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Figure 4 Infrared absorption spectra of n-type ZnO (4.4 nm), CdS (7 nm) and CdSe
(5.4 nm) nanocrystals capped with TOPO. The insets are the corresponding time evolution
of the infrared absorbance maximum normalized for comparison. We note that the x-axis
of the inset for ZnO is in hours.

infrared absorption maximum. As expected from the relative
reduction potentials of the semiconductor and of the constituent
elements, n-type ZnO nanocrystals are more stable than CdS and
CdSe. At room temperature, approximately 30% of the initial
infrared absorption is observed 5 days after the initial preparation
of n-type ZnO nanocrystals, whereas the infrared absorption
completely decays in less than 2 days for both CdS and CdSe
nanocrystals. The intrinsic limit of this electron injection method
should be the point at which the sum of the con®nement energy, the
charging energy and the position of the conduction band minimum
reaches the reduction potential of the reducing species.
One of the advantageous properties of quantum dots prepared as
colloids is the organic capping layer. The readily exchangeable
organic surfactants allow for a versatile manipulation of nanocrystals in many different environments. For example, recapping nanocrystals with organic functional groups that are compatible with
physiological environments has shown that nanocrystals can be
useful biological tags20,21. The electron injection into the LUQCO is
also achieved in nanocrystals with different capping groups as
indicated in Fig. 3. As long as the capping layer does not introduce
electron traps within the band gap, this method should be applicable. The capping layer also provides an avenue to improve the longterm stability of n-type nanocrystal (for example, binding of the
cation to the surface and core/shell structures).
Colloidal semiconductor nanocrystals of various materials
(CdSe, CdS and ZnO) can be reduced to n-type by Na or biphenyl
radical anions with electrons occupying the quantum con®ned
states of the conduction band. A stability of hours to days at
room temperature is observed and improvements are likely in the
future. We have shown how electron occupation of the 1Se state
dramatically affects the optical properties, creating the possibility
for strong electrochromic response in the visible and mid-infrared.
The conductivity of ®lms of n-type nanocrystals is one of the most
interesting aspects to investigate, owing to the possibility of
enhanced inter-nanocrystal electron transfer that may lead to
photovoltaic or electronic applications. In general, the control of
the Fermi level should be important in future applications of
colloidal semiconductor nanocrystals and the electron transfer
method may be the most viable approach in the nanometer
length scale with strong con®nement.
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Optoelectronic devices are increasingly important in communication and information technology. To achieve the necessary
manipulation of light (which carries information in optoelectronic devices), considerable efforts are directed at the development
of photonic crystalsÐperiodic dielectric materials that have socalled photonic bandgaps, which prohibit the propagation of
photons having energies within the bandgap region. Straightforward application of the bandgap concept is generally thought to
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require three-dimensional (3D) photonic crystals1±5; their twodimensional (2D) counterparts con®ne light in the crystal plane6,7,
but not in the perpendicular z direction, which inevitably leads to
diffraction losses. Nonetheless, 2D photonic crystals still attract
interest8±15 because they are potentially more amenable to fabrication by existing techniques and diffraction losses need not
seriously impair utility. Here we report the fabrication of a
waveguide-coupled photonic crystal slab (essentially a freestanding 2D photonic crystal) with a strong 2D bandgap at
wavelengths of about 1.5 mm, yet which is capable of fully controlling light in all three dimensions. These features con®rm
theoretical calculations16,17 on the possibility of achieving 3D light
control using 2D bandgaps, with index guiding providing control
in the third dimension, and raise the prospect of being able to
realize unusual photonic-crystal devices, such as thresholdless
lasers1.
The photonic crystal slab consists of cylindrical holes etched
through a thin GaAs slab and partially into a 1-mm-thick underlying
Al0.9Ga0.1 As layer (Fig. 1). The nearest hole-to-hole spacing is a and
the hole diameter is d (= 0.6a). The thickness (t) of the GaAs slab
was chosen to be 0.5a to create a large photonic bandgap16. The
Al0.9Ga0.1As layer was then wet oxidized to give a layer of AlxOy. The
latter has a low refractive index (n < 1.5; ref. 18), which helps to
con®ne light in the GaAs slab.
In a periodic dielectric structure, electromagnetic waves experience a periodic scattering potential, as described by Maxwell's
equations. Light is coherently scattered by this potential, much as
electrons are scattered in an electronic crystal (Bragg scattering). So
the language for describing electronic states in an electronic

a

light in

light out

y

crystal19 Ðsuch as `crystal wavevector' (K) and `Brillouin zone'Ð
may also be applied to describe photonic states in a photonic crystal.
As a result of Bragg re¯ection, frequency gaps can also form; within
these gaps, the photonic density of states vanishes and the propagation of light is strictly forbidden in all directions within the crystal.
Figure 2 shows such a frequency dispersion (that is, q versus k) of
a photonic crystal slab. Here, q and k are the frequency and the
crystal wavevector associated with an electromagnetic wave, respectively. The shaded area represents the light-cone regionÐwhere
leaky modes occurÐand the unshaded region shows where guided
modes occur: the connected dots represent the guided modes within
the slab (Fig. 2a). The light-cone boundary is identi®ed only in full
3D band-structure calculations17; its slope is determined by the
refractive index of AlxOy cladding layer, and is slightly nonlinear
because of the small penetration of etched holes into this layer.
Although the dielectric±air interface of an individual hole would
give rise to strong scattering and radiation losses, a periodic hole
array causes coherent scattering, so that energy-momentum conservation rules prohibit the Bloch guided modes from coupling into
air modes.
Guided modes may be even (open circles in Fig. 2a) or odd (solid
circles) with respect to re¯ection through the mirror plane (x±y
plane in Fig. 1b) bisecting the slab and the cylinders of the 2D hole17.
These even and odd states have strong similarities with respectively
transverse electric (TE) and transverse magnetic (TM) states in two
dimensions. For TE modes, there exists a large fundamental TE
photonic bandgap at q = 0.263±0.34. There is also a higher-order
TM gap at q = 0.345±0.378. Operating within these bandgaps, light
can be strongly re¯ected by the 2D gaps and also index-guided
vertically. This is how light can be fully controlled using a 2D
photonic-crystal slab.
In Fig. 2b, the dispersion for an unoxidized photonic-crystal slab
is shown. Here the slope of the light cone, c/n, is set by the refractive
index of the Al0.9Ga0.1As layer, n = 2.9; a higher n implies a lower
light-cone boundary. Consequently, only the lowest TE and TM
band are guided, and only a small photonic bandgap is expected.
The use of a low-index AlxOy layer in our 2D slab structure design is
essential for obtaining 2D guided modes and bandgaps.
To probe the intrinsic optical properties of a photonic-crystal
slab, we performed transmission measurements along G±K. Diode
lasers were used as the light source. The transmitted light was split,
and fed into a calibrated InGaAs photodetector for intensity
measurements, and to an infrared (IR) camera for imaging. For
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Figure 1 SEM images of a nanofabricated 2D photonic crystal slab. a, Top view showing
an input ridge waveguide, a nine-period 2D hole array and an output waveguide. The
holes are arranged in a triangular array, and the waveguides are used to facilitate light
coupling. The 2D hole array section is a few rows wider than the waveguide to reduce light
leakage around the side edges of photonic-crystal slab. b, A side view of the etched
cylindrical holes, which have an etched depth of ,0.5 mm and side walls straight to
within 58. Nanometre-scale fabrication of 2D holes is done using a combination of
electron-beam lithography and reactive-ion-beam etching processes. The major crystal
symmetry directions, G±K and G±M, are also shown. Scale bar, 1 mm.
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Figure 2 Computed dispersion of 2D photonic crystal slab structures. Here, q is
expressed in units of (a/l), and k is plotted along symmetry directions, G, M(p/a) and
K(1.15p/a). a, The bottom cladding layer is AlxOy, with refractive index n < 1.5. See text
for discussion of the light-cone boundary and the shaded area. b, The bottom cladding
layer is Al0.9Ga0.1As (n = 2.9).
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precise optical alignment, the sample and lenses were mounted on a
®ve-axis moving stage, which has a movement precision of better
than 50 nm.
To obtain reliable transmittance data, the modal pro®le of the
transmitted light must be carefully examined. In our experiment,
Fig. 1b, the transmitted signal results from light coupling from (1)
the input waveguide mode into (2) the photonic-crystal state and
then back to (3) the output waveguide mode. If laser light is focused
into the input waveguide and the crystal slab does not strongly
scatter light, the output signal is a well-de®ned gaussian-shaped
waveguide mode. But if the focus is inaccurate and the laser light is
coupled, instead, into the undesired air mode or the substrate leaky
mode, the output signal is typically broad and scattered in shape.
The imaging camera at the output end is used to check the modal
pro®le. Figure 3a (top) shows an image of TM light, l = 1,550 nm,
transmitted through a nine-period 2D crystal sample (a = 460 nm).
The mode is bright and well de®ned, and its intensity pro®le
(dashed line, bottom) is gaussian. The same measurement was
repeated with TE light (Fig. 3b). The image is not as bright,
suggesting the existence of a TE gap, but its pro®le remains gaussian.
The observed gaussian pro®les suggest that the output signal is a
true measure of waveguide±crystal interaction.
To ®nd the absolute intrinsic transmittance of a 2D crystal, a
reference transmission is taken from an identical waveguide with no
2D crystal built in the middle section. By ratioing transmission
signals, taken with and without a 2D crystal, absolute intrinsic
transmittance is obtained. This procedure eliminates external
uncertainties associated with re¯ection at waveguide±crystal interfaces and free-space-to-waveguide coupling ef®ciency.
In Fig. 4 we show (®lled squares) the TM absolute transmittance
along G±K versus the number of periods (N) of the hole array
(a = 460 nm). The transmittance is high, (88 6 7)%, and independent of N. The high transmittance shows that TM light is wellguided within the crystal slab, as predicted by the calculation shown
in Fig. 2b. The observed N-independence suggests that radiation
loss is not important for our samples, as such loss would give an
exponential dependence on N. The small deviation from perfect
100% transmission may be due to scattering at the waveguide±
photonic crystal interface, which is independent of N. This observation con®rms the prediction that, under the light cone, light is
guided in the 2D slab and vertical leakage loss is negligible.
a

λ = 1550 nm/ TM

b

For the TE input at q = 0.297, light is strongly attenuated, and
also slowly converted to TM polarization. The total and TE
transmitted light is plotted in Fig. 4 as open and solid circles,
respectively. The TE transmittance drops exponentially from 50% at
N = 1, to about 0.2% at N = 5, and eventually saturates at
about 6 ´ 10-4. The observed exponential dependence shows that, at
q = 0.297, the TE mode is in the photonic bandgap regime, which
agrees with the prediction of Fig. 2a. As this TE mode is well below
the light-cone boundary, vertical light leakage within the crystal is
negligible. Thus, the observed absolute transmittance is a true
measure of light attenuation in the 2D crystal slab. Light intensity
is reduced ten times for every two periods it traverses in the crystal
slab (or about 5 dB per period).
In Fig. 5a, the measured and computed TE transmission spectrum along G±K is plotted on a semi-log scale as open dots and a
solid line, respectively. The theoretical transmittance was calculated
using 3D ®nite difference time-domain simulations20. The slightly
larger observed bandgap, ,8%, may be due to small uncertainties
in the fabricated hole size and lattice constant. In the bandgap,
q < 0.27, transmittance as low as about 2 ´ 10 -4 is observed. At the
lower band edge, q < 0.25, transmittance increases from 2 ´ 10 -4 to
unity over a small Dq < 0.02, a rise of four orders of magnitude. The
upper and lower TE band edges occur at q1 < 0.34 and q2 < 0.25,
respectively, yielding a large gap-to-midgap ratio, 30%. The close
agreement between theory and experiment also con®rms that light
attenuation in the gap is due to photonic bandgap rejection, rather
than to vertical leakage.
In Fig. 5b, the measured TM transmission spectrum is plotted as
solid dots on a semi-log scale. A theoretical curve (solid line) is also
shown, which again agrees well with the experimental data. In the
allowed band (q ranging from 0.240 to 0.300 a/l), an overall high
transmission of 70±100% is observed; this indicates that light is
indeed well guided within the 2D slab for both TE and TM
polarizations in the allowed bands.
The polarization conversion mentioned in Fig. 4 may be attributed to symmetry breaking in the 2D slab structure. In our sample,
the upper cladding is essentially air, whereas the lower cladding is a
1-mm-thick AlxOy layer. This asymmetry17 introduces a weak
coupling between the otherwise non-interacting TE and TM
modes. At q = 0.297, while TE light is attenuated due to the TE
gap, TM light is free to propagate and its intensity should remain
roughly constant. Thus for small N (,3) in Fig. 4, TE light
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Figure 3 Infrared images of the transmitted laser light, and their corresponding modal
pro®les at l = 1,550 nm. The input laser light is coupled into and out of a ridge waveguide
using a pair of aspheric lenses with a high numerical aperture (NA = 0.4). An infrared
camera is used to image the laser output. a, The image of TM transmitted light is brighter
as it belongs to a guided mode. b, The TE transmitted light is much weaker and is in the
photonic bandgap spectral regime. Both TM and TE modal pro®les are gaussian-like. The
horizontal lines are guides to the eye.
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different number of periods (N ). The transmittance for TM input is shown as ®lled squares.
For TE input, transmitted light contains both TE and TM components. Both the TE (solid
circles) and total (open circles) transmitted light attenuates exponentially as a function of
N. See text for details.

© 2000 Macmillan Magazines Ltd

985

letters to nature
a

TE

100
10–1

guided
mode

Absolute transmittance

10–2
band
edge

10–3

gap

10–4
b

TM

100
10–1
guided
mode

10–2
10–3
0.18

0.22

0.26

band
edge
0.3

0.34

0.38

9. Lin, S. Y. et al. Investigation of absolute photonic band gaps in two-dimensional dielectric structures.
J. Mod. Opt. 41, 385±393 (1994).
10. Gruning, U. & Lehmann, V. Two-dimensional infrared photonic crystal based on microporous silicon.
Thin Solid Films 276, 151±154 (1996).
11. Rosenberg, A. et al. Near-infrared two-dimensional photonic band gap materials. Opt. Lett. 21, 830±
832 (1996).
12. Krauss, T. F. et al. Two-dimensional photonic band gap structures operating at near-infrared
wavelengths. Nature 383, 699±702 (1996).
13. Labilloy, D. et al. Quantitative measurement of transmission, re¯ection, and diffraction of twodimensional photonic band gap structures at near-infrared wavelengths. Phys. Rev. Lett. 79, 4147±
4150 (1997).
14. Benisty, H. et al. Optical and con®nement properties of two-dimensional photonic crystals. IEEE J.
Light Wave Technol. 17, 2063±2077 (1999).
15. Kanskar, M. Observation of leaky slab modes in an air-bridged semiconductor waveguide with a twodimensional photonic lattice. Appl. Phys. Lett. 70, 1438±1440 (1997).
16. Villeneuve, P. R. et al. Three-dimensional photonic con®nement in photonic crystals of lowdimensional periodicity. IEE Proc. Optoelectron. 145, 384±390 (1998).
17. Johnson, S. G. et al. Guided modes in photonic crystal slabs. Phys. Rev. B 60, 5751±5758 (1999).
18. Kish, F. A. Planar native-oxide index-guiding AlGaAs/GaAs quantum well heterostructure lasers.
Appl. Phys. Lett. 59, 1755±1757 (1991).
19. Kittel, C. Introduction to Solid State Physics Ch. 7, 185±189 (Wiley & Sons, New York, 1976).
20. Foresi, J. S. et al. Photonic bandgap micro-cavities in optical waveguides. Nature 390, 143±145 (1997).
21. Lin, S. Y. et al. Experimental demonstration of guiding and bending of electromagnet waves in a
photonic crystal. Science 282, 274±276 (1998).
22. Johnson, S. et al. Elimination of cross talk in waveguide intersections. Opt. Lett. 23, 1855±1857 (1998).
23. Fan, S. et al. Channel drop tunneling through localized states. Phys. Rev. Lett 80, 960±963 (1998).
24. Fleming, J. G. & Lin, S. Y. Three-dimensional photonic crystal with a stop band from 1.35 to 1.95 mm.
Opt. Lett. 24, 49±51 (1999).

ω (a/λ )
Figure 5 Absolute transmittance (T ) as a function of q (= a/l) from 0.18 to 0.40. a, The
TE transmittance spectrum covers the guided mode (,100% transmission at q = 0.24),
band edge, and bandgap regions. The solid line is a theoretical curve. Here, q is varied by
tuning l through three samples with different a: 400 nm (red dots), 430 nm (green dots)
and 460 nm (blue dots), respectively. b, The transmittance for TM input light. The solid
line is a theoretical curve.

dominates and its intensity is close to that of total transmitted light.
For 3 , N , 5, the converted TM intensity increases, yet TE light
continues to be reduced, leading to a large difference between TE
and the total transmitted light. For N . 5, TM polarization
dominates the total transmitted light and its intensity remains
constant as it is a guided mode. At this point, a back-conversion
from TM to TE becomes signi®cant, leading to a nearly constant TE
light intensity. The TE to TM ratio of about 0.05 for N . 5 is a
measure of TE/TM mode conversion ef®ciency. This conversion
process contributes to light leakage, and will limit the attenuating
ef®ciency of a TE gap. Such leakage, however, may be eliminated
through a symmetrical slab structure design.
Possible applications of this work in planar photonic circuits
include low-loss in-plane waveguide bends21, waveguide crossings22,
and photonic tunnelling23 for wavelength division multiplexer/demultiplexer applications. We note that we have not obtained a
complete 3D photonic bandgap24 owing to the light cone, and some
radiation losses are inevitable when the structure deviates from
perfect periodicityÐfor example, when boundary effects, fabrication defects, and resonant cavities23 are considered. Further work
will therefore be required to minimize radiation losses in the above
applications, aided by theoretical and numerical evidence that lowloss defects and cavities are possible in these structures17.
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The shape1,2 and chemical composition3 of solid surfaces can be
controlled at a mesoscopic scale. Exposing such structured substrates to a gas that is close to coexistence with its liquid phase can
produce quite distinct adsorption characteristics compared to
those of planar systems4, which may be important for technologies such as super-repellent surfaces5,6 or micro-¯uidics7,8. Recent
studies have concentrated on the adsorption of liquids on
rough9±11 and heterogeneous12 substrates, and the characterization of nanoscopic liquid ®lms13. But the fundamental effect of
geometry on the adsorption of a ¯uid from the gas phase has
hardly been addressed. Here we present a simple theoretical
model which shows that varying the shape of the substrate can
exert a profound in¯uence on the adsorption isotherms of liquids.
The model smoothly connects wetting and capillary condensation
through a number of examples of ¯uid interfacial phenomena,
and opens the possibility of tailoring the adsorption properties of
solid substrates by sculpting their surface shape.
The interaction of a gas with a solid surface is usually mediated by
an adsorbed (microscopically thin) layer of liquid which is responsible for the rich behaviour of the solid±gas interface14. When the
gas coexists with its liquid, an increase in the temperature is
accompanied by an increase in the thickness of this adsorbed
layer which attains macroscopic character at the wetting tempera-

© 2000 Macmillan Magazines Ltd

NATURE | VOL 407 | 26 OCTOBER 2000 | www.nature.com

