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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,m@re than equivalent
gratings, and 108 more than equivalent prisms. Simple theories based on plane-wave models give
excellent agreement with these results2@4 American Institute of Physics

[DOI: 10.1063/1.1772521

Photonic crysta{PC) waveguides promise many ways to etching to give large aspect ratio holes through the core
miniaturize and integrate photonic devices on high functionwaveguide layers. In this letter, we will concentrate on a
ality optical chips. An extremely wide range of componentsparticular set of devices with hole diametér 160 nm, in a
can benefit from the competing interplay between multiplerectangular array of periodicity with=310 nm,b=465 nm
diffraction and interference in such periodically patterned(aspect ratio 1:1)5 with 600 rows of holes giving a total
nanostructures. This results in many enhanced optical proglevice length of 18Gum [Fig. 1(a)]. However, we have ex-
erties around the critical band gaps in the photonic bandamined a whole series of devices with pitches from
structure which can break conventional oPticaI “design260 nm to 410 nm, hole diameters from
rules” such as multirefringendeslow light> enhanced 160 nm to 360 nm, from 10 to 1000 rows, with triangular,
nonlinear conversion,and superprism&.° While consider- square, and rectangular lattices which show comparable
able theoretical effort has been developed in the past fewroperties to those he(e be reported elsewhereBy cleav-
years to raise the prospect of enhanced perform%ﬂf&e, ing through notched arrays of these photonic chips, high-
very few devices have actually been realized, spectrallyguality end facets are obtained suitable for endfire coupling
tested and robustly compared to these theories. In particulanto the slab waveguides. These devices are designed to pro-
the role of the photonic band gaps in relation to the supervide photonic band gaps in the visible region of the spec-
prism phenomena have not been highlighted. trum, except for the lowest band gap which is in the infrared

In this letter, we show state-of-the-art fabrication of PCs
in the visible optical region based on a silicon platform. Pla-
nar waveguides are deposited and subsequently patterned
with a range of periodic arrays of holes in different geom-
etries, 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, ex- > O
hibiting strong band gaps with high transmission in the in- 1 %)0-?
tervening spectral regions. A chromatic refraction technique :
combining angular scans with transmission spectroscopy al-
lows us to map the super-refraction properties. Our results (®)
compare well with a simple two-dimensionéD) plane ,
wave theory, thus enabling further optimization of the de-
vices.

The devices are fabricated in a standard silicon micro-
fabrication process line, compatible with very large-scale in-
tegrated electronics, amtype silicon wafers. They are based
on our previous desighé*?with silicon nitride waveguides 10
(SisN,4 250 nm nominal thickness=2.02 embedded in sili- R L
con dioxide (SiO,) substrate and cladding laye(&.7 um 500 60 - 700 800 900 000
and 75 nm thick, respectivelp=1.46). The PC sections are Wavelength (nm)

defined using electron-beam lithography and subsequent dry

FIG. 1. (a) Design of planar PC waveguide chips containing several rectan-

gular PC regiong500 um X 186 um), together with chromatic refraction

3Also at: Mesophotonics Ltd., 2 Venture Rd., Chilworth Science Park, SO16detection geometry. Insets shows scanning electron micrographs of the rect-
7NP, UK. angular lattice in plan and cross secti@n). Normalized TM-polarized trans-
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PAlso at: School of Electronics & Computer Science, University of mission spectra of four devices withdirection successively rotated away
Southampton, Southampton SO17 1BJ, UK. from the propagation direction by 0.5°-8°, on a log scale and shifted verti-

9Electronic mail: j.j.baumberg@soton.ac.uk cally for clarity.
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and of less interest for superprism operation Here.

In order to characterize the transmission properties of
these PC waveguides, we exploit our previously developed
ultrabroadband white light spectroscd‘finhis allows us to
rapidly measure quantitative transmission characteristics
from 450 nm-950 nngand across the infrared with suitable
modifications to deal with chromatic aberratipriBhe 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 in-
side 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:{imited in this experiment by trans-
verse electric polarized stray lighfTransmission is seen to
be nearly 100% around the lowest band gap not just on the
long wavelength(dielectrig side of the band gap but also on
the short-wavelengtiair) 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 com-
pensated focusing optics to launch a 10® wide beam at
the 300um long PC structures which are embedded at the
center of 2 cm long waveguidg$ig. 1(@]. A number of
similar devices are fabricated on each photonic chip, each of
an identical design except for a 2.5° rotation in the orienta-

Angle (deg)

Angle (deg)

Angle (deg)

Angle (deg)

T T | T T T

T
tion of the rectangular lattice to the propagation direction, 500 550 600 650 700 750 80
(while the edges of the PC regions are always normal to the Wavelength (nm)
input facet$. In between the devices are sections of an un-
patterned planar waveguide that are used for calibration puFIG. 2. Chromatic refraction maps of the broadband transmission as a func-
poses. Thus, these bulk PC Waveguides are ideal for th@n of angular deviation for each of the samples in Fi@),1plotted on a

o . : log scale to easily show up the super-refraction.
quantitative observations of superprism effects. 9 y P P

To explore the super-refraction of light at wavelengths
close to the different order band gaps, we measure the ang(-006°/nm for a conventional prism of the same effective
lar emission of light from the PC by scanning a collectionindex as the waveguide, or 0.10°/nm for a diffraction grat-
fiber along the output facet of the waveguidiég. 2). Due to  ing of pitch 500 nm embedded in the same waveguide effec-
our high brightness source, this allows rapid acquisition oftive index at these wavelengths. As the lattice is rotated away
spectra at each emission angle, and hence an angular-specfram the symmetry direction parallel @ the magnitude of
map can be built up for each device under automated controthis maximum angular dispersion increases, while the band
We use a multimode collection fiber coupled to an Oceargaps shift in different directions as expected from the band
Optics HR2000 spectrometer covering the entire visiblediagram. This confirms that super-refractive properties are
range, together with spectral filters to flatten the white lightenhanced away from symmetry directions of the underlying
spectrum. With 1Qum slits, we approach a 0.3 nm spectral lattice. In fact, as we show below, this is the reason we adopt
resolution and a 0.3° angular resoluti@mrrected for exter- rectangular PCs with a lower symmetry.
nal refraction at the waveguide fageGreat care is taken to To understand the superprism effect, we adopt here a
ensure that the multimode fiber tracks the exit facet of thesimple model based on plane wave solutions inside an infi-
waveguide slab as it is scanned along the chip. Such simupite 2D PC of periodically modulated dielectric constant
taneous angular and spectral characterization in waveguid®atching the effective indices of our waveguide structure.
geometries are crucial for identifying and mapping theThis encapsulates all of the essential physics. The band dia-
chromatic-refraction performance of photonic crystal de-gram for a propagation direction at an angle of 8° fram
vices. [Fig. 3@] shows the band gaps observed in our PC

Typical chromatic-refraction maps for four devices atwaveguides. Mapping the bands around the second band gap
0.5°, 3°, 5.5° and 8° to tha-direction are shown in Fig. 2. E; in the secondFig. 3(b)] and third[Fig. 3(c)] Brillouin
Refraction angles up to 16° are observed, with clear refraczones allows us to highlight the competition between the
tive features of different signs around the different photonidnput propagation directiorik)) and the strong diffraction
band gaps. We note that such properties cannot be found from lattice vectorG,;=(k,, k,)=(7/a,w/b). Besides pro-
any conventional waveguide optical components. Even morducing the observed band gap, competition between interfer-
significant is the large angular dispersion, up to 1°/nming waves in these directions at different wavelengths pro-

around these band gaps. This should be compared tuces the observed superprism effect. Light propagates
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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

(b) £ \\// (g FIG. 4. Theoretical angular deviation of light at each wavelength, extracted
k'-@ scaled to match the experimental band gap positions.

fail to completely account for the three-dimensional

waveguiding, the spectral position of the band gap needs to
k be been scaled to provide full agreement with the data. Note
that as the band gap features in our transmission measure-
ments are extremely sharp, this means that loss is not a par-
-G, ticular issue in the device performance. .

11 In conclusion, we have shown excellent photonic perfor-
mance 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 enhance-

a ments are in agreement with plane-wave theory, and encour-
FIG. 3. (a) Band diagram along k& direction which is 8° from the axis age development of compact integrated systems based on
showing the main band gaps observed in the waveguide nibgand(c)y  these components.
Energy contour maps in thg,,k,) plane for the second and third bands,
dashed circle highlights the second energy gap. The solid arrow shows the ~ This work was supported by Mesophotonics Limited and

light flow direction (perpendicular to the energy contoufer the k; indi- EPSRC GR/N37261, GR/S62314.
cated(shaded arroy
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