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developed dressed interaction. We note that the extrema around qpl

in Re�1=eq�0� originating from anti- and over-screening do not
emerge instantaneously with carrier generation but show a delayed
rise within the ®rst 120 fs. At tD � 25 fs, the spectrum is completely
¯at above ~qpl, indicating bare Coulomb collisions without any
screening.

The classical model for the long-wavelength and high-frequency
limit of the dielectric function of an electron gas is given by Drude
theory1,32, assuming an exponential plasmon damping with a time
constant t. We performed least-square ®ts to our data allowing qpl

and t as free parameters and keeping the lattice part ®xed. Good
agreement with a Drude shape is found only for late delay times
with qpl � 14:4 THz at tD � 175 fs (see red curves in Fig. 3). t is a
measure for the memory depth of the system and for the duration of
a collision. It increases from t < 20 fs at tD � 25 fs to t � 85 fs for
tD $ 120 fs. Our experimental ®ndings support quantum kinetic
theories for the nonequilibrium dynamics of the Coulomb inter-
action10±14. These models predict a delayed build-up of screening
and a strongly broadened plasmon pole after ultrafast excitation.
The approximate timescale for these phenomena is linked to the
duration of a plasma oscillation period which is 2p=qpl � 70 fs in
our experiment.

Thus, we have demonstrated a direct test for a basic concept in
nonequilibrium many-body physics: the formation of dressed
quasi-particles. We show that Coulomb screening and plasmon
scattering are not present instantaneously after 10-fs photoexcita-
tion of a dense electron±hole plasma in GaAs, but emerge on a
timescale comparable to the inverse plasma frequency. This class of
phenomena marks the earliest stage in the dynamics of strongly
perturbed particle ensembles far from equilibrium. The results are
obtained by applying a new technique, where the polarization
response of the system to a single-cycle electric ®eld transient
covering the entire mid infrared is directly resolved. The dynamics
of elementary excitations in this important spectral region can now
be accessed with uncertainty-limited femtosecond resolution of
both amplitude and phase. New perspectives arise for investigations
in systems such as magnons in high-Tc superconductors, lattice
dynamics in organic semiconductors, and vibrational relaxation in
large molecules and biological complexes. M
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Photonic bandgap crystals can re¯ect light for any direction of
propagation in speci®c wavelength ranges1±3. This property, which
can be used to con®ne, manipulate and guide photons, should
allow the creation of all-optical integrated circuits. To achieve this
goal, conventional semiconductor nanofabrication techniques
have been adapted to make photonic crystals4±9. A potentially
simpler and cheaper approach for creating three-dimensional
periodic structures is the natural assembly of colloidal micro-
spheres10±15. However, this approach yields irregular, polycrystal-
line photonic crystals that are dif®cult to incorporate into a
device. More importantly, it leads to many structural defects
that can destroy the photonic bandgap16,17. Here we show that
by assembling a thin layer of colloidal spheres on a silicon
substrate, we can obtain planar, single-crystalline silicon pho-
tonic crystals that have defect densities suf®ciently low that the
bandgap survives. As expected from theory, we observe unity
re¯ectance in two crystalline directions of our photonic crystals
around a wavelength of 1.3 micrometres. We also show that
additional fabrication steps, intentional doping and patterning,
can be performed, so demonstrating the potential for speci®c
device applications.

The strategy behind the colloidal assembly approach is to exploit
the tendency of monodisperse submicrometre spheres to sponta-
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neously organize on a face-centred cubic (f.c.c.) lattice. The result-
ing materialÐa synthetic opalÐacts as a template into which a
semiconductor material is in®ltrated. Subsequent removal of the
template leads to a three-dimensional (3D) photonic crystalÐ
inverted opalÐthat has periodic air-spheres embedded inside the
semiconductor. If the refractive index of the semiconductor is
suf®ciently high (.2.85), such a structure has been predicted to
exhibit a bandgap18,19. However the standard method for growing
the initial opal (sedimentation of spheres from suspension) yields
centimetre-scale pieces of polycrystalline material with numerous
defects in the crystal lattice (stacking faults, dislocations and point
defects). As the bandgap in f.c.c. photonic crystals is relatively
narrow, these defects can easily close the gap by ®lling it with

localized photonic states16.
We used an alternative method to form synthetic opals. Recent

research has improved control over colloidal crystallization in
various geometries20±22. In particular, strong capillary forces at a
meniscus between a substrate and a colloidal sol can induce crystal-
lization of spheres into a 3D array of controllable thickness22. If this
meniscus is slowly swept across a vertically placed substrate by
solvent evaporation, thin planar opals can be deposited. As solvent
evaporation must compete with sedimentation, this method is
believed to be limited to spheres with diameters ,0.4 mm. But
spheres with larger diameters (,0.8 mm) are required to make
photonic crystals with a bandgap at technologically important
wavelengths such as 1.3 or 1.5 mm (ref. 19), so we added a convective

Figure 1 Characterization of thin planar opal templates assembled directly on a Si wafer

from 855-nm spheres. a, Cross-sectional SEM image. b, Large-scale optical photograph,

looking down on the wafer. The opal is formed as the meniscus is swept from right to left.

The horizontal lines represent monolayer steps in the crystal (lighter shades of blue

represent single-layer increases in thickness). c, Optical diffraction pattern obtained

from the sample in b. Under normal incidence, a characteristic 6-spot diffraction pattern

with weak Kossel rings (enhanced in the photo) remained unchanged while scanning a

100-mm-diameter laser spot over centimetre-scale regions of the opal. These 6 spots

arise from diffraction off {110} planes of a single-crystal f.c.c. lattice with 1% stacking

faults.

Figure 2 SEM images of planar Si photonic crystals. Cross-sectional SEM images are

shown as a function of the thickness of the initial opal template for 2 (a), 4 (b), and 16 (c)

layers. The Si substrate is snapped, and the fracture propagates up through the photonic

crystal. Close examination of the lowest layer reveals that the photonic crystals are

completely integrated into the wafer. Apparent defects in c are due to a ripple in the

fracture surface that occurs in thicker photonic crystals. d, Sample edge showing the

(100) surface, con®rming that the crystals are f.c.c. e, A planar (111) surface exposed by

RIE. From this image, parameters19, such as the radius of the Si coating sphere (0.41) and

the radius of the air sphere (0.354), both in units of the lattice constant, were estimated.

f, A planar (100) surface exposed by RIE. The sphere diameters are 670 nm (c and e),

855 nm (d and f), and 1 mm (a and b).
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¯ow to the sol to minimize sedimentation and provide a continuous
¯ow of particles toward the meniscus region. We found straightfor-
ward conditions that yielded planar opals using large (up to 1 mm)
silica colloids. For example, a Si wafer was placed vertically in a vial
containing an ethanolic suspension of silica spheres (855 6 1:3% in
size, 1% by volume). Flow was achieved by placing a temperature
gradient across the vial (from 80 8C at the bottom to 65 8C near the
top). Scanning electron microscopy (SEM) images of the resulting
templates (Fig. 1a) indicate that the defect densities (,1% stacking
faults, ,10-3 point defects per unit cell) are much lower than for
sedimented opals (,20% stacking faults, ,10-2 point defects per

unit cell16). In addition, this approach yields large-sphere opals up
to 20 layers thick that coat centimetre-scale areas of the Si wafer
(Fig. 1b). SEM and optical diffraction measurements (Fig. 1c) show
that these opals have single crystalline domains (1 mm±1 cm) that
are 10±100 times larger than in the best sedimented opals. We
speculate that the improved quality of these samples is due to a
meniscus-induced shear that aligns the close-packed layers into a
f.c.c. crystal during deposition, as shown in other geometries23.

Once such a template was prepared, its interstitial spaces were
®lled with Si to satisfy the refractive index requirement for the
photonic bandgap. In previous work, a purpose-built apparatus was
required, in which disilane was ®rst condensed into the pores of the
opal at cryogenic temperatures and subsequently decomposed by
heating at pressures of 200 torr (ref. 15). Although homogeneous
in®ltration was demonstrated for sedimented opals, this process did
not allow suf®cient control over the deposition to ®ll our thin
planar opals. Instead, we ®lled planar opals using a commercially
available low-pressure chemical vapour deposition (LPCVD) fur-
nace that provides complete control of the growth parameters24. As
LPCVD is surface-reaction-limited, this technique is in principle
well suited to conformal ®lling of the interstitials of the opal.
Furthermore, an advantage of LPCVD is that it is the standard Si
deposition technique for the microelectronics industry (used, for
example, in complementary metal-oxide-semiconductor, CMOS,
technology). Unfortunately, under typical CMOS fabrication con-
ditions near 600 8C, ®lling the opal template can be problematic.
First, in®ltration of the structure can be limited by premature
obstruction of the outermost channels (,100 nm) of the opal,
which provide gas transport to the innermost layers. Second,
deposition results in polycrystalline silicon (poly-Si) with grains
(,100 nm) that can introduce undesirable roughness at surfaces
inside the ®nal photonic crystal. By decreasing the temperature to
550 8C, we obtained homogeneous in®ltration with LPCVD even
for templates as thick as 40 layers. The lower temperature reduced
the sticking coef®cient of the precursor, allowing deposition to
penetrate all the way to the Si wafer without a visible interface
(Fig. 2a). Temperatures below 580 8C also avoided internal surface
roughness by uniformly depositing amorphous silicon (a-Si), which
was then transformed into a poly-Si structure with smooth inter-
faces by annealing at 600 8C for 8 hours. After deposition, the silica
template was removed by wet etching. Thus thin planar inverted
opals of controllable thickness were obtained (Fig. 2a±d) that were
incorporated directly into the wafer and inherited the advantageous
mechanical properties of poly-Si.

We explored the existence of the photonic bandgap in such
crystals using optical spectroscopy. As structural defects can elimi-
nate the bandgap in Si inverted opals and most defects are
transferred from the template, we ®rst examined the photonic
properties of the un®lled opal (Fig. 3a and b). Figure 3b shows
the photonic band diagram calculated for un®lled opals along the
[111] direction of the f.c.c. lattice. The optical response of the
samples was measured in the region of the higher order bands,
where the diagram becomes quite complex owing to numerous
interband interactions. Such experiments are important because the
in¯uence of disorder increases at higher energies where the optical
wavelength becomes comparable to even small imperfections in the
lattice. Further, for structures with higher refractive index the
bandgap eventually develops in this region. Figure 3a shows the
transmission spectrum for a 7-layer-thick opal template prepared
on a transparent quartz substrate. This result, plotted on an absolute
scale, was obtained with a microscope-based spectrometer attached
to a two-dimensional (2D) CCD (charge-coupled device) array25.
While the apparatus allows transmission spectra to be obtained with
a spatial resolution of ,2 mm, such spectra were quite reproducible
over the entire ®eld of view of the CCD (,90 mm). When compared
with calculations based on the multiple-scattering technique26 (Fig.
3a), the experimental results reproduce the position and intensity of
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Figure 3 Comparison of optical results with calculations. a, Experimental (red) and

calculated (black) transmission spectra for incidence normal to the (111) plane of a

7-layer planar opal made from 855-nm silica spheres with a refractive index of 1.45. The

frequency is plotted in units of c/a, where c is the speed of light and a is the lattice

constant. b, The photonic band diagram calculated along the [111] direction for the same

parameters used in a. c, The photonic band diagram calculated for the Si inverted opal

measured in d and e. d, Experimental re¯ection spectra for amorphous Si inverted opals

measured normal to the (111) plane. Data from two samples, with a equal to 1,070 nm

(red) and 841 nm (blue), are combined. The wavelength scale corresponds to the 1,070-

nm sample. The best theoretical ®t (black) was obtained for a Si coating sphere radius of

0.428 and an air sphere radius of 0.354. e, Experimental and theoretical re¯ection

spectra as in d for incidence normal to the (100) plane. The blue-hatched region denotes

the expected frequency range of the bandgap. For calculations, we used 12.25 as the

dielectric constant of Si.
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all predicted spectral features up to the ®ftieth photonic band
(frequency ,2.4). This strongly supports the SEM evidence that
the defect density in our opal templates is markedly reduced.

To perform analogous optical measurements on our Si photonic
crystals, reactive ion etching (RIE) was ®rst used to eliminate the Si
coating (0.2±0.4 mm) on the top surface of the samples, which can
introduce unwanted photonic surface states. By performing selec-
tive RIE before removal of the template, the silica spheres auto-
matically terminated etching one half-layer into the crystal. Thus, a
planar (111) surface, initially buried inside the structure, was
exposed (Fig. 2e). Examination of the ®ne details in this image
allowed the structural parameters of the crystal to be estimated (see
Fig. 2). Using these parameters, we calculated the photonic band
structure as shown in Fig. 3c27. The bandgap, which in inverted opals
occurs between the eighth and ninth bands (the blue-hatched region
in Fig. 3), was centred around 1.3 mm in our samples. To optically
probe this region, we replaced the CCD in our microscope set-up
with an InGaAs photodiode. Spectra were obtained (Fig. 3d and e)
either by scanning the monochromator or by replacing it with a
Fourier transform infrared spectrometer. Absolute re¯ectance was
determined with an experimental accuracy of 65% by comparing
the sample re¯ection with that from a silver mirror. Typical
re¯ectance spectra, measured normal to the (111) surface for 8-
layer-thick samples, are presented in Fig. 3d. Near-unity re¯ectance
is observed both in the region of the lower-order stop band
(frequency ,0.5) and in the vicinity of the bandgap (frequency
,0.83) in good agreement with our calculations using the Trans-
light computer code based on the transfer matrix method28. At
higher frequencies the experimental re¯ectance decreases owing to
the onset of absorption in Si.

The crucial test of the bandgap is to examine whether this high
re¯ectance is maintained for directions other than [111]. Fortu-
nately, with some effort, crystalline regions of [100] orientation can
be found in our samples (Fig. 2f). Although these regions, which
form near monolayer steps in the crystal29, are very small, our
microscope set-up allows their optical response to be obtained. In
Fig. 3e re¯ection spectra are presented for such [100]-oriented
regions, 8 layers thick. As in the [111] data (Fig. 3d), the bandgap
region is characterized by a broad, `square-top' re¯ection peak with
near-unity re¯ectance. Furthermore, comparison of Fig. 3d and e
shows that a broad range of frequencies exists around 1.3 mm where

near-unity re¯ectivity is maintained for both directions, as expected
by theory for the bandgap. Thus, with our approach we can obtain
planar Si bandgap crystals grown directly on a Si wafer.

To demonstrate the potential usefulness of these crystals, we
performed two additional steps: doping and patterning. Intentional
doping of the lattice with arti®cial defects is now possible because
the concentration of native defects in our crystals is signi®cantly
reduced. Arti®cial defects are necessary to construct low-threshold
lasers and light-emitting diodes as they can act as microcavities of
high quality factor (Q). In comparison to 2D structures where the Q
of such cavities is inherently limited by the out-of-plane leakage of
light, 3D bandgap crystals can completely con®ne the light to obtain
the highest Q (.104) while maintaining a diffraction-limited modal
volume. In Fig. 4a, we demonstrate the ®rst step toward creating
such microcavities in our crystals. A trace amount of silica spheres
of another size was added to the initial opal template before Si
deposition. Consequently, an additional air cavity was introduced
into one of the unit cells of the lattice. By changing the size of the
dopant spheres, this cavity can be tuned to trap photons in photonic
acceptor states within the bandgap. For real devices, the placement
of such defectsÐwhich in Fig. 4a are randomly distributed
throughout the structureÐwould need to be controlled. Methods
to achieve this by more sophisticated assembly of the initial opal
template are currently being explored.

Another step is to pattern the crystal for a speci®c device
requirement. The planar con®guration of our samples allows the
possibility of using standard semiconductor microfabrication tech-
niques, such as photolithography and RIE. As natural assembly has
already de®ned the complex nanoscale topology of the 3D crystal,
photolithography is more than suf®cient to pattern the crystal into a
microscale device. To demonstrate the feasibility of this idea, Fig. 4b
shows an array of 100-mm-diameter `rings' of photonic crystal that
are three layers thick; the array covers a 1-mm region of the wafer.
This pattern was ®rst formed in a spun-on layer of photoresist by
photolithography, and then transferred into the photonic crystal by
RIE. Thicker samples can be processed by anisotropic RIE with high
aspect ratios, as shown in Fig. 4c and d. Densely packed arrays of
bandgap crystal devices could, in principle, be formed on a single
chip. Furthermore, the technological steps required to fabricate our
structures (LPCVD, oxide removal by wet etching, photolithog-
raphy and RIE) are standard Si-based microfabrication techniques.

Figure 4 Doping and patterning Si photonic crystals. a, SEM image showing the

introduction of an interstitial defect. b, Photograph of an array of 100-mm photonic-

crystal rings patterned into a large-area crystal via photolithography and etching. The red

colour arises owing to optical diffraction from the crystal. c, d, Cross-sectional SEM

images of patterned photonic crystals.
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So, this approach could allow the eventual mass production of low-
cost, naturally assembled, Si bandgap devices incorporated into
microelectronic integrated circuits.

Such integration is desirable for adding optical functionality to
current Si microelectronic devices. Devices made from planar Si
bandgap crystals could allow on-chip manipulation of photons.
Furthermore, the possibility of creating light in the same Si devices
also exists30. If such an active material could be incorporated inside a
high-Q microcavity in our structure, a route to Si micro-lasers
could be obtained. Thus, the above materials may provide an
inexpensive route to all-silicon integrated optoelectronic circuits,
using present-day technology. M
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Research activity in chemical gas sensing is currently directed
towards the search for highly selective (bio)chemical layer
materials, and to the design of arrays consisting of different
partially selective sensors that permit subsequent pattern recog-
nition and multi-component analysis1±3. Simultaneous use of
various transduction platforms has been demonstrated4±6, and
the rapid development of integrated-circuit technology has
facilitated the fabrication of planar chemical sensors7,8 and
sensors based on three-dimensional microelectromechanical
systems9,10. Complementary metal-oxide silicon processes have
previously been used to develop gas sensors based on metal
oxides11 and acoustic-wave-based sensor devices12. Here we com-
bine several of these developments to fabricate a smart single-chip
chemical microsensor system that incorporates three different
transducers (mass-sensitive, capacitive and calorimetric), all of
which rely on sensitive polymeric layers to detect airborne volatile
organic compounds. Full integration of the microelectronic and
micromechanical components on one chip permits control and
monitoring of the sensor functions, and enables on-chip signal
ampli®cation and conditioning that notably improves the overall
sensor performance. The circuitry also includes analog-to-digital
converters, and an on-chip interface to transmit the data to off-chip
recording units. We expect that our approach will provide a basis
for the further development and optimization of gas microsystems.

Physisorption and bulk dissolution of analyte molecules within
the polymer volume constitute the predominant interaction
mechanisms of polymer-based sensors13. The physical properties
of the polymer change on absorption of analytes: in the system we
report here, these changes are detected by three distinct comple-
mentary metal-oxide silicon (CMOS) microtransducers (Fig. 1) in
response to fundamentally different molecular properties of the
analytes. One transducer (Fig. 1b) responds to the mass of sorbed
molecules, another responds to the heat of absorption (Fig. 1c), and
the thirdÐthe capacitive sensorÐresponds to a combination of the
volume and dielectric properties of the absorbates convoluted with
changes in these parameters for the sensing layer (Fig. 1a).

The capacitive sensor relies on interdigitated electrode structures,
which correspond to the two plates of a standard capacitor, to
monitor changes of the dielectric coef®cient of the polymer. One
electrode is made of the ®rst metal layer of the CMOS process (E2 in
Fig. 1a), whereas the second electrode is a stack of two metal layers
(E1 in Fig. 1a). This is to enhance the sensitivity of the capacitive
microsystem by increasing the number of electric ®eld lines within
the polymer volume by applying a `three-dimensional' design14. The
dimensions of the capacitor are 800 ´ 800 mm, and its electrode
width and spacing are 1.6 mm. As the nominal capacitance of the
interdigitated capacitor is a few picofarads, and the expected
capacitance changes on absorption of a volatile organic compound
are in the attofarad range, a dedicated on-chip measurement
con®guration and speci®c signal-conditioning circuitry had to be
developed. The sensor response is read out as a differential signal
between a polymer-coated sensing capacitor and a passivated
reference capacitor. A digital output signal is then generated by
comparing the minute loading currents of both capacitors using
fully differential second-order sigma-delta modulator circuitry14.
The ®nal output is a digital word with a precision of 20 bits.
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