ADVANCED

2.0 mmol), and a mixture of deionized water (degassed, 3 ml) and
methanol (12 ml) were added to a 50 ml round-bottom flask with a
stir bar. The macromonomer OEGMA (8 g, 16.7 mmol) was added
and the dark red solution was bubbled with nitrogen for 30 min. The
mixture was transferred by a syringe to the funnel and purged with
nitrogen for 5 min. Polymerization was initiated by adding the mix-
ture into the flask and was continued for a specified time (10—
720 min) under nitrogen purge. The samples were pulled out of the
solution to stop the polymerization, rinsed with methanol, and dried
under flowing nitrogen.

Ellipsometry: Film thickness was measured on a M-88 spectroscopic
ellipsometer (J. A. Woollam Co., Inc) at angles of 65°, 70°, and 75°
and wavelengths from 400 nm to 800 nm. Ellipsometric data were
fitted for thickness of SAMs and poly(OEGMA) film with fixed (A,,
B,) values of (1.45,0.01), and (1.46, 0.01), respectively using a Cauchy
layer model [9]. The ellipsometric thickness for each sample was inde-
pendently measured at three different locations and is reported as the
average *standard deviation (sd).
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Engineered Planar Defects Embedded
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Photonic crystals (PCs) are materials exhibiting a periodic
modulation in the refractive index that has the effect of open-
ing forbidden energy ranges, known as gaps.[l‘zl Consequently,
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photons of energy within this gap cannot propagate through
the crystal. The use of artificial opals as photonic crystals has
been stimulated because they are a cheap and easy alternative
to the more sophisticated PCs fabricated by lithography or
holographic lithography.[sl The methods for opal synthesis are
based on the natural tendency of microspherical colloids (e.g.,
silica, polystyrene (PS), poly(methyl methacrylate) (PMMA))
to self-assemble in an ordered face-centered-cubic (fcc) struc-
ture. One of the most commonly used is the vertical deposi-
tion method!¥ that produces samples exhibiting large ordered
areas (on the order of square centimeters). Although these
structures exhibit interesting optical properties by them-
selves,! they can be used as a starting point for the prepara-
tion of more sophisticated systems, allowing the modification
of their optical properties almost at will. For example, by void
infiltration with a high-refractive-index material, PCs with full
photonic bandgaps (PBGs) in the near-infrared (NIR) and
visible range can be produced.®”! Recent work has shown that
“band engineering” is possible by infiltration of different ma-
terials in a multilayered way.[&g] Silica and PS spheres contain-
ing a metallic or magnetic core can be synthesized, allowing
coupling of the metallic and/or magnetic properties with the
photonic ones. 111 Using patterned surfaces as substrates, the
fabrication of prisms!'? and microfibers!"*! made of PCs is pos-
sible. Another methodology is the introduction of controlled
defects in colloidal crystals by use of two-photon polymeriza-
tion" or laser microannealing.” By combining spheres of
two different sizes, ordered superlattices“ﬁl or structures con-
taining planar defects!'”! have recently been obtained.

In this paper, we present an innovative method that allows
the fabrication of opal slab heterostructures incorporating en-
gineered planar defects. The method is based on a multi-step
process that combines the ability to grow high-quality, con-
trolled-thickness opals by convective colloidal self-assembly!!
and oxide infiltration by chemical vapor deposition (CVD)
(Fig. 1). The method allows precise control over the parame-
ters that determine the optical properties of these systems,
permitting their tuning. Experimental evidence of the feasibil-

a0
b:o!.:#

Figure 1. Diagram of the method: Planar defects in the studied opals
were created using a six-step process: 1) Growth of a thin film PS opal by
convective assembly; 2) CVD Infiltration of the PS matrix; 3) growth of a
silica film of desired thickness by CVD; 4) growth of a new opal crystal as
in step 1; 5) full infiltration of the new (bare) opal; 6) removal of the poly-
mer matrix by calcination.
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ity of the method, as well as the optical properties of the fabri-
cated structures, is presented. As will be shown, this method is
of relevance in the field of PCs since it constitutes a cheap
and straightforward way of fabricating devices based on opals.

Silica (SiO,) was chosen as the most suitable material for
infiltration because it is one of the most important materials
used in optical communications technology. Additionally, it
has been studied for years and its physical and chemical prop-
erties are well characterized."®! It can serve as a host for rare
earth luminescent ions."! Furthermore, it is transparent in the
visible and NIR range, and inert at ambient conditions and
the high temperatures needed for the polymer matrix calcina-
tion (450°C) involved in the presented method. Until now,
silica infiltration of PS or PMMA opals has been performed
via sol—gel,[20’21] which presents two problematic issues: infil-
tration usually yields inhomogeneous samples, and in the gel
step the material usually expands causing cracks that limit the
domain size of the opal. We have used an alternative method
to infiltrate PS opals with SiO, (SiO,/PS opal), consisting of a
CVD technique working at room temperature and atmospher-
ic pressure, initially developed by Ozin and co-workers, to in-
crease the mechanical stability of SiO, opals.ml By controlling
some CVD parameters, such as time, gas flow rate, and num-
ber of cycles, high precision can be achieved in the filling frac-
tion. Figure 2a shows an inverse silica opal resulting from the
removal of the polymer matrix by calcination. The existence
of large domains is clearly evidenced and the only disorder

F

Figure 2. a) Silica inverse opal obtained by CVD after removing the PS
matrix. The SEM photograph shows the homogeneity of the sample
(scale bar 5 um). Inset: detail of the opal surface. It can be clearly seen
that it is made of hollow silica shells of uniform thickness. b) Silica film
grown on top of a silica inverse opal. The sample has been inverted to
enhance SEM contrast. c) Cleaved edge of the same sample. A uniform
film of 280 nm is clearly seen on the top of the sample. Scale bars in
(b,c) are 400 nm.

Adv. Mater. 2004, 16, No. 4, February 17



present in the sample originates from the template itself. Sili-
ca has grown covering the PS spheres homogeneously across
the whole sample both in terms of depth (more than thirty
layers) and width (on the order of square centimeters). The
silica film grows in a layered way, faithfully replicating the
sphere topography by forming a film of uniform thickness, as
can be seen in the inset of Figure 2a, where the corrugation of
the inverse opal surface is clearly appreciable.

The same CVD method is used to grow silica thin films on
top of fully infiltrated opals. The method is first tested on
clean substrates, finding that very flat and homogeneous thin
films are obtained. In order to determine the thickness depen-
dence of the silica film on growth parameters, different films
were grown on different substrates (glass, silicon, mica) by
changing the CVD working conditions. Profilometry measure-
ments, scanning electron microscopy (SEM), and reflectance
spectroscopy (not shown) were carried out to determine the
growth rate. It was found that, after the formation of a thin
coating (~10 nm) in the first stage, which is highly dependent
on the hydrophilic character of the substrate, the subsequent
growth of thicker films is substrate independent, and several
micrometers thick silica films with nanometer uncertainty can
be obtained. This fact allows the preparation of a thin silica
film of controlled thickness on top of a previously infiltrated
SiO,/PS opal. Figure 2b shows a SEM photograph of a
280 nm silica film covering an inverse silica opal. The sample
has been inverted by calcination to obtain more contrast in
the SEM images. Through a crack produced during the poly-
mer removal process, the inverse opal can be seen under the
flat film. By inspection of a cleaved edge (Fig. 2c) the unifor-
mity of the film thickness can be observed.

Deposition of a new thin-film opal of different PS sphere
size on top of a SiO,/PS composite has been carried out. This
additional growth leads to the formation of an opal slab het-
erostructure made of two PC stacks; the first located at the
bottom, corresponding to the initial SiO,/PS composite opal,
and a new PS bare opal grown on top. After infiltration of the
bare stack and further removal of the PS spheres, an inverse
silica heterostructure is achieved. The final heterostructure,
along with reflectance measurements obtained after every
step, is shown in Figure 3. In this system, the difference in
sphere sizes is great enough that the diffraction peaks asso-
ciated with each opal do not overlap. As was previously re-
ported,“G] in this situation the optical response of this hetero-
structure system is the sum of the individual systems. It is
important to notice that after the second opal has been grown,
the Bragg peak associated with the old one has slightly shifted
in wavelength. This can be accounted for by the change in the
surrounding medium.! The oscillations shown in the spectra
due to the finite thickness of the sample reveal a high quality,
also evidenced through SEM inspection (Fig. 3d). It can be
seen that a good interface between the two opals is obtained
due to the thin silica layer, which planarizes the surface before
regrowth.

By combining the two previously referred procedures, it is
possible to engineer designed planar defects inside a PC just
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Figure 3. a) Experimental reflectance spectra of an opal slab made of
500 nm PS spheres before (solid line) and after complete infiltration with
SiO, (dotted line). The Bragg peak is shifted to higher wavelengths (low-
er energies) as the mean refractive index increases. b) Reflectance spec-
tra after a second opal made of 700 nm spheres is grown (solid line) on
the top of the composite. Bragg peaks associated with both structures
can be observed, separated in wavelength due to the difference in sphere
size. After a new infiltration with silica (dotted line), a spectral shift ap-
pears only for the Bragg peak associated with the second (top) opal (no
further infiltration takes place for the buried one). ¢) When this structure
is calcinated, the spectrum shows two peaks corresponding to the two
individual silica inverse opals. d) SEM photograph of the final structure
(scale bar 3 um).

by creating a heterostructure made of two opal slabs of the
same sphere size separated by a flat and uniform silica sheet
of the desired thickness. It is well known that breaking the pe-
riodicity in a photonic crystal by the introduction of a defect
produces the appearance of localized states for photons within
the gap. The spectral position of the state depends both on the
nature (i.e., refractive index) and thickness of the defect, as
well as the characteristics of the surrounding PC. The first ex-
perimental evidence was produced by Yablonovich et al.,”!
who introduced point defects in a PC working in the micro-
wave range. Watson and co-workers®! introduced point de-
fects in colloidal suspensions working in the visible range. Re-
cently, some groups have proved the existence of localized
states in silica opals by changing the sphere size of one of the
planes.'’? We chose to break the lattice periodicity by insert-
ing a homogeneous sheet of material. Figure 4 shows the re-
flectance and transmission spectra of one such system, with a
planar defect made of a 460 nm silica film between two SiO,/
PS opals of 311 nm sphere size. A sharp resonance in the
Bragg peak associated with the defect state is apparent in
both the transmittance (7) and reflectance (R) at the same
spectral position. Comparing this peak with the defect-free

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Experimental reflectance and transmittance (dashed lines) of
a PC with a planar defect inserted. The heterostructure comprises two
SiO,/PS opals separated by a 460 nm silica film. The reflectance spec-
trum of the host opal has been included (solid line). b) SEM photograph
of a cleaved edge of the structure that has been inverted for clarity. A uni-
form silica film is clearly seen between the two opal slabs.

opal, a clear broadening is found. Similar behavior was pre-
viously presented in the literature.”* In the SEM photograph
(Fig. 4b), the silica film is clearly seen. The fact that the
growth takes place on a glass substrate prevents proper cleav-
age and spoils the fracture facet.

In order to study the spectral position dependence of the
defect state on film thickness, samples with fifteen layers of
311 nm PS spheres on both the top and bottom opal slabs
were prepared; the silica film thickness inserted between them
was varied. It is important that the two opal slabs confining
the silica sheet have the same number of layers in order to
match the spectral position and width of their respective
Bragg peaks,’! which will contribute to improve its perfor-
mance as a cavity. The thickness of the SiO, film was checked
using SEM images. The reflectance spectra (Fig. 5) show that
the expected resonance appears at the conduction band edge
and moves through the photonic gap (Bragg peak) to lower
energy as the defect thickness increases, until it reaches the
valence band when the silica film thickness is of the order of
the sphere size. In this system the planar defect gives rise to
an acceptor mode.”?% Such behavior was theoretically pre-
dicted® for a system similar to that used in this study, assum-
ing two photonic crystal slabs separated by a known variable
distance. If the film thickness is larger than the sphere size the
resonance re-enters at the high-energy side of the gap and the
process starts again. In Figure 5d the spectral position of a
1.045 a (where a is the lattice parameter) defect state has been
included. Its energy coincides with that expected for a 0.339a
defect. Without deeper modal analysis, it may be seen from
this result that the resonance energy is a phenomenon that de-
pends on the ratio of the slab thickness to the sphere size, and
indirectly, to the lattice parameter.

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.advmat.de

05

d,,=130nm a)
§0'5 d . =230nm b))
3 /\l/\,_v
EM d,=280nm

9
I

A

065 070 075 080 085 080

wavelength (um)
— 062 -
5 oy conduction band d)
5 058 —
T 056
0.54 4 valence band
02 04 06 08 10 12
d ja

Figure 5. Reflectance spectra of engineered defects in 311 nm SiO,/PS
opals. Silica film planar defects of a) 130 nm, b) 230 nm, and c) 280 nm
are embedded in the photonic crystal. Depending on the defect thickness
the dip position shifts through the gap, starting at low wavelengths (high
energies). d) Spectral position as a function of defect thickness. The
straight lines are guides to the eye.

To study the dependence of the resonance spectral position
on the PC lattice parameter, two samples with different
sphere size containing a 460 nm silica film were prepared.
Their respective reflectance spectra (Fig. 6) show that the po-
sition of the localized state relative to the centre of the Bragg
peak is different. This can be understood by expressing the re-

0.5
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d_,=500nm

absolute reflectance

o
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045 050 055 060 065 070
frequency (a's)

Figure 6. Reflectance spectra of a 460 nm engineered defect, embedded
in a) 311 nm and b) 500 nm sized sphere SiO,/PS opals. While for the
311 nm sphere opal the resonance appears close to the conduction band
edge, in the 500 nm sphere opal it is situated near the valence band.
c) Reflectance spectra of a 280 nm silica defect embedded in a 311 nm
sized sphere SiO,/PS opals. The scalability of the system is clearly seen
by realizing that the state position depends only on the defect thickness/
lattice parameter ratio (d/a).
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sults in units of the lattice parameter and keeping in mind that
the underlying theory is scalable. With that understanding,
two samples with different spheres size and different silica
film thickness but the same defect thickness/lattice parameter
ratio are compared, finding that the resonance position coin-
cides (Fig. 6).

The structures studied, although lacking a full PBG, could
nevertheless be used for conventional light guiding by total in-
ternal reflection. When operating at energies below the low-
frequency edge of the pseudo-gap, the inverse opals confining
the cavity behave as a medium with an effective refractive in-
dex smaller than that of pure silica, which constitutes the
guide, and thus allows total internal reflection. By changing
the material constituting the inverse opals that confine the
planar defect for materials with larger refractive indices (e.g.,
silicon or germanium), which would open a full PBG, the
quality factor of the cavity could be enhanced, allowing for a
better confinement of the photons at the defect. This would
improve the performance of the structures both as a cavity for
laser action and as a planar wave guide, in which light guiding
would take place by Bragg diffraction.

In summary, we have presented an easy-to-implement
method that allows the fabrication of a vast range of struc-
tures based on artificial opals, such as silica inverse opals and
opal slab heterostructures, presenting a very versatile optical
response. Through the combination of spheres of different
sizes and chemical nature (silica or PMMA), and by the selec-
tion of different materials with a higher refractive index more
complex structures with very interesting optical properties
can be built up. We have produced engineered planar defects
inside a PC that can act as photonic microcavities. We have
demonstrated the possibility of tuning the localized state spec-
tral position introduced by the defect changing its thickness as
well as the scalability of the problem.

Experimental

PS spheres have been synthesized by a surfactant-free emulsion
method [27]. Thin film opals were grown in a glass vial by the vertical
deposition method [4] using a suspension of 0.3 wt.-% of PS spheres
in water. A clean glass microscope slide, used as the substrate, was
placed vertically in the vial and left in the oven at 45 °C for 24 h.

Silica infiltration was performed following the CVD method pro-
posed in the literature [22]. The sample was placed in a home-made
glass reactor working at room temperature and atmospheric pressure.
Silicon tetrachloride (SiCly) and doubly distilled water (DDW) were
used as precursors. They were separately bubbled, starting with the
DDW, by a N, flow that carried the vapor phases to the reactor con-
taining the sample. The CVD process simply consists of the hydrolysis
of SiCly taking place on the surface [28] of the hydrophilic spheres
that have previously been wetted. SiO, coating can easily be con-
trolled by the N, flow rate and the exposure time used.

All reflectance and transmission spectra were acquired at incidence
normal to the (111) direction from regions about 400 um? in size in a
commercial Fourier transform infrared (FTIR) spectrophotometer
(Bruker IFS 66 with IRScope II). The optical spectra shown in this
study are raw spectra without any further data processing. The quality
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of the achieved structure in every step is checked through optical
measurements and SEM inspection.
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