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Three-dimensional photonic bandgap structures have been synthesized by a colloidal/sol–gel route, start-
ing with the self-organization of polystyrene microspheres into opal structures by vertical convective
self-assembly, followed by sol–gel infiltration of the interstices with silica or titania doped with Er3+

and Yb3+ ions and the removal of the polymeric template by heat treatment. The structural and optical
properties of the opals and inverse opals prepared by this method have been studied by scanning electron
microscopy and near infra-red spectroscopy. The SEM images show that the photonic crystals contain
ordered domains up to �600 lm2. Variable incidence reflectivity spectra have been measured for the
opals, infiltrated opals and inverse opals. The corresponding effective refractive indices (neff) were calcu-
lated based on effective-medium approaches. Photoluminescence measurements of the emission of Er3+

ions at �1.5 lm from titania inverse opal structures were performed and are compared with those char-
acteristic of the same ions in bulk titania material in the absence of a photonic bandgap structure.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction costs and being more compatible with very large scale integration
In recent years, photonic crystals (PCs) have been attracting
much interest due to their unique properties, such as the existence
of photonic bandgaps (PBGs), the appearance of localized states of
light when a defect is introduced in the otherwise regular lattice
and the suppression or enhancement of non-linear effects. PCs
are artificial composite materials characterized by a periodicity
in the dielectric constant, where light within a certain frequency
range cannot propagate. If the PC is periodic on a scale of a few
hundreds of nm, then a certain range of frequencies in the visible
or near infra-red range will be completely reflected, due to the
Bragg reflection [1] rather than the Fresnel reflection. The forbid-
den frequency range is called a stop band [2,3]. Great effort has
been directed towards the development of materials with com-
plete photonic band gaps, particularly in the visible range [4–6].

Traditionally, two approaches have been used to fabricate pho-
tonic crystals: nanolithography (the top–down approach) [7,8] and
self-assembly of colloidal spheres (a bottom–up approach) [9–12].
Colloidal PCs, also known as artificial opals, seem the most likely
candidates for 3-D PCs. Self-assembly techniques have many po-
tential advantages in opal fabrication, offering significantly lower
ll rights reserved.

: +351 218418132.
a).
technologies than conventional lithographic techniques. The main
disadvantage, common to all the methods involved in opal and in-
verse opal fabrication up to now, is the presence of a relatively
large number of structural defects, which are inherent to the syn-
thesis mechanism of the opals and can be copied to the inverse
structures, largely restricting their possible applications.

The photoluminescence (PL) of Er3+ ions at �1.5 lm is very
important for laser action and for amplification in the third window
of present day telecommunications and rare-earth PL inside PC’s
may exhibit interesting unusual characteristics [13]. In addiction,
Yb3+ ions have a much larger absorption cross-section near
975 nm than Er3+ ions, such that Yb3+ can act as a sensitizer for
the Er3+ emission near �1.5 lm, through Forster energy transfer.
Such energy transfer phenomena may be enhanced in PC structures
[13,14]. The present work includes PL results in Er3+/Yb3+ doped in-
verse opals which show enhancement of Er3+ emission from the PCs
and Yb3+ ? Er3+ energy transfer within the PC structures.

2. Experimental

2.1. Fabrication of opal structures

Monodisperse polystyrene (PS) spheres with a nominal diameter
(D) of 460 nm, as a 10 wt% dispersion in water, were purchased
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from Aldrich. Upon dilution, 0.1 wt% PS suspensions were prepared
in deionised water and dispersed by sonication for 20 min. Micro-
scope slides cut in half (7.5 cm � 1 cm) were used as substrates.
Vertical convective self-assembly deposition was achieved with
each substrate placed vertically in a vial containing the colloidal
suspension, in an oven at 50 �C. The colloidal crystal was then dried
for 10 min at 50 �C. The final product was a compact of spheres with
several tens of planes. Further details can be found in Ref. [12].
2.2. Fabrication of inverse opal structures

The PS colloidal crystals were used as templates for fabricating
silica and titania inverse opal structures. The SiO2 and TiO2 sols
were prepared by sol–gel processing; in the case of doped titania
infiltrated and inverse opals, the dopant concentrations added to
the TiO2 sol were between 0.25% and 1% Er3+ and 1–2.5% Yb3+. Fur-
ther details can be found in Ref. [12]. The voids in the self-assem-
bled PS opal templates were infiltrated with silica or titania
precursors via sol–gel dip-coating. The substrate covered by the
template was lowered into the precursor solution and then with-
drawn at a low speed (�2 cm min�1), while the silica or titania sols
penetrated the voids of the PS colloidal crystal by capillary forces.
Finally, the PS template was removed by heat treatment as the
samples were slowly heated to 450 �C (@ 0.5 �C min�1) and left
at this temperature for 30 min; some were further heated to
900 �C and left at this temperature for 15 min. The PS spheres
decomposed, leaving air spheres in a dielectric matrix inverse opal.
2.3. Characterization

A Hitachi S-2400 scanning electron microscope (SEM) was used
to study the structures of the PCs prepared, in the secondary elec-
tron mode. Optical transmission and reflection spectra in the visi-
Fig. 1. SEM micrographs of 460 nm PS sphere-derived PCs made by convective self-assem
consisting of air spheres in a silica matrix.
ble and infra-red regions were measured at room temperature,
with a Fourier Transform infrared (FTIR) Thermo Nicolet 5700
spectrometer, equipped with a quartz beamsplitter, a DTGS detec-
tor and a white light source, at a resolution of 4 cm�1.

Unpolarized Raman spectra excited with the 514.5 nm line of a
Spectra-Physics 2016 Argon ion laser, were collected with a Spex
1403 double monochromator and detected with a photomultiplier
tube.

PL spectroscopy in the region of the 4I13/2 ?
4I15/2 transition of

Er3+ was excited with the 514.5 nm line of an Argon ion laser, or
the 980 nm emission from a titanium:sapphire laser. The lumines-
cence was dispersed by a 320 mm single-grating monochromator,
with a resolution adjusted in each case. The light was detected
with a NIR photomultiplier tube and standard lock-in technique.
3. Results and discussion

3.1. SEM characterization of opal and inverse opal structures

The opals, sol–gel infiltrated opals and inverse opals exhibited
iridescence, easily observed with the naked eye, due to scattering
and Bragg light reflection.

Fig. 1a shows a typical SEM image of a PS opal obtained by con-
vective self-assembly synthesis, which exhibits fcc structure with
the [111] direction normal to the sample surface. The infiltration
of the sol–gel precursor did not significantly alter the fcc arrange-
ment of the PS opal template, although some PS sphere shrinkage
did occur (linear contraction of �10% from initial sphere diameter)
due to the mild heat treatment at this stage (10 min at 50 �C). The
silica inverse opal structure was found to replicate the PS opal tem-
plate, with a linear contraction of�20% in the diameter of the voids
created by the PS sphere heat removal (Fig. 1b and c). Similar re-
sults were obtained for titania inverse opals.
bly from a 0.1 wt% suspension in water: (a) PS opal; (b) and (c) silica inverse opal,
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Fig. 2. (a) Normalized optical reflectivity at different angles of incidence of an opal structure made by convective self-assembly of a 0.1 wt% suspension of 460 nm PS spheres
in water (the incidence angle increased from 10� to 50�, in steps of 10�, from right to left); (b) plot of k2

c vs. sin2h.

Table 1
Comparison between measured and calculated effective refractive indices of photonic crystals.

eeff ¼ e1ð
2e1 þ e2 þ 2f ðe2 � e1Þ
2e1 þ e2 � f ðe2 � e1Þ

Þ ðn2
eff � 1Þ=ðn2

eff þ 2Þ ¼ ð1� f Þðn2
2 � 1Þ=ðn2

2 þ 2Þ
þf ðn2

1 � 1Þ=ðn2
1 þ 2Þ

neff ¼ fn1 þ ð1� f Þn2 n2
eff ¼ fn2

1 þ ð1� f Þn2
2

nmeas
eff ncalc

eff

PS opal 1.33 1.19 1.41 1.44 1.46
PS opal + TiO2(infiltrated) 1.36 1.31 1.68 1.70 1.71
PS opal + SiO2(infiltrated) 1.51 1.24 1.55 1.55 1.56
TiO2 – inverse opal 1.10 1.11 1.20 1.26 1.33
SiO2 – inverse opal 1.01 1.05 1.11 1.12 1.13
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Fig. 3. Raman spectrum of titania inverse opal, heat treated at 900 �C for 15 min.
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3.2. Photonic properties of opal structures

Fig. 2a shows experimental angle resolved reflectance spectra of
a PS opal, with sphere diameters of 460 nm. The height of the
reflectivity peaks (the measured reflectance reached up to �50%
relatively to an aluminum mirror background) depends on the
thickness and the quality of the opal crystal.

For near-normal incidence (10� off-normal), the [111] Bragg
reflection peaks were observed near 1032 nm for the PS opal
(Fig. 2a). The centre frequency of the stop band (kc) depends on
the interplanar spacing between the scattering planes, d, on the
filling fraction of the high index material, f and on the magnitude
of the refractive index contrast between the materials which form
the PC structure. The PS stop band positions (kc) show a clear blue
shift with increasing off-normal incidence angle, expressed by a
modification of Bragg’s law which takes into account Snell’s law
of refraction, valid in the optical regime [15]:

kc ¼ 2d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

eff � sin2
q

h; ð1Þ
where h is the angle between the incident radiation and the normal
to the set of planes and neff is the effective refractive index of the PC
composite. Experimentally, d and neff may be determined by mea-
suring the position of the reflectance maximum at different angles
of incidence and plotting k2

c versus sin2h, as shown in Fig. 2b for
the PS opal. If the Bragg diffraction conditions are satisfied, a
straight line will result with a slope �(2d)2 and y-axis intercept
(2d neff)2. Since the Bragg reflections occur from the (111) planes
(parallel to the substrate), which are the most densely packed in
the fcc arrangement, the interplanar spacing dhkl ¼ affiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2þk2þl2
p yields

dð1 1 1Þ ¼ affiffi
3
p , where a ¼ 2Dffiffi

2
p and thus D ¼

ffiffi
3
2

q
d, D being the sphere

diameter of the colloidal PC. From the slopes of the above plots, a
D value of 470 nm was obtained for the PS opal, in excellent agree-
ment with the nominal value (D = 470 nm).

The intercepts yielded nmeas
eff values of 1.33 and 1.17, for the PS

and silica opals, respectively. Table 1 lists, for several examples
of opal, infiltrated opal and inverse opal crystals, a comparison of
the measured effective refractive index (neff) with those calculated
(ncalc

eff ) based on different effective-medium approaches. The Max-
well–Garnett and the Lorentz–Lorenz approximations, both based
on the Clausius–Mossotti equation, are the most widely used for
calculating the bulk dielectric properties of inhomogeneous mate-
rials, but other expressions have been proposed for the effective
permittivity (eeff ¼ n2

eff ) of a composite medium [16]. The simplest
ones are the mixing rules, based on n or e additivity, for example:

eeff ¼ f e1 þ ð1� f Þe2; ð2Þ

where f takes the value 0.74 for fcc packing, as in the case of PS opal;
e1 represents the PS or the silica relative dielectric constant (ePS;d ¼
2:53; eSiO2 ;d ¼ 2:10) and e2 the air dielectric constant (eair;d ¼ 1),
where d refers to the helium yellow line at 587.6 nm. Discrepancies
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Fig. 4. Room temperature Er3+ PL spectra of PC structures doped with 0.75% Er and
2.5% Yb: (a) titania infiltrated PS opal vs. titania inverse opal; (b) titania inverse opal
vs. doped titania film.
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between the measured and calculated neff values are not surprising,
due to disorder in the PCs and also to the fact that the effective-med-
ium approach is expected to hold only when the PC lattice parameter
(�0.5 lm) is well below the wavelength of light (�1 lm), which is
not the case.

3.3. Photonic properties of inverse opal structures

The reflection spectra of silica and titania inverse opal struc-
tures have been measured, but are not shown here due to space
limitations. The [111] Bragg reflection can be observed near 870
and 940 nm, respectively, for near-normal incidence condition
(10� off-normal). From the slopes of the plots of k2

c vs. sin2h, neff val-
ues of 1.01 and 1.10 were obtained for silica and titania inverse
opals, respectively, in reasonable agreement with calculated values
(Table 1).

3.4. Raman and PL spectra of Er3+/Yb3+-doped inverse opal structures

Fig. 3 shows a typical unpolarized Raman spectrum of a titania
inverse opal heat treated at 900 �C. All the peaks marked with A are
characteristic of the anatase phase of TiO2.
Fig. 4a shows the 4I13/2 ?
4I15/2 PL spectra of Er/Yb-doped titania

infiltrated and inverse opal structures, upon excitation at 980 nm.
No Er3+ PL was observed from the infiltrated opal, probably due to
quenching from residual OH groups not removed at 50 �C. The PL
from the inverse opal had a narrow bandwidth (�10 nm), but tita-
nia was still amorphous after heated at 450 �C, as verified by Ra-
man spectroscopy. The spectra excited at 514.5 nm were much
weaker (thus noisier) and required a broader slit width, thus the
larger bandwidth of �25 nm (Fig. 4b). This fact indicates that the
signal at 980 nm was stronger, probably due to Yb3+ ? Er3+ energy
transfer. The film had a weaker PL signal than the titania photonic
crystal; this could be due to PL enhancement in the PC, but further
confirmation will be needed.
4. Conclusions

Sol–gel processing is a simple, inexpensive method for the prep-
aration of PCs such as (1-D) Bragg mirrors and microcavities or (3-
D) synthetic opals and inverse opals, with possible application in a
range of optical components and devices. Good quality 3-D pho-
tonic crystals can easily be prepared by colloidal/sol–gel process-
ing (vertical convective self-assembly of monodisperse dielectric
spheres) in the form of opals, infiltrated opals and inverse opals
with well ordered regions up to �600 lm2. Inverse opal structures
can be doped with rare-earth ions like Er3+ and Yb3+, whose PL may
be enhanced due to Yb3+ ? Er3+ energy transfer and also likely to
an increased interaction of light within a PC structure.
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