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iﬀraction, a fundamental process in wave physics, leads to
spreading of the optical beams as they propagate. However,
new photonic crystal (PhC) meta-materials can be
nano-engineered to generate extreme anisotropy, resulting
in apparent propagation of light without diﬀraction. This
surprising phenomenon, called supercollimation, eﬀectively
freezes the spatial width of a light beam inside a PhC,
observed over a few isotropic diﬀraction-lengths1–6 . However,
using such experiments to predict the behaviour for longer
propagation lengths is diﬃcult, as a tiny error in a measured
width can extrapolate to order unity uncertainty in the
width at distances over hundreds of diﬀraction-lengths. Here,
supercollimation is demonstrated in a macroscopic PhC system
over centimetre-scale distances, retaining spatial width
conﬁnement without the need for waveguides or nonlinearities.
Through quantitative studies of the beam evolution in a
two-dimensional PhC, we ﬁnd that supercollimation possesses
unexpected but inherent robustness with respect to short-scale
disorder such as fabrication roughness, enabling supercollimation
over 600 isotropic diﬀraction-lengths. The eﬀects of disorder
are identiﬁed through experiments and understood through
rigorous simulations. In addition, a supercollimation steering
capability is proposed.
A natural metric for the scale of collimation experiments is the
length over which a √
gaussian optical beam would normally
spread by a factor of 2 in an isotropic medium, referred to
as the isotropic diﬀraction-length. It is deﬁned as Ld = π · w 2 /lx
where w is the gaussian beam waist radius, lx = 2π/k x is the
wavelength of light in the direction of propagation and k x its
wavevector. The utility of supercollimation is strongly linked to
the distance over which it can be maintained or, more accurately,
the number of diﬀraction-lengths possible. This ﬁgure of merit is
important as it dictates the maximum density and complexity of
optical circuits on the basis of supercollimation4–9 . Experimental
studies of supercollimation have used mesoscopic (∼100 μm)
systems to estimate the beam evolution in PhCs. Estimates of
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this type translate to large uncertainties in macroscale properties
of these meta-materials, which are critical for applications such
as optical interconnects and non-diﬀractive imaging. To address
this issue, we present a quantitative study of supercollimation,
using both near-ﬁeld scanning optical microscopy (NSOM) and
confocal imaging techniques, and we demonstrate that this
phenomenon is indeed possible over as much as 600 isotropic
diﬀraction-lengths. This represents an improvement of two orders
of magnitude over previous demonstrations, and is an important
enabling step towards the creation of high-density and low-cost
optical interconnects9 .
The physical system under study consists of a centimetre-scale
two-dimensional PhC slab formed by a square lattice of air holes in
a 205-nm-thick silicon ﬁlm. Vertical conﬁnement of the light in the
ﬁlm is achieved through index guidance, with an air over-cladding
and a 3.0-μm-thick SiO2 under-cladding. A scanning electron
micrograph of the large-area PhC possessing about 109 lattice
points, fabricated through interferometric lithography10 , is shown
in Fig. 1a (micrographs obtained with an LEO SEM system).
The lattice constant (a = 350 nm) and hole radius (r = 0.3a)
were chosen to produce an ultraﬂat dispersion surface in the
1.5 μm wavelength range for transverse electric (TE)-polarized
light (electric ﬁeld parallel to the two-dimensional plane). The
projected band structure of the PhC slab under study was computed
with a three-dimensional frequency-domain eigenmode solver11 .
The indices of refraction used for the simulations were nsilicon = 3.5
and nsilica = 1.45. Figure 1b shows several equifrequency contours
for the lowest band of the PhC, with magniﬁed views of the
relevant contours near the wavelengths of interest (Fig. 1c). For the
normalized frequency ω = a/l = 0.228, the PhC shows remarkably
little spatial dispersion in a transverse wavevector (k y ) range from
−0.05 to 0.05 (2π/a).
For comparison with experiments, the beam evolution was
simulated through the beam propagation method (BPM) based
on the computed dispersion surfaces (Fig. 2a–c). As expected,
the beam divergence is negligible for ω = 0.228. It is interesting
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Figure 1 Physical system under study. a, SEM image of PhC over a large area. Left inset: Digital photo of the full 1 cm× 1 cm sample. Right inset: High-magniﬁcation SEM
image of the PhC structure. b, Equifrequency contours for the lowest band of the fabricated PhC. c, Magniﬁed (and 45◦ -rotated) view showing the ‘ﬂat’ region of contours
from b. d, BPM simulation of supercollimation at the inﬂection point.
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Figure 2 Experimental and theoretical evolution of the beam in the PhC. a–c, Theoretical beam evolution generated through BPM for ω = 0.215, 0.228 and 0.239, to be
compared with experiment (d–f). d–f, Top-view experimental images of light travelling through the PhC for ω = 0.220, 0.233 and 0.245 (1,590, 1,500 and 1,430 nm)
obtained through light scattered from the beam with an infrared camera. Each image is approximately 500 μm to the right of the point of excitation. g–i, BPM simulations of
the beam evolution (for ω = 0.215, 0.228 and 0.239) including the effects of disorder. The inclusion of disorder in the simulation primarily modiﬁes the beam evolution at
high frequencies, resulting in beam break-up (similar to that observed in f). Simulations used an r.m.s. hole-radius variation of 0.6 nm. The BPM model used to generate a–c
and g–i is based on computed dispersion surfaces similar to those shown in Fig. 1c. The supercollimation effect is observed around 1,500 nm and beam-spreading appears
for wavelengths above and below this value.
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Figure 3 Supercollimation over a 0.3 cm sample. a, Top view of the TE light
guided along the PhC, acquired with an infrared camera. b, NSOM images of the
collimated beam at positions labelled (1)–(3) in a (corresponding to 0.02, 0.10 and
0.30 cm along the device). Next to each NSOM image is a beam cross-section
obtained from the intensity map (with a gaussian ﬁt). c, Confocal image (shown as a
surface plot) at the output of an identical 0.5-cm-long PhC, showing the TE-beam
proﬁle at the supercollimation wavelength. Right inset: Line-scan of the beam proﬁle
(circles) and a gaussian ﬁt (solid line), showing a FWHM of 2.2 μm.

to note that at frequencies below the supercollimation frequency
(ω = 0.215), the dispersion surface k x (k y ) has two inﬂection
points. This results in a sharp edge of the beam proﬁle whose
divergence angle is determined by the angles (±θmax ) at the
inﬂection point12 . In contrast, the edge of the beam is rather poorly
deﬁned in Fig. 2c, where the dispersion surface is more reminiscent
of the isotropic case.
Evolution of the beam in the PhC is visualized experimentally
by collecting light scattered through nanoscale roughness.
Excitation of a TE-polarized propagating beam was achieved using

a tunable laser source and a high-numerical-aperture lensed ﬁbre,
producing an initial beam full-width at half-maximum (FWHM)
of 1.0 μm at the PhC input. The scattered light from the PhC was
imaged with a Hamamatsu (C5332) infrared camera (Fig. 2d–f) for
normalized frequencies of 0.220, 0.233 and 0.245 (or wavelengths
of 1,590, 1,500 and 1,430 nm, respectively). Each image is shown
over a 500 μm × 225 μm area located approximately 500 μm to the
right of the input. It should be noted that simulations predict a
supercollimation wavelength of 1,535 nm, whereas the fabricated
system shows supercollimation at 1,500 nm. This corresponds to
a 2% discrepancy, well within the experimental uncertainty. For
comparison with experiments, the simulations are shown with
comparable frequency shifts about the supercollimation frequency.
Although the rapid oscillations expected in the transverse beam
proﬁle of Fig. 2d are not resolvable by this imaging mechanism,
the divergence angles of the experimental images (Fig. 2d–f) agree
reasonably well with the simulated beams (Fig. 2a–c).
Nevertheless, a close inspection of Fig. 2f reveals beam break-up
not captured in the theoretical model of a perfect PhC. This is
because the theoretical model does not include disorder, resulting
from variations in the etch process. Such roughness, although small
and largely uncorrelated, is non-negligible (r.m.s. ﬂuctuation in
the hole radius of 0.6 nm). Interference lithography produces a
very uniform average hole radius and lattice constant across the
entire sample. Therefore, the following correction to the physical
model is justiﬁed: light propagates in a material whose dispersion
relation is determined by the perfect PhC, and this material has
small local (random phase) perturbations centred at the positions
of the holes of the underlying PhC lattice. This model of disorder is
easily incorporated into BPM simulations by distributing random
phase changes at the lattice points with a phase amplitude estimated
from the r.m.s. ﬂuctuation in hole radius. Such simulations are
shown in Fig. 2g–i. These simulations reproduce the qualitative
features of the experimental plots, thus conﬁrming that the disorder
present in the system is indeed responsible for the beam break-up.
Furthermore, the angular separation among the broken beams
can be estimated using properties of discrete Fourier transforms,
the knowledge of the dispersion relation, the size of the input
beam and the lattice spacing. Estimates of this type lead to
angular separations of about 3◦ –6◦ , which are consistent with
experimental observations.
The physical limitations of these PhC meta-materials can
be explored further at centimetre scales. An image of scattered
light (similar to those in Fig. 2d–f) is shown in Fig. 3a, over a
0.3-cm-long sample. Supercollimation is apparent over the entire
length without any resolvable beam divergence, for l = 1,500 nm.
To further quantify the spatial evolution of the beam, coarse
contact-mode NSOM was applied at various positions along the
sample, detecting light scattered from the evanescent ﬁeld of the
PhC by a tapered glass-ﬁbre probe13 . Three images taken by this
method (at positions 0.02, 0.10 and 0.30 cm from the input)
are shown in Fig. 3b. Careful analysis reveals near-gaussian beam
shapes and FWHM beam widths of 2.5, 2.5 and 2 .7 μm (±0.2 μm).
Deconvolution with the imaging impulse response is necessary to
estimate the beam width, yielding values of 2.1, 2.1 and 2 .3 μm
(±0.2 μm), respectively. This demonstrates a remarkably stationary
beam width over the entire 0.3 cm device.
It is important to note that although the beam width used to
excite the PhC is 1.0 μm FWHM, the collimated beam observed
along the PhC has an approximately unchanging width of 2 .0 μm
FWHM. Careful simulations of the beam evolution inside the PhC
reveal that, over the ﬁrst propagation distance of approximately
100 μm, the 1.0 μm input beam sheds some of its transverse
wavevector components through diﬀraction and evolves into a
supercollimated beam of 2.0 μm FWHM. The BPM simulations
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indicate that a 2.0 μm beam is the smallest supercollimated beam
that the fabricated PhC can support over centimetre lengths, and
experimental observations are consistent with these ﬁndings.
Propagation losses of (3.6 ± 0.5) dB mm−1 were measured
from the scattered light images (obtained with InGaAs camera
SU320-1.7RT). This attenuation made NSOM measurements
diﬃcult for device lengths greater than 0.3 cm. However, a
collimated beam could still be observed by imaging the mode
exiting the PhC with a confocal scanning microscope. Figure 3c
shows a confocal image of the TE light collected at the end
of a 0.5 cm PhC device at the supercollimation wavelength
(l = 1,495 nm). A gaussian ﬁt and deconvolution with the imaging
impulse response reveal a beam FWHM of 2 .0 ± 0.2 μm, clearly
demonstrating negligible spreading of the beam over the entire PhC
length. As the isotropic diﬀraction-length for this PhC is 13.2 μm,
these observations are consistent with supercollimation over about
380 isotropic diﬀraction-lengths. Similar studies at numerous
positions along the entire PhC, and in the diﬀerent symmetry
directions, revealed virtually identical optical properties over the
entire area of the PhC. Further studies of a 0.8 cm PhC device
yielded measurements of beams with similar transverse proﬁles and
a ﬁgure of merit closer to 600 isotropic diﬀraction-lengths.
Finally, it is interesting to note that one can use the inﬂection
points to perform wavelength-dependent supercollimation
beam-steering. Figure 1d illustrates supercollimation for a case in
which the excitation wavevector spectrum is centred at an inﬂection
point (k y = 0.093(2π/a) in Fig. 1c). The input beam is 6 μm wide
and ω = 0.215, 6% below that used for supercollimation at k y = 0.
At the end of 0.3 cm of propagation, the beam has widened to 8 μm
and has shifted by 126 μm in the transverse direction (2.4◦ ) from
the axis of straight (0◦ ) propagation. If ω approaches 0.228 and k y is
kept at an inﬂection point, the beam will steer to the 0◦ propagation
direction. This angle-dependent supercollimation eﬀect can be
used for frequency-dependent beam-steering over the large 6%
frequency bandwidth. Even though the topology of the dispersion
contour at the inﬂection points is quite diﬀerent from the case
at ω = 0.228 (in Fig. 1c), supercollimation is still possible over
more than 10 diﬀraction-lengths. Such steering mechanisms could
prove useful in interconnection architectures for coarse wavelength
selective routing9 .
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The established macroscopic nature of supercollimation
demonstrates that control of the PhC structure at nanoscales
enables the realization of an eﬀective bulk medium with
anomalous photonic properties on the macroscopic scale. In
 design possibilities and the intrinsic lack
addition, the ω (k)
of coupling alignment and cross-talk between intersecting
supercollimated beams opens windows of opportunity for new
beam-steering mechanisms, non-diﬀractive imaging and on-chip
optical interconnects, over macroscopic length scales.
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