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Theoretical and experimental studies of metal-infiltrated opals
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The optical properties of metal-infiltrated synthetic opals have been studied analytically, numerically, and
experimentally in the visible and infrared spectral ranges. A simple model of weakly interacting resonant
cavities is proposed to qualitatively understand the dispersion of electromagnetic waves in metallic photonic
crystals. In the approximation of an ideal metal infiltrated into opals this model is exact, and the frequencies of
the propagating modes in metallic opals are close to the eigenfrequencies of a single spherical resonator.
Photonic band structures based on the dispersion of a metal dielectric constant have been calculated numeri-
cally for several metals and show similarity with the ideal metal model. Reflectivity and transmission spectra
of thin-film metallic opals are calculated. Growth and saturation of the reflectivity spectra at low frequencies
are manifestations of the omnidirectional band gap. The sharpest minimum in the reflectivity and maximum in
the transmission spectra correspond to the position of the cutoff frequency. Silver- and copper-infiltrated opals
were fabricated and their reflectivity spectra were measured in the visible to mid-IR spectral range. These

spectra are in a good agreement with the theoretical calculations.
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I. INTRODUCTION

The idea underlying our studies of metallic photonic crys-
tals is to create a medium with metallic dc conductivity and,
at the same time, with transparency to electromagnetic (EM)
waves in a desired frequency range. In this work we report
on theoretical, numerical, and experimental studies of the
optical properties of opal photonic crystals infiltrated with
various metals.

Photonic spectra of a conducting metallic photonic crystal
(MPC) differs from a dielectric photonic crystal in a low-
frequency range. A dielectric crystal has a mode with a
wavelength larger than the period of the crystal d. The spec-
trum of this mode is similar to a regular light, w=ck/ ng,
where €,, is the average dielectric constant. This mode goes
down to zero frequency.

Photonic spectra of the MPCs have an important and in-
teresting feature, namely, a cutoff frequency w,.. For o< w,
there are no propagating EM modes."> The explanation for
this phenomenon is as follows. When the EM wavelength is
much larger than the period, d of the MPC, then the macro-
scopic dielectric constant €(w) is an averaged dielectric con-
stant of the metallic and dielectric constituents of the MPC.
Therefore e(w) has the form

ew)=(1-f)e;+ fiolw, (1)

where €, refers to the dielectric, o is the metal’s conductiv-
ity, and f is the volume-filling fraction of the metal. At small
w, € is imaginary and R=1, which means that no EM waves
can propagate in the MPC at such frequencies.

In this model we represent the MPC as a homogenious
metal with the density of electrons fn, where n is the density
in the metal. It is obvious that the cutoff frequency in this
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model is w,.= /J_‘wl,, where w, is the plasma frequency of a
metal.

However, taking into account a real structure of MPC, one
can find the whole spectrum of the EM modes below this
frequency. Their fields have a form of the Bloch functions
and their propagation becomes possible because the distribu-
tion of electric field in the elementary cell is such that the
field is small at the surfaces of the metallic constituents.
However such a modulation increases the EM frequency so
that the spectrum still has a cutoff frequency of the order of
w,~2mc/ \/e_dd."2

Consequently, w, is determined by the lattice constant of
the crystal and for MPCs with period of the order of milli-
meters, o, is in the gigahertz range. To fabricate a MPC
capable of operating in the visible spectral range, one should
have a lattice constant of ~0.25 um.>”’

One of the most promising three-dimensional metallic
photonic crystal structures with such a small period are
metal-infiltrated opals (MIOs).> Opal is a close-packed fcc
photonic crystal formed by silica balls with a diameter D
between 250 and 1500 nm.®~!% The volume fraction of the
empty pores in a bare, uninfiltrated opal is =26%. The struc-
ture of a bare opal photonic crystal and the dispersion of EM
waves are shown in Fig. 1. One can see a low-energy mode
typical for a dielectric photonic crystal.

The first computational study of opal replica (where the
silica balls were substituted by silver) was made by Moroz.!!
The first optical studies of reflectivity in MIO were com-
pleted on Bi infiltrated opals,'? followed by Ga MIO.!? Re-
cently, tungsten inverse opals were experimentally studied.'*
The EM dispersion relations of uniaxial crystals consisting
of metallic wires can be studied analytically.”!> However the
opal geometry is so much more complicated that only nu-
merical computations are possible; these are performed here
using a commercial software package.'®
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FIG. 1. Photonic band structure of a bare opal. The opal struc-
ture is shown in the inset.

The paper is organized as follows. In Sec. II we discuss
the computational results of photonic band structures, as well
as reflectivity and transmission spectra. Section III describes
the sample preparation and experimental results.

II. THEORETICAL STUDIES OF METAL-INFILTRATED
OPALS

A. Photonic spectra of MIOs

We start our studies with the simplest case of opal infil-
trated by an “ideal” metal. In this approximation the metal in
the frequency range of interest is described by a dielectric
constant with a large negative real part and small imaginary
part. We also assume that the infiltration factor p is close to
1, which means that all empty pores of the opal are com-
pletely filled by the metal; consequently, the volume-filling
fraction of the metal f=0.26. In this case we may neglect the
frequency dispersion of the metallic dielectric constant be-
cause the EM fields do not penetrate into the metal. The
resulting EM dispersion curves are shown in Fig. 2(a). They
have a simple quantitative interpretation and may serve as a
reference point for interpreting EM band structures in the
case of real metal infiltration. An ideal MIO system can be
considered as a periodic array of spherical cavities filled by
silica and covered by a metal. Since the quality of the metal
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FIG. 2. Photonic band structure of MIO: (a) ideal metal approxi-
mation, (b) Ag-infiltrated opal with p=1 and D=285 nm. Here d
=D\/§, where D is the silica ball diameter.
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TABLE 1. Comparison of the eigenfrequencies of a spherical
resonator surrounded by an ideal metal with the frequencies of the
propagating modes in MIO.

Resonator (wd/21c) Opal (wd/2mc)

0.88 0.88
1.24 1.23
1.43 1.42

is good, each cavity represents a high-quality resonator. In
this case the fields are mostly localized inside the cavities
and the interaction between cavities is very weak. Therefore
the dispersion of the propagating EM modes is negligible
and their frequencies almost coincide with the eigenfrequen-
cies of a single ideal spherical cavity filled with silica. The
lowest eigenfrequency of such a cavity is w.~5.48¢/ \/e_dD,
where €, is a dielectric constant of silica.!” This mode is
threefold degenerate since it corresponds to the angular mo-
mentum /=1. The next mode w%7.78c/\/6_dD is fivefold de-
generate (/=2). In MIO with a real metal this degeneracy is
lifted due to interaction with neighboring cavities.

Our computation shown in Fig. 2(a) confirms the validity
of such a simple approach (note that d =D\E). The compari-
son between the eigenfrequencies of a single resonator and
the EM modes in MIO with an ideal metal is presented in
Table I.

Computations of photonic band structures for opals infil-
trated with real metals are more complicated because of the
frequency dispersion of the dielectric constant, which has
been taken from the literature for bulk measurements.'® The
problem is that the standard finite element eigenvalue solvers
require specification of material parameters, such as € and u,
as an input. In general, the eigenfrequencies obtained using
this procedure do not correspond to the initially chosen ma-
terial parameters, and thus modification of the standard algo-
rithm is required. A simple iterative procedure that we used
here provides solutions with a good convergence and stabil-
ity. This happens because the dielectric constants of the met-
als considered here are smooth functions of frequency in the
spectral range of interest. In principle, we have a nonlinear
eigenvalue problem, where extra solutions are possible and
bifurcations might prevent a smooth convergence.

Figure 2(b) demonstrates the photonic band structure of
Ag infiltrated opal with p=1 and D=285 nm. The EM dis-
persion is larger than in the case of an “ideal” metal, but is
still small. The resonator eigenfrequencies are lower for
larger diameter silica spheres; metal at such frequencies is
closer to being perfect. Therefore the EM dispersion de-
creases with increasing D (see Fig. 3). The specific proper-
ties of opal infiltrated with a good metal is that it has very
narrow bands with small group velocity. The fields are
mostly concentrated in the silica cavities. Table II summa-
rizes the results obtained for different MIOs.

B. Reflectivity and transmission spectra of MIO

Reflectivity R(w) and transmission T(w) spectra of thin
films of MIO were calculated for silver and lead. We consid-
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FIG. 3. (Color online) Photonic band structure of Ag MIO with
p=1, D=285 nm (three lowest curves) and D=550 nm (three upper
curves).

ered a monochromatic plane wave at normal incidence with
respect to the MIO crystals, which are cut perpendicular to
(100) direction. Figure 4 shows R and T spectra for five-layer
silver- and three-layer lead-infiltrated opals, respectively,
with p=1 and D=285 nm. The main feature in R(w) is the
growth and saturation at long wavelength, which is due to
the low-frequency gap in the photonic spectra of MIOs. The
first minimum in R(w) and maximum in 7(w) appear because
of the existence of propagating EM modes above the cutoff
frequency. In fact, the MIO samples that were prepared and
studied experimentally (Sec. IIT) are cut perpendicular to
(111) rather than (100) direction. Nevertheless, the fre-
quency region of the propagating EM modes is so narrow
that the first minima in reflectivity should be isotropic. The
vertical lines in Fig. 4 show positions of wr and wy from the
photonic band structures listed in Table II. The low transmis-
sion of Pb MIO is explained by a very small group velocity
(see Aw in Table II) and high absorption of the propagating
EM modes because of the large imaginary part of Pb dielec-
tric constant.

To compare the computational results with the experimen-
tal reflectivity spectra we took into account that the actual
opal samples do not have p=1 (see details in Sec. III). There-
fore the following computational model for the actual MIOs
was created. We started with a close-packed fcc lattice of 285
nm silica spheres and increased D while keeping fixed the
lattice constant. This procedure was designed to create the
sphere overlap, while at the same time the volume fraction of
the pores decreases. The diameter was chosen in such a way
that the volume fraction of the pores decreased to =16%,

TABLE II. Parameters of the spectra of MIO for various metals
and silica ball diameters, where wy- is the cutoff frequency and wy is
the frequency of the third lowest mode in the X point, Aw=wy
—r.

Metal and sphere diameter (nm) | wrd/27c | wyd/2mc | Aw/ o
Ideal Metal 0.88 0.88 0
W, D=285 0.87 0.88 0.01
In, D=285 0.65 0.69 0.06
Ag, D=550 0.75 0.80 0.07
Pb, D=285 0.71 0.76 0.07
Ag, D=285 0.6 0.71 0.18
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FIG. 4. (Color online) Calculated reflectivity and transmission
spectra of (a) five-layer Ag- and (b) three-layer Pb-infiltrated opals
with p=1, D=285 nm, and (c) five-layer Ag-infiltrated opal with
the volume fraction of metal 16% (see detailed description in Sec.
I B).

whereas the pores were filled by metal (the volume fraction
of metal in this system corresponds to an opal with p=0.6).
Reflectivity and transmission spectra of this model when
filled with Ag are shown in Fig. 4(c). Since this MIO has less
metal compared to opal with p=1, the cutoff frequency is
lower and the dispersion of the propagating bands is larger.
These qualitative results follow from the model of spherical
cavities considered above. Consequently, the first minimum
in R(w) [Fig. 4(c)] occurs at a larger wavelength compared to
that in Fig. 4(a).

III. OPTICAL STUDIES OF METAL-INFILTRATED OPALS

We have fabricated 3D MIOs that consist of infiltrated
metals into porous synthetic opal photonic crystals. Two dif-
ferent metals were chosen for the opal infiltration: silver and
copper, both having typical metallic properties. The specular
reflectivity of the infiltrated and uninfiltrated opals, as well
as the pure metals was subsequently measured in a broad
spectral range from 0.3 to 25 wm using several combinations
of light sources, detectors, and spectrometers. We found that
the optical reflectivity spectra of the MIO samples dramati-
cally decrease in the visible/NIR spectral range, recuperating
in the mid-IR range below a cutoff frequency. In addition,
some of the MIO samples showed relatively bright iridescent
colors caused by a broad Bragg stop band in the visible range
that was formed because of the enhanced optical penetration
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depth in the composites, compared to the skin depth of the
pure metals.

A. MIO fabrication

Opal photonic crystals as templates for the metal infiltra-
tion were grown by sedimentation of 245, 285, and 550 nm
diameter silica balls, respectively in aqueous solutions. The
resulting synthetic opals consisted of microcrystals with
characteristic size of tens of microns and a preferable vertical
orientation along the (111) crystallographic direction.

Silver and copper were introduced into the bare opal ma-
trix by the chemical bath deposition method.'® First, the in-
terconnected pore sublattice in the opal samples was impreg-
nated by saturated aqueous solutions of AgNO; or
Cu(NO;),. The samples were dried and the salts were re-
duced by hydrogen. The rate of the hydrogen flow was about
1 sccm (cubic centimeter per minute), and the reduction pro-
cess temperature was 400°C for both metals. We repeated
this procedure periodically to increase the infiltration factor
of the opal pores.

The infiltration factor that was controlled by the gravimet-
ric technique was found to be p=0.6£0.05 for both metals.
The results of the gravimetric measurements are reasonable
because these metals have much larger densities (Ag,
10.5 g/cm®;, Cu, 8.9 g/cm?®) compared to bare opals
(1.3 g/cm?®), and this reduces the uncertainties in determin-
ing p.

The resulting MIO samples were approximately
5X5X1 mm? with the flat surface area perpendicular to
(111). The surface of the metal-infiltrated opals were me-
chanically polished prior to the optical-reflectivity measure-
ments. For the polishing we used a diamond powder with
grain size of <1 mm. This process does not break any indi-
vidual silica balls; instead it pulls them off the MIO surface
as a whole. We note that the polished surface coincides with
the (111) planes in the fcc structure that is, in fact, perpen-
dicular to the direction of the opal growth. This is the reason
that it was possible to remove the silica balls from the MIO
surface, layer by layer, while creating very few defects. Fol-
lowing the polishing process the MIO samples were checked
by scanning electron microscope (SEM), and the best
samples were used for the optical measurements.

The obtained MIOs were electrically conductive, showing
network topology. We performed additional estimates of the
metal-filling factor by several techniques, including measure-
ment of the average density, and also reversing the infiltra-
tion by dissolving the metal. We found that the infiltration
factor p for Ag and Cu MIOs was 0.6+0.1, in good agree-
ment with p obtained from the gravimetric measurements.

B. Optical measurements

The specular reflectivity R(w) from 0.3 to 4.1 um was
measured for the MIOs, metallic films, and uninfiltrated opal
samples using a homemade spectrometer. The spectrometer
consists of various incandescent light sources (tungsten-
halogen and glow-bar lamps), solid-state detectors
(enhanced-UV Si, Ge, and InSb), and a 0.3-meter monochro-
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FIG. 5. (Color online) Reflectivity spectra of the fabricated
MIOs and metallic films: (a) Ag, D=550 nm, p=0.6; (b) Ag, D
=285 nm, p=0.6; (c) Cu, D=245 nm, p=0.6; (d) Ag, D=245 nm,
p=0.6; (e) Ag 200 nm film; and (f) Cu 200 nm film.

mator (Action Research Corporation) that was equipped with
several gratings in order to span the required broad spectral
range. The measured R(w) spectra were also compared to
R(w) obtained using a Fourier transform infrared spectrom-
eter in the mid-IR spectral range of 2—-25 um by normalizing
the spectra at the overlapping spectral range. The incident
light beam was directed to be about 13° with respect to the
surface normal. The obtained R(w) spectra were normalized
by that of a gold-plated mirror measured under the same
conditions at the respective spectral ranges. The MIO
samples were kept at ambient during the measurements.

A comparison with reflectivity spectra measured using an
integrating sphere was also done. The integrating sphere
measures the specular as well as the diffused reflectivity. We
conclude that for the measured MIO samples using the
homemade spectrometer, about half of the light intensity is
lost due to diffused reflectivity. Therefore the limiting reflec-
tivity value of 50% at long wavelengths (see Fig. 5) is actu-
ally very close to 100% if the diffused reflectivity were col-
lected.

Figure 5 shows the reflectivity spectra of four MIO
samples, Ag infiltrated in opals of various silica ball diam-
eters, and Cu infiltrated into opal of 245 nm ball diameter.
The R(w) of all four samples is small in the visible spectral
range, showing that the EM radiation may, indeed, penetrate
into the MIOs at these short wavelengths. R(w) increases at
long wavelengths for all four MIO samples with a threshold
at a cutoff wavelength A.. A, for the three MIO samples with
the smaller diameter is about the same at =700 nm; although
A, for the smallest silica ball opal is the shortest. For the 550
nm diameter MIO A\, is about 1300 nm. This agrees well with
the ratio between the silica ball diameters of the various MIO
samples. We get \.,/\.,~D,/D;~1.9, where \_,(\.,) is
\. for the MIO with the big D, (small D,) silica ball diam-
eter; this is in good agreement with the simple model pre-
sented in the introduction. In conclusion, R(w) general ap-
pearance and cutoff wavelengths are in very good agreement
with the calculated spectra presented in Fig. 4(c).

IV. SUMMARY

In summary, we have shown that the optical properties of
synthetic opal photonic crystals infiltrated with metals can be
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qualitatively understood using a simple model of weakly in-
teracting spherical resonators. Photonic band structures for
opals infiltrated with Ag, W, In, and Pb have been calculated
where the dielectric constant dispersion of the metal was
taken into account. The propagating EM bands are narrow,
and for a good metal they are separated by the omnidirec-
tional band gaps. Reflectivity and transmission spectra for
thin-film MIO were calculated for Ag- and Pb-infiltrated
opals. Opal samples were fabricated and infiltrated by Ag
and Cu using the chemical-bath deposition method. Reflec-
tivity spectra were measured in the visible and mid-IR spec-
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tral range and were found to be in a good agreement with the
computational results.
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