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Reflectivity of metallodielectric photonic glasses
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We report on the fabrication and optical properties of metallodielectric photonic glasses of colloidal silver
spheres with a radius ranging from 200 to 420 nm and volume fractions around 60%. Strong modulations
(;25%) in the optical reflectivity were observed in the visible range for these structures, despite the presence
of only short-range order. Despite the strong wavelength dependence of silver dielectric constant, the spectral
positions of the optical reflection peaks, with the exception of the smallest size~200 nm!, scale linearly with
the particle radius. For the smallest particle size studied, a peak at longer wavelengths related to a lower order
gap was observed. Remarkably, the general features in the reflectivity spectra have a qualitative similarity to
spectra calculated for light incident on~111! oriented face-centered-cubic~fcc! crystals.
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I. INTRODUCTION

Photonic crystals~PCs!, materials with a periodic dielec
tric permittivity with spacings on the order of the waveleng
of light, have received a great deal of attention due to th
potential in controlling the propagation and spontane
emission of light.1 When light travels in a photonic crystal,
can be diffracted by the periodic dielectric constant, lead
to the formation of stop gaps. This interaction is analogou
how the flow of electrons is influenced by the positive
charged atoms in a metal or semiconductor crystal lattice
photonic band gap~PBG! can be formed if the stop gap
overlap for all directions of propagation and for all polariz
tions. Metallodielectric PCs have been proposed recently
possible candidate for achieving a PBG in the optical
visible wavelength range.2,3 Theoretical studies have show
that a PBG can form in crystals with many differe
symmetries.3 In addition, the gap appears to be more rob
against disorder than for purely dielectric PCs.

Disorder in the form of defects and polydispersity in si
is always present, both in PCs fabricated using self-assem
methods,4,5 and in lithographically defined crystals.6 Disor-
der was found to play a critical role in determining the ph
tonic properties of these structures.4,6 For instance, calcula
tions forecast that the PBG in an air-sphere crystal is stron
affected and, in some cases, can be closed by the size
dispersity or the displacements of the spheres used in
initial template.7 Stacking faults in crystals, another commo
type of disorder, were predicted to introduce localized sta
within the PBG. Indeed, evidence of an Anderson locali
tion of light has been found in completely disordered pho
nic systems.8 On the other hand, amorphous semiconducto
like silicon, do possess an electronic band gap despite
absence of long-range order. Similarly, in two-dimensio
~2D! PCs of purely dielectric scatterers, the lowest lying g
survived even in the case of only short-range ordered gla
structures.9 It is interesting to see to what extent this al
holds for 3D metallodielectric colloidal glasses. Colloid
glasses have short-range order and have been studied e
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sively as a model system for the glass transition.10 On the
other hand, the photonic properties of colloidal glasses h
hardly been studied.11 This is despite the fact that it wa
suggested earlier that randomly distributed metal particle
a dielectric host may be a suitable system to study li
localization.12 The experimental study of metallodielectr
systems with short-range order will give an important co
tribution toward understanding how photonic properties
crystals are affected by disorder. Finally, from a practi
point of view, it is easier and cheaper to fabricate amorph
glasslike photonic materials than crystals. For example,
cently demonstrated metallic PCs made of tungsten wit
PBG in the infrared may find use in thermophotovoltaic a
plications, but would be much cheaper if the band gap
present in a glassy state as well.13

In this paper, we report on the fabrication and optic
properties of photonic glasses of polydisperse silver~Ag!
colloidal particles dispersed in water. The polydispersity
the sphere sizes prevented crystallization at a high volu
fraction.14 Optical reflectivity measurements were perform
to quantify the modulations in the reflectivity. To investiga
the similarities between metallodielectric glasses and c
tals, theoretical reflectivity spectra of face-centered-cu
~fcc! crystals were calculated for comparison.

II. EXPERIMENT

The synthesis and optical characterization of the sil
colloidal particles, which are spherical aggregates of sm
Ag nanoparticles, are described elsewhere.14 The effective
dielectric constant of individual Ag spheres was mode
using the Bruggeman effective medium approach in wh
randomly connected bulk Ag immersed in water
assumed.14 An experimentally determined wavelength
dependent dielectric constant for bulk Ag was used15

whereas the wavelength dependence of the dielectric c
stant of water was neglected. A filling fraction 0.80 of bu
silver in a single particle was determined from extincti
spectra measurements.14 Colloidal glasses were made from
©2004 The American Physical Society08-1
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particles with different mean radiusR between 200 and 420
nm and size polydispersity~the relative width of the first
moment of the Gaussian distribution in particles sizes! d
,15%. In some cases, these particles formed cha
stabilized crystals with low (,50%) volume fraction, but
these were not studied in the present paper.14 Samples for
reflectivity measurements were prepared by filling thin~0.20
mm! glass capillaries~VitroCom! with a colloidal suspen-
sion, allowing the particles to sediment under gravity.
examine the microscopic structure, we used a confocal
croscope. Samples in water were observed in reflection m
(l5632 nm) with an inverted confocal microscope~Leica
DM IRB, in combination with a Leica TCS NT scanhea!
with an oil-immersion lens~Leica, 1003, NA 1.4!. Verti-
cally standing capillaries were examined with the mic
scope tilted at 90°. The confocal images were analyzed u
IDL ~Research Systems, Inc.! routines to filter, locate particle
coordinates and calculate the radial distribution funct
g(r ).

The setup for the frequency-resolved reflectivity measu
ments is similar to that described in Ref. 16. The output o
broadband xenon lamp is focused on a pinhole, which act
a point source. The light is collimated and sent through
Fourier-transform interferometer~Biorad FTS-60A! operat-
ing with a spectral resolution of 16 cm21. The light beam is
focused to a 0.5-mm-diameter spot on the sample.
samples in a capillary were mounted vertically on a gonio
eter head to align the face of the capillary perpendicularly
the incident beam. The reflected light is collected by a
diode, which yields an interferogram that is Fourier tran
formed to get the spectrum of the reflected light. The spe
were referenced to a silver mirror with.95% reflectivity.

III. RESULTS AND DISCUSSION

Figure 1 shows optical photographs of capillaries fill
with silver particles of different sizes sedimented in wat
Under illumination with white light, these samples displ
bright colors at almost all angles of observation. The str
ture of the particles close to the glass wall was studied
reflection confocal microscopy. Due to the negative

FIG. 1. ~Color online! Optical photographs of capillaries fille
with sedimented silver particles dispersed in water with differ
mean radii (R): ~a! R5197 nm, ~b! R5349 nm, and ~c! R
5418 nm. All samples display bright reflection colors under ill
mination with white light.
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charge, the particles do not stick to the glass wall and co
be redispersed as individual spheres.14 Figure 2 shows a typi-
cal confocal image of a charged-stabilized colloidal gla
Because of the strong interaction of the silver particles w
light, particles that are deeper inside the sample could no
imaged, as the point spread function of the microscope
already completely scrambled after the first few layers. N
ertheless, in analogy to hard-sphere and charge-stabil
colloidal glasses of~fluorescent! dielectric particles studied
by confocal microscopy, we can assume that the glassy st
ture extends throughout the whole sample, as a flat wa
known to increase order compared to the bulk structur17

The brightest spots in the image~Fig. 2! correspond to the
particles that are closest to the glass wall. They were use
determine the volume fraction. All samples had a typic
amorphous glasslike structure, as expected for particles
polydispersity larger than;7%.14 The ringlike patterns in
the Fourier transform image, shown in the inset, also indic
the presence of short-range order only. Confocal ima
were taken at different heights in the sediments in the ca
laries. Unfortunately, because of the fact that we can im
only the particles closest to the wall and the fact that th
particles are not arranged in perfect layers, the mean in
particle distanceA could not be obtained accurately in a
cases. For large particles (R5418 nm,d512%),A was de-
termined from the first peak ing(r ) assuming an fcc crysta
structure. For the sample shown in Fig. 2, a particle volu
fraction of 65% was obtained. This value is close to that
random close-packed structures of spheres~63%!. The high
polydispersity of the silver particles could additionally in
crease the volume fraction.18 On the other hand, strong elec
trostatic repulsion between charged silver particles will d
crease the effective polydispersity. For smaller particle siz
the confocal image could not provide a high enough reso

t

FIG. 2. ~Color online! Typical reflection confocal image (25
325mm2) of a photonic glass of Ag particles (R5418 nm) dis-
persed in water next to the wall of the capillary. The inset show
Fourier transform of the image. The mean interparticle dista
determined after determining the particle coordinates isA
5874 nm which correspond to a volume fractionf50.65. The
arrow points in the direction of gravity.
8-2
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FIG. 3. Experimental specular optical refle
tivity at normal incidence as a function of wave
length of the samples taken at different height
the sediment with full heighth in capillaries con-
taining particles with different radii (R): ~a! R
5197 nm, h57 mm; ~b! R5284 nm, h
515 mm; ~c! R5349 nm, h55 mm; and~d! R
5418 nm, h58 mm. Different curves corre-
spond to measurements at different distanc
from the top of the sample, giving an indicatio
of changes as a function of the volume fraction
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tion to make a reliable coordinate determination. Volum
fractions on the order of 55–65 % were estimated from
confocal images. It is important to note here that for
samples the metal spheres were not in conducting con
with each other, contrary to recently prepared ‘‘inverse’’ ph
tonic metallic crystals.19

Optical reflectivity spectra measured at normal inciden
on photonic glasses of particles of different mean radii
shown in Fig. 3. A strong modulation (;25%) in the reflec-
tivity appears in a range of wavelengths in the visible. Bro
peaks are observed, likely because of the absence of l
range order. The reflectivity shows a slight dependence
the particle volume fractionf, which varies along the heigh
of the sample, similarly as observed with dielect
particles.20 Except for R5284 nm @Fig. 3~b!#, all samples
display a well-developed and broad maximum in the opti

FIG. 4. Positions of the stop gaps that appear in the visible
function of the particles radius. The line is guide to the eye.
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reflectivity. All samples, except for the smallest size, disp
an increase of the reflectivity at long wavelengths. ForR
5349 and 418 nm a smaller peak appears, which shifts
wards longerl with increasing radiusR. Figure 4 shows the
positions of the reflectivity peaks as a function of the parti
radius. Despite the strong wavelength dependence of the
electric constant of silver, the position of the reflection pea
linearly depends on the mean particle radius. The reflecti
maximum for particles of 197 nm is not in line with the oth
sizes, as it should appear in the ultraviolet range. Instea
peak associated with a possible lower order gap is obse
in the optical range. We want to emphasize that feature
the reflectivity spectra do not resemble the backscatte
spectrum of the single particles. The spectra also di
strongly from effective medium calculations, in which w
approximate the colloidal glass as a slab of metallodielec
material with an effective refractive index including the m
tallic dispersion.21 Because it is known that concentrated co
loidal liquids and glasses at a smooth wall show layer
perpendicular to the wall with a local sixfold symmetry
the particles arranged in each layer, we compared the exp
mental reflectivity curves with calculated curves of~111! ori-
ented fcc crystals.

We performed calculations for six layers using the lay
Korringa-Kohn-Rostoker~KKR! method.22 In our earlier
study on purely dielectric PCs, the method reproduced
experimental spectra satisfactorily.23 Six layers were found
to be sufficient to consider the crystal being infinitely thi
for all particle sizes andf’s studied. The calculations
showed that forR.284 nm even three layers were alrea
similar to the spectra of a thick crystal. The model crys
was constructed from a dielectric slab~capillary glass wall of
a

8-3
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FIG. 5. Theoretical reflectivity spectra alon
the ~111! crystallographic axis as a function o
the wavelength for a six-layer fcc crystal made
particles of different radii (R) chosen to match
the measured samples shown in Fig. 3:~a! R
5200 nm, ~b! R5285 nm, ~c! R5350 nm, and
~d! R5420 nm. The spectra were calculated f
crystals with different volume fraction~f!. For
clarity, all spectra were smoothed using a Four
filter (;0.1 nm21).
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thickness 200mm, ns51.450) and six layers of Ag sphere
immersed in water acting as host (nh51.330). The resulting
spectra display many narrow resonances due to interfer
between the dielectric slab and crystal interfaces. For cla
Fourier smoothing was applied on all spectra.24 Figure 5
shows calculated specular reflectivity at normal incidence
the ~111!-crystallographic plane of six-layer-thick fcc crys
tals with different volume fractions and different sphere siz
in water behind a glass wall. We want to emphasize that
to the coupling of evanescent waves on the crystal sur
and propagating waves in the dielectric slab, the reflectiv
spectra differ from spectra obtained from a free stand
crystal.25 The resulting theoretical reflectivity spectra~Fig. 5!
are not very sensitive to the volume fractionf. Some genera
features remain almost unchanged in a large region of
50.55– 0.74. By comparing Figs. 3 and 5 we find that
main features of the experimental spectra are reproduce
the theoretical calculations of the spectra in the~111! direc-
tion, while there was no correspondence with the spectr
the ~100! direction ~not shown!. For example, Fig. 5~a! fea-
tures a broad maximum centered around 600 nm, which
experimentally observed@Fig. 3~a!#. In Fig. 5~b! we can
identify an initial relatively flat region, a minimum aroun
500 nm, and a subsequent up-turn at longer wavelength
Figs. 5~c! and 5~d!, we can identify a broad maximum, whic
was also observed in the amorphous samples@Figs. 3~c! and
3~d!#. The position of the peak roughly scales withR as in
the experimental spectra~Fig. 4!. At long wavelengths, the
behavior also compares well with the experimental spec

The origin of the features in the optical spectra is diffic
to identify exactly, but they are associated with the high
order stop band in the~111! direction. From the photonic
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band structure calculations~data not shown!, for certain pa-
rameters a PBG is expected in the far infrared region. I
also evident that the observed peaks in the reflectivity do
result from the same order stop band. The strong anal
between reflectivity spectra of ordered and disordered me
lodielectric PCs, evident from our results, warrants furth
research to explore the similarities between amorphous s
conductors and metallodielectric photonic glasses. For
stance, it would be very important to investigate both the
retically and experimentally if the strong modulation in th
density of states present in the crystal can also be foun
the glasses. A PBG in a metallodielectric PC has been sh
to persist for a variety of refractive indices of the ambie
which fills the space between metallic particles.2

IV. CONCLUSIONS

In conclusion, we have studied the optical properties
metallodielectric photonic glasses of colloidal silver partic
in water. These samples display bright colors, observable
the naked eye, when illuminated with white light. We dem
onstrated experimentally the presence of a strongly mo
lated specular reflectivity in the visible for these photon
glasses despite the presence of short-range order only.
general features in the experimental spectra are surprisi
in qualitative agreement with the reflectivity spectra calc
lated for ~111!-oriented fcc crystals. Our findings sugge
that some metallophotonic applications might be perform
more cheaply and easily with amorphous metallodielec
materials.
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