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Visible-wavelength super-refraction in photonic crystal superprisms
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We demonstrate the fabrication of superprism devices in photonic crystal waveguides with excellent
transmission through 600 rows of 160 nm diameter holes. Broadband spectral and angular
measurements allow mapping of the chromatic refractivity. This shows the ability of such devices
to super-refract by more than 1 ° / nm close to the principal band gaps, 10⫻ more than equivalent
gratings, and 100⫻ more than equivalent prisms. Simple theories based on plane-wave models give
excellent agreement with these results. © 2004 American Institute of Physics.
[DOI: 10.1063/1.1772521]
Photonic crystal (PC) waveguides promise many ways to
miniaturize and integrate photonic devices on high functionality optical chips. An extremely wide range of components
can benefit from the competing interplay between multiple
diffraction and interference in such periodically patterned
nanostructures. This results in many enhanced optical properties around the critical band gaps in the photonic bandstructure which can break conventional optical “design
rules” such as multirefringence,1 slow light,2–4 enhanced
nonlinear conversion,5 and superprisms.6–9 While considerable theoretical effort has been developed in the past few
years to raise the prospect of enhanced performance,10,11
very few devices have actually been realized, spectrally
tested and robustly compared to these theories. In particular,
the role of the photonic band gaps in relation to the superprism phenomena have not been highlighted.
In this letter, we show state-of-the-art fabrication of PCs
in the visible optical region based on a silicon platform. Planar waveguides are deposited and subsequently patterned
with a range of periodic arrays of holes in different geometries, and up to 600 rows of holes across. Broadband optical
characterization on a range of such devices allows us to
clearly identify their excellent transmission properties, exhibiting strong band gaps with high transmission in the intervening spectral regions. A chromatic refraction technique
combining angular scans with transmission spectroscopy allows us to map the super-refraction properties. Our results
compare well with a simple two-dimensional (2D) plane
wave theory, thus enabling further optimization of the devices.
The devices are fabricated in a standard silicon microfabrication process line, compatible with very large-scale integrated electronics, on n-type silicon wafers. They are based
on our previous designs1,2,12 with silicon nitride waveguides
(Si3N4 250 nm nominal thickness, n = 2.02) embedded in silicon dioxide 共SiO2兲 substrate and cladding layers (1.7 m
and 75 nm thick, respectively, n = 1.46). The PC sections are
defined using electron-beam lithography and subsequent dry
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etching to give large aspect ratio holes through the core
waveguide layers. In this letter, we will concentrate on a
particular set of devices with hole diameter d = 160 nm, in a
rectangular array of periodicity with a = 310 nm, b = 465 nm
(aspect ratio 1:1.5), with 600 rows of holes giving a total
device length of 186 m [Fig. 1(a)]. However, we have examined a whole series of devices with pitches from
260 nm to 410 nm,
hole
diameters
from
160 nm to 360 nm, from 10 to 1000 rows, with triangular,
square, and rectangular lattices which show comparable
properties to those here (to be reported elsewhere). By cleaving through notched arrays of these photonic chips, highquality end facets are obtained suitable for endfire coupling
into the slab waveguides. These devices are designed to provide photonic band gaps in the visible region of the spectrum, except for the lowest band gap which is in the infrared

FIG. 1. (a) Design of planar PC waveguide chips containing several rectangular PC regions 共500 m ⫻ 186 m兲, together with chromatic refraction
detection geometry. Insets shows scanning electron micrographs of the rectangular lattice in plan and cross section. (b) Normalized TM-polarized transmission spectra of four devices with a direction successively rotated away
from the propagation direction by 0.5°–8°, on a log scale and shifted vertically for clarity.
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and of less interest for superprism operation here.7
In order to characterize the transmission properties of
these PC waveguides, we exploit our previously developed
ultrabroadband white light spectroscopy.12 This allows us to
rapidly measure quantitative transmission characteristics
from 450 nm– 950 nm (and across the infrared with suitable
modifications to deal with chromatic aberrations). The ability
to focus such a high-brightness white source into the 300 nm
high fundamental waveguide mode allows us to easily track
different colors of light travelling in different directions inside the photonic circuit slab. Typical transverse magnetic
(TM) polarized waveguide transmission spectra are shown in
Fig. 1(b) for four PC structures whose lattice is successively
rotated so that light propagates from 0.5° to 8° away from
the a direction of closest hole separation. The first, second,
and third band gaps are clearly visible, with an extinction
ratio exceeding 100:1 (limited in this experiment by transverse electric polarized stray light). Transmission is seen to
be nearly 100% around the lowest band gap not just on the
long wavelength (dielectric) side of the band gap but also on
the short-wavelength (air) side which is prone to suffering
loss from upscattering out of the waveguide. In the current
context, it is extremely important to collimate the beam of
light impinging on the PC to prevent averaging over different
directions within the superprism. We use cylindrically compensated focusing optics to launch a 100 m wide beam at
the 300 m long PC structures which are embedded at the
center of 2 cm long waveguides [Fig. 1(a)]. A number of
similar devices are fabricated on each photonic chip, each of
an identical design except for a 2.5° rotation in the orientation of the rectangular lattice to the propagation direction,
(while the edges of the PC regions are always normal to the
input facets). In between the devices are sections of an unpatterned planar waveguide that are used for calibration purposes. Thus, these bulk PC waveguides are ideal for the
quantitative observations of superprism effects.
To explore the super-refraction of light at wavelengths
close to the different order band gaps, we measure the angular emission of light from the PC by scanning a collection
fiber along the output facet of the waveguide (Fig. 2). Due to
our high brightness source, this allows rapid acquisition of
spectra at each emission angle, and hence an angular-spectral
map can be built up for each device under automated control.
We use a multimode collection fiber coupled to an Ocean
Optics HR2000 spectrometer covering the entire visible
range, together with spectral filters to flatten the white light
spectrum. With 10 m slits, we approach a 0.3 nm spectral
resolution and a 0.3° angular resolution (corrected for external refraction at the waveguide facet). Great care is taken to
ensure that the multimode fiber tracks the exit facet of the
waveguide slab as it is scanned along the chip. Such simultaneous angular and spectral characterization in waveguide
geometries are crucial for identifying and mapping the
chromatic-refraction performance of photonic crystal devices.
Typical chromatic-refraction maps for four devices at
0.5°, 3°, 5.5°, and 8° to the a-direction are shown in Fig. 2.
Refraction angles up to 16° are observed, with clear refractive features of different signs around the different photonic
band gaps. We note that such properties cannot be found in
any conventional waveguide optical components. Even more
significant is the large angular dispersion, up to 1 ° / nm
around these band gaps. This should be compared to
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FIG. 2. Chromatic refraction maps of the broadband transmission as a function of angular deviation for each of the samples in Fig. 1(a), plotted on a
log scale to easily show up the super-refraction.

0.006° / nm for a conventional prism of the same effective
index as the waveguide, or 0.10° / nm for a diffraction grating of pitch 500 nm embedded in the same waveguide effective index at these wavelengths. As the lattice is rotated away
from the symmetry direction parallel to a, the magnitude of
this maximum angular dispersion increases, while the band
gaps shift in different directions as expected from the band
diagram. This confirms that super-refractive properties are
enhanced away from symmetry directions of the underlying
lattice. In fact, as we show below, this is the reason we adopt
rectangular PCs with a lower symmetry.
To understand the superprism effect, we adopt here a
simple model based on plane wave solutions inside an infinite 2D PC of periodically modulated dielectric constant
matching the effective indices of our waveguide structure.
This encapsulates all of the essential physics. The band diagram for a propagation direction at an angle of 8° from a
[Fig. 3(a)] shows the band gaps observed in our PC
waveguides. Mapping the bands around the second band gap
E2 in the second [Fig. 3(b)] and third [Fig. 3(c)] Brillouin
zones allows us to highlight the competition between the
input propagation direction 共ki兲 and the strong diffraction
from lattice vector G11 = 共ka , kb兲 = 共 / a ,  / b兲. Besides producing the observed band gap, competition between interfering waves in these directions at different wavelengths produces the observed superprism effect. Light propagates
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FIG. 4. Theoretical angular deviation of light at each wavelength, extracted
from the plane-wave model described in the text, together with experimental
data of device 3. The curves have been shifted vertically for clarity, and
scaled to match the experimental band gap positions.

FIG. 3. (a) Band diagram along a ki direction which is 8° from the a axis
showing the main band gaps observed in the waveguide mode. (b) and (c)
Energy contour maps in the 共ka , kb兲 plane for the second and third bands,
dashed circle highlights the second energy gap. The solid arrow shows the
light flow direction (perpendicular to the energy contours) for the ki indicated (shaded arrow).

fail to completely account for the three-dimensional
waveguiding, the spectral position of the band gap needs to
be been scaled to provide full agreement with the data. Note
that as the band gap features in our transmission measurements are extremely sharp, this means that loss is not a particular issue in the device performance.
In conclusion, we have shown excellent photonic performance in the visible spectral region of PC devices built on
silicon platforms. Our chromatic refraction geometry allows
full automated characterization of the super-refraction of
such superprism devices. The observed refraction enhancements are in agreement with plane-wave theory, and encourage development of compact integrated systems based on
these components.
This work was supported by Mesophotonics Limited and
EPSRC GR/N37261, GR/S62314.
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perpendicularly to the energy contours in Figs. 3(b) and
3(c) and, near the band gap, the transition from one dominating diffraction direction to another has the effect of separating the propagation of light of neighboring colors. On
both the low- and high-energy side of the band gap, this has
the effect of refracting the light away from the a direction.
The opposite effect occurs around the band gap E3, with light
being refracted towards the symmetry direction. Such variable control of the extent and direction of refraction is typical of PCs.
Calculating the propagation directions of light based on
this plane-wave model, and accounting for the refraction
through the photonic device, we arrive at predicted
chromatic-refraction performance for each device (shown in
Fig. 4). This provides excellent agreement with the experimental data, predicting both the sign and the magnitude of
the angular dispersion. While it also predicts the shifting
band gaps, as always in such plane-wave simulations which
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