth (nm) creases progressively with respect to that of the 985 nm band
FIG. 3. Reflectance of Au-infiltrated opals with increasing Au NP loading. (Fig. 4. Ir? Contr_aSt o the Au-|_nf|Itra'Fed opal, WhICh shows
The number of PE layers increases from two to four to eight for spectrf?N€® nondispersive and two dispersive bands, in Au-coated
from 1 to 3, respectively. Arrows indicate SPR bands. opals there is no shift for all but one bartfig. 5. The
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10l PS opal. This difference is likely to be interpreted in terms of
the sample morphology.
3 The angle-dependent changes in SPR reflectance spectra
§ of Au opals are reasonable to discuss in terms of the
'g o5l nanoshell interaction. This approach can be justified by not-
3 ing the connection between the30° interval of SPR inten-
£ sity variation with respect to the internal anghg,; of the
€ light propagation and the 30° oscillation of the nearest neigh-
ool 18 . . . ) bor distance in the Au-coated opal lattigeéig. 1(a)] Simi-
600 600 1000 1200 1400 larly, in the Au-infiltrated opal the kink a#.;~30° is ob-
warvelength (nm} served in both dispersive branches of the SPR. Thus,
_ considering the directionality of the nanoshell density in a
1100: (b) /X’x'_ATA_AAGA lattice one can expect the variation of the number and the
100 K (KA intensity of lattice SPRs with respect to the direction of the
g aoo| 3 .,.-.-. incident beam. To what extent this approach can describe
£ ool ’.».’ d observed SPR remains to be addressed by modeling.
§ I v—v—ng—-O—v—v—v—v—v—v To summarize, reflectance spectra of Au-infiltrated opals
§ 700:2./.,. AA A A A A based on 640 nm beads show unique behavior. The spectral
eoc | 0—0} o separation of SPRs from the diffraction resonance allows
sool 1|:H:H:|_':' a . . considering them separately. The specific features of the SPR

0 10 20 30 40 50

angle (degree)

resonance in Au-infiltrated opals are both the effective red-
shift and changing the SPR reflectance intensity with in-

FIG. 5. (3) Reflect tra of 59 wt % AU NP-infiltratetic line) and creasing observation angle in contrast to mostly changing the
. 5. (a) Reflectance spectra of 59 wt % Au NP-infiltratehiick line) an . o . .

57 wt % Au-coated opaléthin line). SPR bands are indicated by numbers SPR band mten_sny in lattices of spherical nanosr?e{m”_

for the former and by letters for the latter. The 1370 nm band in Au-coatedobservations point to the topology-dependent nanoshell inter-
opal is the Bragg resonande) SPR angle dispersion in Au-infiltratégolid action as the decisive factor for the SPR dispersion and in-

symbolg and Au-coatedopen symbolsopals. Data for the latter are ex- tensity as well as the average RI in densely packed lattices
tracted from Ref. 6. ’
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