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Modification of the photoluminescence emission of sol—gel-derived silica by three-
dimensional photonic crystal effects is reported. Three-dimensionally ordered macroporous
(3DOM) silica inverse opal materials prepared by polystyrene colloidal crystal templating,
using the sol—gel method, exhibit broadband blue emission under UV excitation. 3DOM
silica materials also possess a photonic stop band in the visible range of their optical spectra,
with a controllable position dependent on several factors, including the macropore size, wall
thickness, and refractive index contrast between the walls and the void-filling material.
Tuning the photonic stop band of 3DOM silica to overlap with the photoluminescence
emission band leads to competitive Bragg diffraction and electronic emission processes,
resulting in a modified emission spectrum with a depression correlating with the spectral
position of the stop band. Solvent-filling of the 3DOM silica changes the refractive index
contrast and shifts the photonic stop band out of the spectral range of the photoluminescence
emission band, restoring the broadband emission spectrum typical of sol—gel-derived silica.
Grinding the 3DOM silica destroys the photonic crystal order, also restoring the broadband
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emission.

Introduction

In recent years, materials exhibiting a three-dimen-
sional periodic modulation of the dielectric constant
have received much attention, in both synthetic and
theoretical fields. Such materials, first introduced by
Yablonovitch and John, are known as photonic crys-
tals.}2 Having a spatial periodicity with length scales
on the order of optical wavelengths, photonic crystals
behave with respect to electromagnetic waves in a
manner analogous to the behavior of atomic crystals
with electrons.? As an electronic band gap is created by
the periodic arrangement of atoms in a semiconductor,
the periodic electromagnetic modulation created by a
photonic crystal can yield a gap of forbidden photon
energies. When a very strong modulation of the refrac-
tive index (RI) is attained, a complete photonic band gap
(PBG) occurs where Bragg diffractions simultaneously
inhibit a range of wavelengths from propagating through
the crystal for every state of polarization and propaga-
tion direction. For lower refractive index contrasts,
incomplete photonic band gaps (i.e., stop bands) occur
where a range of light wavelengths are partially inhib-
ited from propagating in the material over certain
directions. The motivation for the study of photonic
crystals lies in the potential applications of photonic
crystals exhibiting a complete PBG, which would allow
for confinement and control of electromagnetic waves
in all directions.3~5 For example, photonic crystals could
be used as optical waveguides with sharp bends,®7 as
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optical circuits,” as all-optical microchips,® and to inhibit
the spontaneous emission from an excited chromophore,
which may serve as a basis for thresholdless lasers.1910

Two types of structures made by chemical methods
that have been investigated as photonic crystals are
synthetic opals,*=16 which consist of monodisperse
spherical particles with nm—um scale diameters packed
in a face-centered cubic arrangement, and inverse opals,
formed by filling the void spaces of opal templates with
a suitable structure-forming precursor and then remov-
ing the template to leave a three-dimensionally ordered
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macroporous (3DOM) material.1’~22 Several studies
have reported modification of the spontaneous emission
from luminescent species embedded in photonic crystals,
including organic dyes embedded in silical?23-26 and
latex opals?”28 and in titania inverse opals,?® semicon-
ductors embedded in silica?%3%31 and latex opals,32-34
and intrinsic oxygen defects®! and rare earth ions?6:3
in silica opals. While the modulation of the refractive
index in these materials was not large enough to
produce a complete PBG, significant modification of the
emission spectra occurred when the photonic stop band
overlapped the emission band.

In the current study, the light-emitting species is sol—
gel-derived silica. Pure silica materials are immune to
electrooptical activity. However, silica prepared by the
sol—gel method, which involves hydrolysis and con-
densation of alkoxysilanes, exhibits broadband blue
photoluminescence (PL) centered at approximately 440
nm upon UV irradiation that persists for several sec-
onds after removal of the source. The origin of PL in
sol—gel-derived silica has been attributed to both oxy-
gen defect centers in the —O—Si—O— network36-4% and
to carbon impurities incorporated within the silica
network.*1=44 In the present study, 3DOM silica inverse
opal materials (shown in Figure 1) were prepared by
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Figure 1. Scanning electron micrograph (SEM) of a three-
dimensionally ordered macroporous (3DOM) silica inverse opal
material, showing a regular arrangement of macropores (gray
regions) connected by smaller windows (black regions).

an optimized version of the sol—gel process using the
polystyrene (PS) colloidal crystal templating tech-
nique.'820 Here we report the effect of the photonic stop
band of 3DOM silica inverse opal materials on their PL
emission spectra. Results are compared for a 3DOM
silica sample with a photonic stop band that overlaps
with the PL emission band and for a macroporous silica
sample without overlap of the bands. Significant modi-
fication of the PL emission band was observed for the
3DOM silica material with an overlapping photonic stop
band, resulting in a depression correlating with the
spectral position of the stop band. Removal of the
photonic stop band from the PL emission band region
was explored by two methods, and the results are
discussed. In the first approach, the 3DOM silica
material was filled with solvent, which changes the
refractive index contrast between the silica walls and
voids, resulting in a shift in the stop band position. In
the second approach, the regular three-dimensional
order was removed by physically grinding the material
to destroy the photonic crystal effect. Both techniques
led to the restoration of the typical broadband emission
spectrum of sol—gel-derived silica.

Experimental Section

Materials. Reagents were obtained from the following
sources: tetramethoxysilane (TMOS), HCI (37%), and methyl
methacrylate were from Aldrich; absolute ethanol was from
Aaper Alcohol and Chemical Co.; methanol was from Pharm-
coproducts Inc.; and styrene was from Mallinckrodt. All
chemicals were used as received without further purification.
Water used in all syntheses was distilled and deionized to 17.7
MQ cm. Monodisperse polystyrene (PS) and poly(methyl
methacrylate) (PMMA) spheres were prepared by surfactant-
free emulsion polymerization and packed into colloidal crystals
by centrifugation as described previously.'82922 3DOM silica
materials were prepared by an optimized version of the sol—
gel process previously reported,*®2° using colloidal crystal PS
as the template. 3DOM magnesium oxide was prepared with
a PMMA template according to literature methods.*®

Synthesis and Characterization of 3DOM Silica. Syn-
thesis. 3DOM SiO; was synthesized from mixtures of typical
composition: 4.0 mL of TMOS, 2.0 mL of methanol, and 0.4
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mL of HCI. Methanol was mixed with TMOS in a small vial
at room temperature. HCl was added and the sample was
stirred for 3 min. The solution was then applied dropwise to
completely cover millimeter-thick layers of dried PS sphere
colloidal crystals, which were crushed and deposited on filter
paper in a Buchner funnel with suction applied. The composite
sample was allowed to dry in air at room temperature for 24
h. PS was removed from the sample by calcination in air at
550 °C for 10 h. The pore diameters of the 3DOM silica samples
were tailored to produce one sample with 283 nm pores, SiO,-
(283), which had an overlap of the stop band with the emission
band, and another reference sample with 386 nm pores, SiO,-
(386), with no overlap, by choice of PS sphere size. PS spheres
used in the syntheses had average diameters of 325 + 5 and
456 + 10 nm for SiO(283) and SiO,(386), respectively.

Elemental Analysis. Despite calcination at 550 °C, small
amounts of carbon impurities remained in the samples. Carbon
content (wt %) was 0.68% for SiO,(283) and 0.37% for SiO,-
(386).

IR Spectra. The IR spectra of the as-synthesized 3DOM
silica materials were dominated by PS absorptions. Calcination
removed nearly all bands due to PS; however, two very weak
absorptions remained at 2925 and 2855 cm™!, which can be
attributed to hydrocarbon impurities in the samples. The
spectra were dominated by intense and broad stretching
vibrations at ca. 1100 cm™? [Vasym(Si—O—Si)] and 810 cm™ [veym-
(Si—0—Si)] and bending vibration at 465 cm~! [6(Si—O—Si)].%¢

Scanning Electron Microscopy (SEM). Sphere size, macropore
size, and extent of ordering of the products were determined
using SEM. The average pore spacings were 283 + 5 and 386
+ 15 nm for SiO,(283) and SiO,(386), respectively. SiO,(283)
was vigorously ground using a mortar and pestle to destroy
the regular periodic order, and the progress was monitored
by SEM.

Diffuse-Reflectance (DR) UV—vis Spectroscopy. Spectra were
obtained for randomly oriented bulk powder samples. Reflec-
tance data were converted to f(R.) values using the Kubelka—
Munk equation. Reflections (stop bands) corresponding to (111)
planes were observed for 3DOM silica filled with air and
solvents. Reflections corresponding to (220) planes were only
observed for solvent-filled samples. Observed central position
of reflections (and corresponding planes): SiO,(386), 668 nm
(111); Si02(283), 492 nm (111); SiO,(283) filled with ethanol,
634 nm (111), 392 nm (220).

Luminescence Spectrometry. Emission spectra were obtained
for bulk powder samples, with constant excitation at 365 nm.
Variations in the density of bulk samples in the cuvette were
found to affect the intensity, but not the shape, of the emission
band. Photoluminescence quantum yield measurements were
made according to published techniques.*®

Instrumentation Details. Elemental analysis was per-
formed for C and H at Atlantic Microlab Inc., Norcross, GA.
Infrared spectroscopy was performed on a Nicolet Magna-IR
760 spectrometer with mid-IR and far-IR capability. Spectra
were obtained using the powdered samples in FT-IR grade KBr
pellets. SEM images were obtained on a Hitachi S-800 scan-
ning electron microscope operating at 5 kV. Samples for SEM
were dusted on an adhesive conductive carbon disk attached
to an aluminum mount and were coated with Pt prior to
examination. Diffuse reflectance UV—vis spectra were ob-
tained on a Hewlett-Packard 8452A diode array spectropho-
tometer equipped with a Labsphere RSA-HP-84 reflectance
spectroscopy accessory. Photoluminescence emission spectra
were obtained using a Perkin-Elmer LS 50B luminescence
spectrometer.

Results and Discussion

Photoluminescence of 3DOM Silica. The 3DOM
silica materials studied here displayed visible photolu-

(46) Brinker, C. J.; Scherer, G. W. Sol—Gel Science: the Physics
and Chemistry of Sol—Gel Processing; Academic Press: San Diego,
1990.
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Figure 2. Photoluminescence (PL) emission spectra of SiO,-
(283) with expanded (A) and normalized (B) intensity scales.
(C) PL emission spectrum of SiO»(386). Excitation wavelength
= 365 nm. Diffuse reflectance (DR) UV—vis spectra of (D) SiO,-
(283) and (E) SiO»(386) with stop bands marked by arrows.
Modification of the spontaneous emission of the silica skeleton
is observed for SiO,(283) due to overlap of the PL emission
band with the photonic stop band.

minescence upon UV irradiation, with typical quantum
yields of 22%. To investigate the influence of a photonic
stop band on the photoluminescence (PL) spectra of the
3DOM silica materials, samples were chosen for which
the stop band overlaps with the PL emission band, SiO,-
(283), and for which the bands do not overlap, SiO,(386).
Excitation at 365 nm produced the emission spectra for
Si0,(283) and SiO»(386) shown in Figure 2. The spec-
trum of SiO,(283) is given on expanded (Figure 2A) and
normalized (Figure 2B) intensity scales for easier visu-
alization of peak shapes and relative intensities. In the
normalized case (Figure 2B), the intensity values were
scaled to overlay the high-wavelength edges of the
spectra for SiO,(283) and SiO»(386). The emission
spectrum of SiO2(386) (Figure 2C) displays a broad,
featureless bell-shaped band, which is typical for sol—
gel derived silica. In contrast, the emission spectrum
of Si0,(283) displays a dip in the low-wavelength region.
The origin of this dip can be explained by an overlap of
the emission spectrum with the stop band of SiO,(283).
The diffuse-reflectance (DR) UV—vis spectrum of SiO»-
(283), shown in Figure 2D, reveals a broad photonic stop
band centered at 492 nm [due to Bragg diffraction from
the (111) planes of the fcc structure] comparable to the
width of the emission band. The relative width of the
stop band is approximately 15% (a normalized measure
of the photonic stop band given by the ratio of the width
at half-height to the central position of the dip). The
stop bands of 3DOM silica inverse opals are much wider
than those observed for normal opal (ca. 6%),3%35 allow-
ing 3ADOM materials to suppress emission over a larger
spectral range. Comparison of the DR UV—vis (Figure
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2D) and PL emission (Figure 2A,B) spectra of SiO,(283)
shows that the depression in the emission spectrum
corresponds to the spectral position of the stop band.
The emission intensity decreases where an overlap of
the stop band occurs. Since the stop band of SiO»(386)
(Figure 2E) lies outside of the range of the emission
band, the PL spectrum is unaffected by the 3DOM order.
Assuming similar emission processes, it may be con-
cluded that photonic crystal effects are responsible for
the difference in the PL spectra of the two silica
samples.

Infiltration of 3DOM Silica with Solvent. By
filling the voids of 3DOM silica with a solvent, the
position of the stop band can be predictably altered.*’
An approximate expression for the position of the stop
band is given by a modified version of Bragg's law,
combined with Snell’'s law to account for the reduced
angle with respect to the normal that light travels upon
entering the inverse opal:

2dhkl .
= a/nzavg —sin? 6 1)

where 1 is the wavelength of the stop band minimum,
dnki is the interplanar spacing, m is the order of Bragg
diffraction, nayg is the average refractive index of the
material, and 0 is the angle measured from the normal
to the planes. Since the DR UV—vis measurements were
made on bulk, randomly oriented samples, the spectra
display minima at the calculated value for normal
incidence (0 = 0°), and the angle-dependent term can
be dropped from the equation:

— 2dhkl

A m Navg

)

Using the effective medium approximation,2> the aver-
age RI of the material can be calculated by a weighted
sum of the components:

r]avg = Zni¢i (3)

where n; and ¢; are the RI and volume fraction of the
ith component. Applying this relation to eq 2 gives an
expression for the position of the stop band for a filled
inverse opal:

_ 20
A= [ N T (1 = @)Nygial (4)
where ¢ is the solid fraction of the material. For an fcc
lattice with unit cell parameter a, the interplanar
spacing dnk is given by

a
i = —F—"7— ®)
Vh?+ K+ 1P
and the pore spacing D is given by
a
D=— (6)
NG

(47) Blanford, C. F.; Schroden, R. C.; Al-Daous, M.; Stein, A. Adv.
Mater. 2001, 13, 26—29, and references therein.
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Figure 3. PL emission spectra of SiO,(283) with expanded
(A) and normalized (B) intensity scales. (C) PL emission
spectrum of SiO(283) with its voids filled with ethanol.
Excitation wavelength = 365 nm. (D) DR UV—vis spectrum
of Si0(283) filled with ethanol. Filling with ethanol shifts the
photonic stop band (marked with an arrow) of SiO,(283) to a
region where it no longer overlaps with the PL emission band,
restoring the bell-shaped spectrum.

To confirm that the dip in the emission spectrum of
Si0,(283) is indeed due to photonic crystal effects, the
effect of solvent-filling of the 3DOM silica voids on the
emission spectrum was studied. Upon filling SiO»(283)
with ethanol, stop bands corresponding to Bragg dif-
fractions from the (111) and (220) sets of planes are
expected to be observed in the visible spectrum. The
predicted positions of the stop band minima for air- and
ethanol-filled SiO,(283) can be calculated using eq 4
(from the measured pore spacing D = 283 nm; ap-
proximate filling fraction ¢ = 14%; known RI values
Nsio, = 1.455, ngir = 1.000, and Nethanol = 1.360; and first-
order Bragg diffraction m = 1). The calculated (and
observed) stop band positions are 492 nm (492 nm), 635
nm (634 nm), and 389 nm (392 nm) for reflections from
the (111) planes of SiO,(283) filled with air and the (111)
and (220) planes of SiO»(283) filled with ethanol,
respectively. It is notable that the shift in the stop band
position upon filling 3DOM silica inverse opals with
solvent is more than three times greater than that
observed for normal opals,112 due to the smaller solid
fraction in the 3DOM materials. The emission spectra
of Si0,(283) and SiO,(283) filled with ethanol and the
DR UV-—vis spectrum of SiO»(283) filled with ethanol
are shown in Figure 3. The spectrum of SiO»(283) is
given on expanded (Figure 3A) and normalized (Figure
3B) intensity scales, with the intensity values for the
normalized SiO,(283) spectrum scaled to overlay the
high-wavelength edge of the spectrum of solvent-filled
Si0,(283). By filling the voids of SiO,(283) with ethanol,
the stop band corresponding to diffraction from the (111)
planes shifted from 492 to 634 nm, where it no longer
overlapped with the emission spectrum. The result was
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Figure 4. PL emission spectra with expanded (A) and
normalized (B) intensity scales of SiO,(283) initially (1) and
after three stages of grinding the sample to remove the
photonic crystal structure, progressing from spectrum 2 to 4.
Excitation wavelength = 365 nm. With increased grinding the
low-wavelength intensity of the emission band recovers as the
photonic stop band effect is lost.

a restoration of the bell-shaped emission spectrum,
confirming that photonic crystal effects are responsible
for the dip in the PL emission band of SiO2(283).

Effect of Grinding the 3DOM Silica. The influence
of the photonic stop band of SiO,(283) on its PL emission
spectrum was investigated directly by grinding the
sample to destroy the regular three-dimensional order.
This process allows for comparison of the emission
spectra of the same sample in ordered and disordered
states, assuming similar photoluminescence emission
processes in both states. The emission spectra of original
Si0,(283) and crushed Si0,(283) samples are shown in
parts A and B of Figure 4, with peaks scaled to the same
height, and on a normalized intensity scale for easier
visualization of peak shapes and relative intensities.
Spectrum 1 was obtained for original SiO,(283). Spectra
2—4 were acquired after increasing amounts of grinding
the sample to destroy the photonic crystal order. Com-
parison of the spectra shows that the modified band of
Si0,(283) was restored to the typical bell-shaped band
upon grinding, making it apparent that the photonic
crystal structure was responsible for the depression
observed in the PL emission spectrum of SiO»(283). It
can be seen from Figure 4B that the photonic crystal
structure of Si0O,(283) significantly suppressed emission
from the sample over a wide spectral range.
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Figure 5. SEM images comparing (A) SiO,(283) with regular
three-dimensional order and (B) SiO,(283) after the final stage
of grinding has removed most of the order. Some small ordered
domains remain; however, the majority of the material is
disordered.

SEM images of SiO,(283) originally and after the final
stage of grinding are given in Figure 5. The image of
Si0,(283) displays the regular periodic order that is
responsible for its photonic crystal behavior. The crushed
sample maintains some macroporosity; however, it has
become significantly disordered to remove the photonic
crystal behavior of the bulk material. These results con-
firm the photonic crystal origin of the observed depres-
sion in the PL emission spectrum of SiO»(283). A com-
parison of the PL emission spectra of the reference sam-
ple SiO,(386) (with no stop band/emission band overlap;
Figure 6A) to spectra of SiO,(283) in which the overlap-
ping photonic stop band has been removed by grinding
the sample (Figure 6B) and solvent-filling of the voids
(Figure 6C) is given in Figure 6. Both processes lead to
emission spectra similar to that of SiO»(386). The
reduced intensity of the emission band for solvent-filled
Si0,(283) (Figure 6C) in the low wavelength region may
be due to partial overlap with the (220) stop band.
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Figure 6. PL emission spectra of (A) SiO»(386), (B) crushed
Si0,(283), and (C) SiO»(283) filled with ethanol. Crushing or
filling with ethanol removes the stop band of SiO(283) from
overlapping with the emission band, restoring the typical
broadband spectra similar to SiO,(386) (which does not have
overlapping stop and emission bands).

Conclusion

The effect of a photonic stop band on the photolumi-
nescence emission spectrum of sol—gel derived silica has
been investigated. 3DOM silica samples were tailored
to give one sample with an overlap of the stop band with
the emission band and another reference sample with
no overlap. The emission spectra of the two samples
differed; it was found that the photonic stop band
modified the emission band in the spectral region where
overlap occurred, producing a depression in the emission
band corresponding to the stop band position. The
photonic crystal origin of the modified emission spec-
trum was tested by solvent-filling of the voids to shift

Schroden et al.

the position of the stop band out of the spectral range
of the emission and by crushing the sample to destroy
the regular periodic order. Both stop band modification
techniques restored the broad bell-shaped emission
band typical of sol—gel-derived silica, confirming that
photonic crystal effects were responsible for the dip in
the emission spectrum.

Photonic crystals of 3DOM silica inverse opals allow
for suppression of emission over a much larger spectral
range than normal opals due to their wider stop bands,
and they exhibit a greater response in the stop band
shift upon solvent-filling due to the smaller solid fraction
of 3DOM materials. While the refractive index contrast
in the 3DOM silica materials studied here was not
sufficient to produce a complete photonic band gap, the
fundamental concept of suppressed spontaneous emis-
sion is important for the realization of thresholdless
lasers and other photonic devices.:3910 The flexibility
of the latex sphere templating approach allows for the
preparation of a large range of compositions,1’~22 which
may potentially be tailored to produce competitive Bragg
diffraction and electronic emission processes. Prelimi-
nary investigations suggest that similar modified emis-
sion characteristics can be obtained for 3DOM compo-
sitions with a higher refractive index than silica, as sol—
gel-derived alumina, zirconia,3® and macroporous mag-
nesium oxide*® exhibit similar visible photolumines-
cence upon UV excitation.
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