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Photonic technology, using light instead of electrons as the
information carrier, is increasingly replacing electronics in com-
munication and information management systems. Microscopic
light manipulation, for this purpose, is achievable through photo-
nic bandgap materials'?, a special class of photonic crystals in
which three-dimensional, periodic dielectric constant variations
controllably prohibit electromagnetic propagation throughout a
specified frequency band. This can result in the localization of
photons®®, thus providing a mechanism for controlling and
inhibiting spontaneous light emission that can be exploited for
photonic device fabrication. In fact, carefully engineered line
defects could act as waveguides connecting photonic devices in
all-optical microchips’, and infiltration of the photonic material
with suitable liquid crystals might produce photonic bandgap
structures (and hence light-flow patterns) fully tunable by an
externally applied voltage®'°. However, the realization of this
technology requires a strategy for the efficient synthesis of high-
quality, large-scale photonic crystals with photonic bandgaps at
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micrometre and sub-micrometre wavelengths, and with rationally
designed line and point defects for optical circuitry. Here we
describe single crystals of silicon inverse opal with a complete
three-dimensional photonic bandgap centred on 1.46 um, pro-
duced by growing silicon inside the voids of an opal template of
close-packed silica spheres that are connected by small ‘necks’
formed during sintering, followed by removal of the silica tem-
plate. The synthesis method is simple and inexpensive, yielding
photonic crystals of pure silicon that are easily integrated with
existing silicon-based microelectronics.

Previously, three-dimensional photonic crystals have been fabri-
cated in silicon by complex lithographic procedures which resulted
in a thickness of only two unit cells in the growth direction'"'”. Our
materials synthesis, in contrast, begins with the highly controlled
formation of a weakly sintered f.c.c. lattice of mono-disperse silica
spheres whose diameter can be chosen between 600 and 1,000 nm.
The silica opal structure is then used as a template for silicon
infiltration. The large silica sphere size ensures that the final
structure will have a complete photonic bandgap (PBG) in a
wavelength range above the optical absorption edge (~1.1 wm) of
bulk silicon. The synthesis of smaller (0.2—0.6 jum) sphere opals has
been described previously' . The fabrication of periodically ordered
opals with the larger unit cells involves the synthesis of mono-
disperse (< 5% diameter variation) large spheres by a modified
Stober method". The synthesis is performed in a suspension of
smaller (500 nm diameter), mono-disperse silica particles that act as
seeds for further growth; this leads to a homogeneous increase of the
sphere size. Once the large spheres are made, they are settled in an
aqueous solution of ethylene glycol (typically 50% concentration).
The resulting opal is a close-packed f.c.c. lattice of silica spheres with
a typical single domain size of 100 um. A further sintering process
leads to the formation of small necks between the silica spheres and

1,000 nm

Figure 1 Silicon-infiltrated opal. a, SEM image of an internal [113] face of the silicon-
infiltrated opal. The silica is indicated by light blue. b, AFM image of a 1.5 wm by 1.5 wm
area of the infiltrated opal surface, highlighting the smoothness of the silicon coating.
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Figure 2 SEM images of internal facets of silicon inverse opal: a, [110] facet. b, [111] facet.

provides the template with mechanical stability. The necks also help
to control the opal void volume for subsequent synthesis'’, and
induce a connected network topology, allowing for removal of the
template by an acid etching. This network topology also enhances
optical scattering effects that are important for PBG formation'.

Silicon is grown inside the voids of the opal template by means of
chemical vapour deposition (CVD) using disilane (Si,Hg) gas as a
precursor'”'®, Silane and disilane gas have both been used to grow
silicon nanoclusters in periodic micro- and mesoporous silicas’™".
In our experiment, the deposition temperature is varied from
250 °C for low filling fractions to 350 °C for high ones. Our band
structure calculations predict that the maximum PBG width is
obtained with a 90-97% filling of the opal voids in the form of a
uniformly thick wetting layer on the silica surfaces'®. Samples with
degrees of infiltration ranging up to 100% were synthesized. The
reaction time was typically 24 hours and the disilane pressure was
about 200 torr. After silicon growth, the samples are heated to
600 °C in order to improve the semiconductor crystallization and
to allow diffusion of silicon inside the void structure. The silica
template is subsequently removed using a fluoride-based etching
procedure designed to minimize the dissolution of the macropor-
ous silicon backbone.

Microscope Raman spectroscopy was used to ascertain the
sample quality. A single phonon peak was observed in our samples
centred at 519 cm™' with a width less than 8 cm™" consistent with the
presence of crystalline silicon. Typical scanning electron microscopy
(SEM) and atomic force microscopy (AFM) images of the infiltrated
silica opal are shown in Fig. 1. The SEM image indicates a thick,
uniform layer of silicon surrounding the well-ordered silica spheres
(shown in light blue), indicating a high degree of infiltration. From
the AFM image the silicon surface roughness is estimated to be less
than 2 nm. The growth of the silicon-wetting layer is quite homo-
geneous and is independent of the local characteristics of the opal
template. A SEM image of a typical inverse silicon opal taken after
etching the infiltrated structure is shown in Fig. 2. The images reveal
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an interconnected network of air spheres surrounded by silicon
shells, inheriting the f.c.c. order of the opal template. Adjacent air
spheres are connected by windows, which result from the sintering
process.

Unlike earlier inverse opal structures made of TiO, (refs 20, 21),
graphitic carbon®, CdSe and CdS (refs 23, 24), our silicon inverse
opal structure simultaneously satisfies the two essential criteria for
complete PBG formation. First, the refractive index of silicon (3.45
at 1.5wm) is well above the theoretically determined'® threshold
(2.8) for a PBG in a f.c.c. lattice of air spheres. Second, the optical
absorption edge of the silicon backbone occurs at a wavelength well
below the PBG, thereby allowing coherent localization of light
within the material with minimal absorptive losses. Such localiza-
tion is an essential feature for PBG device applications; as light is
caged within the dielectric microstructure, it cannot scatter into
unwanted modes of free propagation and is forced to flow along
engineered defect channels between devices integrated into an
optical microchip.

The theoretically predicted photonic band structure of a silicon
inverse opal, with 88% infiltration of silicon into the available
volume of the opal template voids, is shown in Fig. 3. The
calculations were performed using the plane-wave expansion
method with a basis of 2662 plane waves™. As the infiltration level
is numerically increased from 88% to 100%, the centre of the
complete PBG moves from 1.46 to 1.55 um, spanning the wave-
length range of choice for fibre optic telecommunications.

The reflection and transmission spectra of a silicon inverse opal
were measured using a Bomem Fourier transform infrared spectro-
meter. A microscope attached to the spectrometer was used to
illuminate a single crystal domain with a high surface quality.
Unpolarized light passed through the microscope produced a spot
size ~40 pm in diameter with the incident light cone spanning 15°—
35° from normal incidence. The resulting normalized reflection and
transmission spectra are shown in Fig. 4. The reflection spectrum
exhibits a broad peak with a centre wavelength of 2.5 pm with three
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Figure 3 Band structure of silicon inverse opal with an 88% infiltration of Si into the
available opal template voids. The complete photonic bandgap is shown by the
crosshatched region, with a gap to mid-gap ratio of 5.1%.

additional peaks between 1.2 and 1.8 wm. The reflectivity peak
amplitude exceeds 80% and 70% at 2.5 wm and 1.46 pm, respec-
tively, indicating good crystal quality. The sample transmission
spectrum, indicated in the inset, has been corrected for diffuse
scattering®. We note a strong correlation between the key spectral
features of the transmission and reflectance data, that is, the maxima
in the reflectance spectrum correspond to the minima in the
transmission spectrum.

To compare the optical measurements to band structure calcula-
tions we first determined the lattice constant. This is preserved after
infiltration and inversion, and was determined from reflectivity
measurements of the bare opal at normal incidence. By comparing
the spectral position of the first stop band edges (associated with the
pseudogap at the L point of the first Brillouin zone”) to those
predicted by band structure calculations (using a silica refractive
index of 1.45), we obtained a (cubic) lattice constant of 1.23 pm.

The degree of infiltration was obtained by varying its value in the
band structure calculation to obtain agreement with the centre
wavelength of the first stop band, measured to be 2.5 wm. The
silicon shell topology of Fig. 2 was assumed. One sees from Fig. 4
that the calculation gives the appropriate width for the stop band.
Excellent agreement is also observed between the position of the
peak in the reflectivity spectrum and the centre of the stop band at
1.46 wm, which is highly sensitive to the degree of infiltration.
Calculations identify this band as the frequency interval associated
with a complete bandgap. The good agreement between the mea-
sured spectra and the calculated band structure suggests the pre-
sence of a complete PBG centred at 1.46 pm, with a gap to mid-gap
ratio of 5.1%. More comprehensive measurements are needed to
provide full experimental verification of the photonic bandgap.

The synthesis of a very-large-scale, silicon-based PBG material
offers a number of imminent possibilities, involving further infil-
tration of this highly open structure with light-emitting molecules
or atoms. The resulting luminescence and lasing characteristics of
light emitting species near a three-dimensional photonic band edge
are expected to be quite striking. Important low-threshold all-
optical switching effects and an anomalous nonlinear optical
response have been predicted”. In this regard, it is useful to explore
self-assembly methods for creating diamond lattice templates from
which a considerably larger PBG may be achieved™. It is also
important to generalize the template-formation procedure in
order to engineer wave-guide channels and specified point defects
through which light can flow. Methods of soft lithography and
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Figure 4 Reflection spectrum from the inverse silicon opal. Shaded regions at 2.5 um
and 1.5 wm show the calculated positions of the first stop band and the complete
photonic bandgap, respectively. Inset, the transmission spectrum of the same sample on
a logarithmic scale. The narrow transmission minimum at 2.7 wm is due to water
absorption.

micromoulding in capillaries” may soon prove effective in realizing
such ‘circuits of light’ O
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In cirrus' and orographic wave clouds?, highly supercooled water
has been observed in small quantities (less than 0.15 gm™>). This
high degree of supercooling was attributed to the small droplet
size and the lack of ice nuclei at the heights of these clouds"*. For
deep convective clouds, which have much larger droplets near
their tops and which take in aerosols from near the ground, no
such measurements have hitherto been reported. However, satel-
lite data suggest that highly supercooled water (down to —38 °C)
frequently occurs in vigorous continental convective storms’.
Here we report in situ measurements in deep convective clouds
from an aircraft, showing that most of the condensed water
remains liquid down to —37.5°C. The droplets reach a median
volume diameter of 17 um and amount to 1.8 gm™, one order of
magnitude more than previously reported’. At slightly colder
temperatures only ice was found, suggesting homogeneous freez-
ing. Because of the poor knowledge of mixed-phase cloud
processes®, the simulation of clouds using numerical models is
difficult at present. Our observations will help to understand
these cloud processes, such as rainfall, hail, and cloud electrifica-
tion, together with their implications for the climate system.

Cloud droplets do not readily freeze at 0°C, but often remain
liquid at colder temperatures in a “supercooled” state. Freezing of
the cloud droplets can then be triggered by ice nuclei, or the droplets
can freeze in an homogeneous fashion. The lowest temperatures at
which pure water droplets can exist in a supercooled state for times
longer than a fraction of a second before homogeneously freezing
depends on the drop size. According to both theory’ and laboratory
experiments®, a 10-pm cloud droplet freezes homogeneously near
—39°C. The coldest previously reported in situ measurements of
supercooled liquid water content (SLWC) at temperatures below
—32°C, in excess of the sensitivity of the measuring instruments
(0.02gm™ for hot-wire probes’), was 0.14gm™ at —36°C in
orographic lenticular wave clouds®. An SLWC of 0.06 gm™ at the
base of cirrus clouds, between —35° and —36 °C, was reported by
Sassen', who stated that “in comparison with earlier reported
aircraft measurements, the detection of such highly supercooled
water is unique”.

Both reports'* suggested that the dearth of ice nuclei derived
from the Earth’s surface in the upper troposphere prevented
heterogeneous nucleation, allowing for the observed homogeneous
nucleation at such cold temperatures in altocumulus and cirrus
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clouds®. No previous reports are available for observations of similar
highly supercooled water and homogeneous freezing in convective
clouds with roots near the surface. In view of the reported findings
to the contrary here, we can only speculate about the reasons they
have not been reported previously. Perhaps low priority was given to
such measurements, because it was felt that clouds taking in air rich
in ice nuclei from the boundary layer would glaciate long before
reaching the point of homogeneous freezing’. Or perhaps such
measurements were not made because of the safety problems
involved in penetrating vigorous cumulonimbus towers at the —30
to —40 °C isotherm levels in storms that typically contain hail and
frequent lightning.

The first indications available to us that highly supercooled water
might exist in convective clouds were obtained by remote sensing
from satellites over Thailand, using the technique reported in ref. 3.
The inference of supercooled water at temperatures below —30°C
prompted us to fly with the Thai King Air cloud-physics aircraft to
measure the cloud microstructure in Thailand clouds. Penetrating
feeders of cumulonimbus clouds, an SLWC of 2.4 gm™ was mea-
sured at the operational ceiling of the aircraft (9,300 m above sea
level, a.s.l.) at a temperature of —31.6 °C (ref. 10). The cloud-base
temperature was +13°C at 2,800ma.s.l., and the SIWC was
measured by the King hot-wire instrument.

Analysis of the satellite data using the methodology of Rosenfeld
and Lensky’ suggested that supercooled water occasionally occurred
at temperatures approaching —40 °C in cumulonimbus clouds over
the western USA. An opportunity to validate these satellite infer-
ences came when Weather Modification Inc. gave us access to its
Lear jet cloud-physics aircraft in the period 9—14 August 1999 for
measurements in Texas clouds. The aircraft cloud-physics instru-
mentation included the following: (1) a hot-wire cloud liquid water
probe, model LWC-100 (Droplet Measurement Technologies). The
measurement efficiency of the sensor depends on the drop sizes. For
the observed distribution, it underestimated the SLWC by not more
than 10%. (2) An air temperature probe, model 102AU1AP (Rose-
mount). (3) A forward scattering spectrometer probe (FSSP) for
droplet sizes in the range 0.5-47 wm, model FSSP-100 (Particle
Measuring Systems Inc). (4) An optical array particle imaging
probe, for the range 25—800 wm, model OAP-2D2-C (Particle
Measuring Systems, Inc.).

High-altitude measurements in the tops of vigorous growing
convective elements of cumulonimbus clouds were done with the
Lear jet on 11 and 13 August 1999. The visibly most-vigorous new
convective elements were measured as they grew through the
measurement flight level. In addition, extensive measurements
were made at all levels down to the cloud base, in order to document
the vertical microphysical evolution of the cloud. Cloud base on
both days was near 3,500 m a.s.l. at a temperature of 10°C.

On the flight of 11 August (20:28—-23:42 GMT) just to the west of
Lubbock, Texas (34° N, 102° W), an SLWC of 0.6 g m™ was observed
at —=35.9°C, 0.9 gm™ at —35.6°C, and 1.5gm™ at —34.4°C. Larger
values of SLWC, up to 2.4 gm ™, were recorded at warmer cloud
temperatures. Direct measurements of the updraught velocity were
not available. However, a rate of climb of 6 ms™ was sufficient to
keep up with the rate of growth of the tops of some of the clouds
containing highly supercooled water. The residence time of the
water was measured by repeated penetrations in the same cloud,
which was narrow and clearly isolated. In three passes spaced at 3.5-
min intervals, the temperatures and maximum cloud water
contents were 1.2gm™ at —32.9°C, 1.5gm™ at —32.7°C, and
0.4gm™ at —35.2°C. This means that the large amounts of highly
supercooled cloud water were not a transient feature, but rather
were long lasting, with freezing time of about 7 min.

On the flight of 13 August (20:26-23:09 GMT), to the north of
Midland, Texas (33°N 102°W), effort was focused on documenta-
tion of the transition from water clouds to ice clouds in vigorous
convective elements. Extensive documentation of the clouds from
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