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A three-dimensional optical photonic
crystal with designed point defects

Minghao Qi, Elefterios Lidorikis, Peter T. Rakich, Steven G. Johnson,
J. D. Joannopoulos, Erich P. Ippen & Henry I. Smith
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Technology, Cambridge, Massachusetts 02139, USA

Photonic crystals'™ offer unprecedented opportunities for min-
iaturization and integration of optical devices. They also exhibit
a variety of new physical phenomena, including suppression or
enhancement of spontaneous emission, low-threshold lasing,
and quantum information processing®. Various techniques
for the fabrication of three-dimensional (3D) photonic crys-
tals—such as silicon micromachining’, wafer fusion bonding®,
holographic lithography’, self-assembly®’, angled-etching'®,
micromanipulation'', glancing-angle deposition'? and auto-
cloning'*'*—have been proposed and demonstrated with differ-
ent levels of success. However, a critical step towards the fabrica-
tion of functional 3D devices, that is, the incorporation of
microcavities or waveguides in a controllable way, has not been
achieved at optical wavelengths. Here we present the fabrication
of 3D photonic crystals that are particularly suited for optical
device integration using a lithographic layer-by-layer approach'®.
Point-defect microcavities are introduced during the fabrication
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process and optical measurements show they have resonant sig-
natures around telecommunications wavelengths (1.3-1.5 pm).
Measurements of reflectance and transmittance at near-infrared
are in good agreement with numerical simulations.

The photonic crystal (PhC) depicted in Fig. 1a is a layered
structure that allows arbitrarily designed defects to be introduced
in any layer. The layers are an alternating stack of the two comp-
lementary types of 2D-periodic photonic-crystal slabs: dielectric
rods in air and air holes in dielectric. To our knowledge, the
‘woodpile’ structure (without intentional defects) is the only
other such layered PhC successfully fabricated and measured at
optical wavelengths™®. An advantage of the present structure is that
the high symmetry of each layer enables future photonic devices to
be realized by modifying only one layer. Moreover, defect states in
this 3D PhC closely emulate their counterparts in 2D'°. This allows a
straightforward upgrade to 3D for most components and devices
designed and analysed in 2D. Furthermore, the existence of two
types of PhC slabs in this 3D crystal offers unprecedented polariza-
tion control'’. Finally, another potential advantage is a large
photonic bandgap (21% of the mid-gap frequency for circular
holes' and 25% for hexagonal holes, as shown in the Supplemen-
tary Fig. 1, versus 17% for the woodpile structure’).

Fabrication (Fig. 1b) takes a novel layer-by-layer approach where
two layers (one hole layer and one rod layer, shown in the same
colour in Fig. 1c) are fabricated in one process cycle, which consists
of material deposition, aligned lithography, etching and planariza-
tion. Figure Ic illustrates the formation of the rod layer as a ‘by-
product’ of over-etching the air cylinders (denoted ABCA) into the
previously patterned layer. As a result, seven functional layers can be
achieved in four process cycles. Details of the fabrication can be
found in the Methods section. Highlights include the use of
scanning-electron-beam lithography (SEBL) to align and define
the patterns, and the use of spin-on-dielectric (SOD) to fill and
planarize the etched cylinders. A set of dielectric point defects
(unetched air-cylinders B’ in Fig. 1c), which can be viewed as
microcavities in a 3D PhC, were introduced in the second process
cycle. These defects have modes with low quality factors (Qs) of only
about 25, but as such, are easily detectable in standard reflection
and/or transmission measurements. In addition, many identical
defects were introduced to further enhance the defect signatures.
However, care must be taken that the defects should not either
degrade the photonic bandgap or have strong interaction between
them. A defect density of 15% in the plane was found to be
reasonable. Furthermore, the lateral locations of these defects
were non-periodic in order to suppress photonic sub-band struc-
tures and to yield simple signatures of the defect states. Frequency-
domain calculations'® predict several cavity modes, and in particu-
lar three frequencies where resonant-transmission signatures are
expected, around 1.3 pm, 1.4 pm and 1.5 pm, respectively. Despite
the defect spanning three layers, the modes are all localized by the
photonic bandgap near the middle of the structure. For example, a
finite-difference time-domain (FDTD) calculation' reveals the
spatially localized electric field of a defect mode at 1.3 um, as
shown in Fig. 1d. The resulting fabricated structure is shown in
Fig. 2. We note excellent layer-to-layer alignment (<40 nm) and the
ability to achieve free-standing minimum feature size of 60 nm in a
3D nanostructure.

The PhCs were first characterized with a Nicolet Fourier-
transform infrared (FTIR) microscope at room temperature. The
unpolarized incident infrared light passes through a variable aper-
ture, diverges to a hyperbolic reflecting mirror, and is then refocused
to a small spot on the sample (Fig. 3a inset)*. The incident light
thus forms a cone-shaped bundle of rays with a half angle of 35°. The
sample is located at the focal plane and can be tilted relative to the
axis of the illumination cone. Reflectance and transmittance were
taken for 0° sample tilt. Transmittances were also taken for samples
tilted from [111] towards [112] for 30° and 45°. Figure 3a shows
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some typical transmission and reflection spectra. A stop-band is
observed from 1.15 pm to 1.6 pm for all tilt angles. It is important to
note that for non-zero sample tilt angles, each recorded spectrum is
actually an average over a variety of incident angles. For example, a
transmission spectrum at 45° sample tilt includes incident angles
from 10° to 80°. Therefore these measurements clearly demonstrate
an omni-directional photonic bandgap. Quantitatively, the reflec-
tance and transmittance in the 0° sample tilt (corresponding to a
small range of incident angles around 35° with respect to the sample
normal) add up to (100 * 6)% for a wide wavelength range from
1.31 pm up to 2.45 pm. Furthermore, the transmission and reflec-
tion curves cross at 1.68 pm with exactly 50% transmission and 50%
reflection. At short wavelengths, in the vicinity of the upper edge of
the bandgap, reflectance drops down as theory predicts. The fact
that an associated transmittance increase is not observed is most
likely due to the fact that we were near the measurement noise floor
of the spectrometer at those wavelengths. A stronger light source, as
we shall describe shortly, indeed yielded high transmittance at short
wavelengths. If we define the threshold as where transmittance is less
than 25% and reflectance is more than 75%, the bandgap extends
from 1.15pm to 1.45pm, corresponding to 23% of the mid-gap
frequency. This verifies the large 3D bandgap of our structure and is
in good agreement with the theoretical prediction of 21% full
bandgap'”.

A pronounced defect signature can be clearly seen at 1.3 pm, in
the middle of the 3D bandgap, as a dip in the reflection and
corresponding increase in transmission (Fig. 3a). In a control
experiment, a previously fabricated structure without defects did
not show such a dip in the bandgap. Moreover, the independence of
resonant frequencies on excitation angle is strong evidence for the
microcavity states. To our knowledge, this is the first direct
experimental observation of microcavity states in a 3D PhC at
optical wavelengths.

To understand the defect states quantitatively, the measured
feature sizes (using a scanning-electron microscope whose stage
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motion is monitored by a laser interferometer) of a fabricated 3D
PhC were fed into an FDTD simulator to calculate the reflection
spectrum for a 35° incident angle. The simulation is detailed in the
Methods section. A comparison of measured and calculated spectra
is shown in Fig. 3b, with good agreement. Although this level of
agreement has not been reported in any previous work, a more
critical comparison reveals that the defect resonance at 1.3 pm
appears somewhat broader than expected. This can be accounted
for by inhomogeneous broadening, as the measurements were
averaged over many individual point-defects. Small structural
variation of individual defects is unavoidable given the limitations
of current nanofabrication. In addition, the finer signatures of the
defect modes shown in the simulation, including those near 1.4 pm
and 1.5 um, are not discernable in the measurement.

The above-mentioned issues were resolved with spatially local-
ized measurements of transmission and reflection, which were
performed with an ultra-bright, broadband (1.1 pm to 1.9 pm),
unpolarized white light produced through supercontinuum genera-
tion!. A lensed optical-fibre was used to focus the light to a spot of
2.5 pm diameter. For a defect density of 15%, a 2.5-pm spot would,
on average, sample three defects. This significantly reduces the
degree of inhomogeneous broadening for the defect resonances,
allowing us to observe the spectral characteristics of individual
defect states, which was not possible with the FTIR microscope.

A comparison of measurement and simulation for transmittance
is shown in Fig. 4a. The resonance at 1.3 pm demonstrates remark-
able agreement between measurement and simulation in terms of
resonance magnitude and line-width. The Q of this defect mode is
found to be approximately 25 from simulation, which assumes no
inhomogeneous broadening, whereas the measurement achieves a
Q of approximately 18. Simulation also proves that this resonance
peak does correspond to a localized defect state in the 3D PhC. The
field pattern within the PhC, excited by a planewave at the resonance
frequency of 1.3 pm, was calculated and is shown in Fig. 1d, which
exhibits strong field localization at the defect. In addition, a new
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Figure 1 Schematic of the 3D PhC and its fabrication in silicon (Si). a, Computer
rendering of an ideal 3D PhC with three hole layers and three rod layers. The fabricated
structure has one additional hole layer on top of the uppermost rod layer. b, An illustration
of the layer-by-layer approach, showing two process cycles and the over-etch into

the previous layer. Details of the process flow can be found in the Methods section.
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¢, Cross-sectional view in the [110] plane. The PhC can be viewed as a face-centred-
cubic lattice of air cylinders (denoted ABCA) in high dielectric (Si). Unetched air cylinders,
denoted by B, form ‘dielectric’ point defects. d, Calculated ¢ |E|* (where e is the dielectric
constant, and E is the electric field) of the point-defect state at a resonant wavelength of
1.3 wm. Note, localization of the electric field near the middle of the crystal region.
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resonance peak near 1.5 pm, which was predicted by theory but not
apparent in FTIR measurement, can now be identified in the
measurement and is in good agreement with simulation.

The supercontinuum measurement at normal incidence is con-
sistent with the FTIR measurement: it has similar attenuation in
transmission but a wider bandgap, as expected from theory. More-
over, at short wavelengths, the transmittance does rebound. A
comparison with the perfect 3D PhC without defects, whose
transmission response was calculated and is shown as a dashed
green line in Fig. 4a, is also noteworthy: the position and size of the
bandgap does not change appreciably, indicating that the introduc-
tion of defects does not degrade the photonic bandgap.

A comparison of measurement and simulation for reflectance is
shown in Fig. 4b. The FDTD simulation was performed for

Si'substrate

Figure 2 Scanning-electron micrographs of the fabricated 3D PhCs. a, Low-
magnification top view. b, A close-up showing the hexagonal array of holes, denoted by A,
and B and C are the sets of holes underneath the top layer, showing a sequential shift in
the horizontal direction. The rod layers are completely blocked by the hole layers. ¢, A
tilted top view reveals the rod layer. d, A cross-sectional view. The functional layers are
marked by numbers, and the etched air cylinders are outlined with rectangles. The crystal
shown here was fabricated in an early batch and exhibits higher surface roughness as well
as more deviations from the designed parameters. It was not included for optical
characterization.
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an isolated defect using the supercell approximation (that is, a
widely separated, very weakly interacting array of point defects).
Remarkable agreement of the resonance frequencies is found in
simulation and measurement, which are manifested as dips in the
reflection spectrum at wavelengths around 1.3 pm, 1.4 pm and
1.5pm. In particular, the weak resonance at 1.4 pm—which is
predicted by theory but not identified in Figs 3 and 4a—is clearly
seen and agrees very well with simulation. Quantitatively, a maxi-
mum reflectance of 85% is in reasonable agreement with the FTIR
value of 90%. This lower reflectance, compared with both FTIR and
simulation, is explained in part by difficulties in measuring absolute
reflectivity due to the limited collection angle of the fibre lens, and
also position sensitivity of the confocal arrangement.

All the agreements between simulations and measurements, for
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Figure 3 FTIR-microscopy characterization of the 3D PhC with point defects. a, Reflection
(blue, at 0° sample tilt) and transmission (red, purple and green, for respective sample tilt
angles of 0°, 30° and 45°). Inset is the optical path of the FTIR microscope. For non-zero
degree sample tilts, the spectrum is an average of a variety of incident angles.

b, Comparison of measurement (red) and simulation (blue) for reflection at 35° incident
angle. No empirical adjustments of any kind were made other than the measured feature
sizes. The wider linewidth of the measured defect state is attributed to inhomogeneous
broadening.
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both FTIR and the supercontinuum light source, are particularly
noteworthy as no empirical adjustments of any kind (for example,
fitting, shifting or rescaling of the spectra) were made either to
theory or experiment. The only input into the simulation was the set
of measured feature sizes.

Although the agreements of theory and experiment demonstrate
the high quality of the fabricated PhC, fabrication imperfections
such as surface roughness and misalignment were unavoidable, and
indeed showed up in the characterization. At the upper part of the
bandgap (wavelengths around 1.2 pm), the photonic crystal appears
to produce some loss (that is, reflectance plus transmittance is less
than one for both FTIR and supercontinuum measurements). This
is expected, as at length scales comparable to the incident wave-
length, scattering loss due to surface roughness becomes more
significant. The size of the bandgap, when characterized with the
supercontinuum source, showed narrowing at places where the
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Figure 4 Supercontinuum-light-source characterization of point-defect states. The focal
spot has a diameter of 2.5 uwm, and samples on average three individual defects. The
experimental setups are shown in the insets. a, Comparison between measurement (red)
and simulation (blue) for transmission at normal incidence. Two defect resonance
frequencies around 1.3 wm () and 1.5 um (ll), predicted by theory, can be clearly
identified. The dashed green line is the calculated transmission with no defects.

b, Comparison between measurement (red) and simulation for an isolated defect (blue) for
reflection at normal incidence. Three resonant frequencies at 1.3 pm (), 1.4 pm (IV) and
1.5um (V), can be clearly identified in both measurement and simulation.
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fabrication was known to be inferior, such as at the edge or corner of
a die.

Finally, we note that the bandgap positions are quite sensitive to
the dimensions of the fabricated structures. With the flexibility of
electron-beam lithography, we investigated the tuning of bandgaps
with structural variations. Specifically, 3D PhCs with the same
lattice constant but different hole sizes, corresponding to different
filling ratios, were fabricated and measured. The results confirmed
the theoretical prediction that a lower Si-filling-ratio results in a
shift of the bandgap towards shorter wavelengths.

One important discriminating feature of the lithographic
approach used in this work is the ability to fabricate a 3D PhC
with intentional defects in a natural, relatively low-cost and flexible
manner. More generally, our fabrication process can be applied to a
variety of 3D nanostructures. It is not material specific, and thus can
be applied, in principle, to other material systems, and even possibly
to epitaxial structures based on GaAs or InP. Furthermore, by using
interference, X-ray or imprint lithography (refs 22-24, and
C. Zanke, M. Qi and H. I. Smith, unpublished work), our layer-
by-layer approach can produce large-area (several centimetres
squared) and lower-cost 3D photonic crystals at near-infrared or
even visible wavelengths. Defects can then be introduced at any level
using SEBL.

The demonstration of designed defect states in a 3D photonic
crystal, together with a robust fabrication process for general 3D
nanostructures, should lead to more functional devices in the near
future, and eventually to 3D optical integrated circuits. O

Methods

Fabrication
Process flow (Fig. 1b): first, a layer of 520-nm amorphous silicon was deposited on a
silicon wafer. An electron-beam resist, 230-nm-thick polymethylmethacrylate (PMMA),
was then spun on. A 4-nm Ni layer was evaporated on top of the PMMA to avoid charging
during the electron-beam registration and writing. The pattern data was compensated for
proximity effects due to electron back-scattering. After the electron-beam lithography
exposure and development, the image in PMMA was transferred to a 60-nm-thick Ni layer
by lift-off. This layer was then used as a hard mask for reactive-ion etching (RIE) of silicon
in a mixture of CF, and O,, carefully timed to achieve the desired depth. A type of spin-on-
dielectric, hydrogen silsesquioxane (HSQ, Fox-16, Dow Corning), was then spun on to fill
the holes and planarize the surface. The surface was carefully brought to the level of silicon
by a combination of polishing and etchback. At this point, the sample was ready for
another cycle of the identical fabrication sequence. After four such cycles, the spin-on-
dielectric was etched away with a 10% hydrofluoric acid solution. All the processes were
done at moderate temperatures (<400 °C) to minimize stress.
Scanning-electron-beam lithography: the tool was a custom system that
combined parts from two IBM-donated systems>. The write field of the SEBL system
was 102.4 pm by 102.4 pm; the photonic crystal occupied an area of roughly 70 pm by
70 pm. Alignment marks of 70-nm-thick Au were placed at the corners of the electron-
beam write field to provide registration®. Detection of these marks becomes more difficult
as more Si is deposited over them, thus at each process cycle the alignment marks were
regenerated. A total of seven aligned SEBL exposures were used to complete the four
process cycles.

FTIR measurement

The aperture size of the FTIR microscope was fixed so that the sample collection area was
around 30 pm by 30 pm. The signal-to-noise ratio was high, as the PhCs were fabricated on
double-sided polished Si wafers. For the transmission measurements, the reference was an
area of bare Si adjacent to the 3D PhC. Reference measurements were taken for each tilt
angle, and the spectra were normalized accordingly. For the reflection measurements, the
reference was a freshly evaporated 1-pm Au film on a Si wafer. To obtain quantitative
measurements, the transmission signal was first maximized on the sample by focus
adjustment, then the sample was moved laterally out of the beam path and the reference
taken. The sample was then moved back into the beam path and the transmission
spectrum recorded. Each measurement was integrated 512 to 1,024 times to increase the
signal-to-noise ratio. For reflectance, signals were maximized for both the reference and
the device by focus adjustment. The collected spectra were faithfully reproducible both for
peak positions and absolute reflectance/transmittance.

Supercontinuum light measurement

Supercontinuum light, generated in a highly nonlinear fibre, is unpolarized with a
spectrum range from 1.1 pm to 1.9 pm. Spatially localized transmission measurements at
normal incidence were performed by placing the PhC at the focal plane of the lensed fibre
(2.5-pm focus spot diameter). Light transmitted through the PhC was collected with a
fibre optic placed at the back side of the wafer, which has a narrow collection angle of 5°
(Fig. 4a, inset). This guarantees that transmission measurements only sample a small cone
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of wave-vectors. The calibration reference was again an area of bare Si adjacent to the 3D
PhC device. Spatially localized reflection measurements were performed by placing the
lensed fibre at normal-incidence in a confocal geometry. The reflected light was collected
and measured with the same fibre (Fig. 4b, inset).

Numerical simulation

We used the FDTD method to solve the full-vector time-dependent Maxwell’s equations
on a computational grid. This method is exact up to the discretization error (which in our
case is about 1-2%). The only input used was the sample’s feature sizes. The lateral size of
the computational cell consists of a 16 X 8 arrangement of the minimum orthogonal unit
cell and corresponds to a 9 pm X 7.8 pm area. In the vertical direction, the cell consists of
the seven PhC layers on top of a semi-infinite substrate. For amorphous Si in the range of
1.1 pm to 1.6 pm we used an average dielectric constant of 12. Defects were introduced in
the second layer (see Fig. 1b) in a non-periodic distribution at a density of about 15%.
Bloch-periodic boundary conditions were applied laterally and absorbing (perfectly
matched layers) boundary regions vertically. A laterally plane and temporally gaussian
source was introduced at the top of the computational cell, and fields and fluxes monitored
both above and below the PhC. Upon Fourier transforming the fields and fluxes, we obtain
the frequency-resolved reflectance and transmittance.
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A 200,000-yr interval of extreme global warming marked the
start of the Eocene epoch about 55 million years ago. Negative
carbon- and oxygen-isotope excursions in marine and terrestrial
sediments show that this event was linked to a massive and rapid
(~10,000 yr) input of isotopically depleted carbon'>. It has been
suggested previously that extensive melting of gas hydrates
buried in marine sediments may represent the carbon source>*
and has caused the global climate change. Large-scale hydrate
melting, however, requires a hitherto unknown triggering
mechanism. Here we present evidence for the presence of thou-
sands of hydrothermal vent complexes identified on seismic
reflection profiles from the Veoring and More basins in the
Norwegian Sea. We propose that intrusion of voluminous
mantle-derived melts in carbon-rich sedimentary strata in the
northeast Atlantic may have caused an explosive release of
methane—transported to the ocean or atmosphere through the
vent complexes—close to the Palaeocene/Eocene boundary. Simi-
lar volcanic and metamorphic processes may explain climate
events associated with other large igneous provinces such as the
Siberian Traps (~250 million years ago) and the Karoo Igneous
Province (~183 million years ago).

A huge magmatic complex of dominantly subhorizontal sheets
(sills) of basaltic composition intruded the Cretaceous Vering and
More basins before, and during, the northeast Atlantic continental
break-up about 55 million years (Myr) ago®”. The sill complex
covers an area of at least 80,000 km? (Fig. 1), but sills are also likely
to be present in basin segments covered by lava flows that inhibit
deep imaging (for example, beneath the 13,000 km? large ‘Inner
Flows’ region). The thickness and number of sills is difficult to map
as subsill seismic imaging is often poor. However, both field and
seismic data commonly reveal several levels of sill intrusions®®’.
Three sills were drilled by the well 6607/5-2 with thicknesses of 2, 91
and >50m (refs 6, 10). The middle sill is very well imaged on
seismic reflection data, and can be followed for >50km into the
Vering Basin. A conservative estimate of the volume of the sill
complex in the Voring and More basins is 0.9-2.5 X 10*km” on the
basis of an intruded area of 85,000 km” and an average vertical
accumulated sill thickness of 100-300 m. The area of the entire
sill complex in the North Atlantic Volcanic Province (NAVP) is
probably at least five times greater than the sill complex in the
Vering and Mere basins. This estimate is based on the fact that the
two studied basins comprise only 10% of the length of the northeast
Atlantic volcanic margins, and a conservative estimate of the width
of the NAVP sill complex being 50% of the width of the Varing and
More basins sill complex.

We have identified and characterized 735 hydrothermal vent
complexes in the Voring and Mere basins (Figs 1, 2 and 3). The
total number of complexes in the Megre and Vering basins is
estimated to be at least 3—5 times greater, given the size distribution
of the vent complexes and the seismic line coverage. This factor has
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