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Inspired by the concept of complementary media, we experimentally demonstrate that an engineered

metamaterial made of alternating, stripe layers of negatively refracting (photonic crystals) and positively

refracting (air) materials strongly collimates a beam of near-infrared light. This quasi-zero-average-index

metamaterial fully preserves the beam spot size throughout the sample for a light beam traveling through

the metamaterial a distance of 2 mm—more than 1000 times the input wavelength � ¼ 1:55 �m. These

results demonstrate the first explicit experimental verification of optical antimatter as proposed by Pendry

and Ramakrishna [J. Pendry and S. Ramakrishna, J. Phys. Condens. Matter 15, 6345 (2003)], using two

complementary media in which each neff ¼ �1 layer appears to annihilate an equal thickness layer of air.
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The advent of Negative Index Materials (NIMs) [1]
media for controlling electromagnetic waves has raised
the possibility [2–5] of intriguing materials properties un-
available in naturally occurring, positive-index materials.
Recent experimental reports have shown the potential of
NIMs in imaging [6] and magnifying [7] for superlens
applications. However, the self-collimation [8,9] of a prop-
agating beam of light in NIMs that can overcome another
fundamentally important effect, diffraction-induced beam
spreading, has remained largely unexplored. In particular,
negatively refracting dielectric photonic crystals (PhCs)
[10,11] represent a viable route for realizing NIMs capable
of controlling long-range light propagation due to their low
absorption losses. Recently, subdiffraction imaging in the
near-infrared was experimentally demonstrated using
negatively refracting PhCs, verifying the amplification of
evanescent waves in these metamaterials [12]. The use of
negatively refracting PhCs for collimation is attractive
because in contrast to their positive counterparts, they
can accept and capture evanescent light at all angles,
making subwavelength beam size and transfer of near-field
information conceivable in these materials. Consider a 2D
silicon-based PhC with airholes arranged in a hexagonal
lattice on a silicon-on-insulator (SOI) wafer. The 1:5 �m
silicon layer is on a 1 �m oxide layer, with index contrast
at the interfaces providing vertical light confinement. In
this case, the silicon thickness is large enough to practi-
cally behave as a 2D system. Indeed, the effective index of
the fundamental mode supported by a uniform slab of this
thickness is indistinguishable from the bulk silicon value
for both polarizations (neff ¼ 3:45 for � ¼ 1:55 �m).
When the ratio of hole radius r and lattice parameter a is
0.38 at the normalized frequency !n ¼ 0:305, the PhC
behaves as a medium with effective index neff ¼ �1 for
TM polarization (the electric field directed along the holes
axis). For � ¼ 1:55, this corresponds to r ¼ 180 nm and
a ¼ 472 nm. In reciprocal space, the EquiFrequency

Surface (EFS) represents the locus of propagating wave
vectors supported by the unbounded PhC structure. The
EFS of such a PhC around!n collapses to the origin of the
Brillouin zone, as opposed to expanding with increasing
frequency as in positively refracting media. The EFS cal-
culated for !n ¼ 0:305, Fig. 1(a), essentially has the cir-
cular shape of an isotropic medium, whereas the group

velocity, ~vg ¼ @!=@ ~k, is directed inward, in the opposite

direction of the corresponding wave vector, such that ~vg �
~k < 0. Such a PhC acts as an effective negative refractive
index medium [10,11]. By repeatedly alternating a striped
layer consisting of this PhC with a striped layer of air of
equal length, a zero volume-averaged refractive index is
obtained. The PhC layer and the air layer in each pair can
be regarded conceptually as complementary media-spatial
regions that optically cancel each other out, resulting in
both of them appearing nonexistent to the incident light
[13–15]. In the limit of an extremely small layer length, the
negative refraction of the alternating layers can be ex-
ploited to collimate a light beam travelling through the
metamaterial system [16,17]. Figure 1(b) depicts an ex-

FIG. 1 (color). Negative refraction by a PhC and zero-average-
index band gap. (a) The EFSs for TM polarization show a
negative ~vg. The dashed circle is the air dispersion curve for

!n ¼ 0:305 that is practically superposed to the corresponding
EFS of the PhC. (b) The band diagram of the supercell, com-
posed of equal lengths of negative refracting PhC and air. The
zero-average band gap appears at !n ¼ 0:305.
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ample of such a periodic supercell structure, obtained by
stacking three rows of the hexagonal PhC (i.e., a length of
ffiffiffi

3
p

a corresponding to one unit cell of the PhC in the
z-direction), with an equal length of air. In designing
such a heterostructure over a large area using a real meta-
material, it is important to note the lack of impedance
matching of the ideal complementary media [13–15]. In
general case, for a system of alternating positive and
negative index materials, a full photonic bandgap appears
whenever an exactly zero-average refractive index is ob-
tained [18,19]. This point is illustrated in the calculated
band structure for the supercell [Fig. 1(b)]. At the normal-
ized frequency !n ¼ 0:305, where neffðPhCÞ ¼ �1, the

zero-average index condition is met, but a very narrow
photonic bandgap also appears. A time domain calculation
of propagation in this structure using a Finite Difference
Time Domain (FDTD) code confirms the radiation is com-
pletely reflected by the structure at this frequency, in
agreement with a zero-average-index band gap. For this
reason, the two media, negative PhC and air, cannot be
exactly complementary if light transmission through the
system is desired. To open up a propagating state through
the structure, we create a slight imbalance between the
positive and negative components of the heterostructure by
slightly modifying the length of each PhC layer, while
largely preserving the complementary nature of the PhC/
air bilayers. Thus, the zero-average-index condition is
modified to close the band gap and allow the propagation
of light. It is well known that surface termination is par-
ticularly important for subwavelength imaging with nega-
tively refracting PhCs [20–22], as it plays a crucial role in
coupling the evanescent component of the incident wave
with propagation in the negatively refracting PhC. The
reflection properties of PhCs can be substantially modified
by surface termination [23] that modifies the surface im-
pedance of the PhC and induces band gap closing. By
carefully designing the PhC termination and layer length
slightly away from the zero-average-index condition,
while matching the energy flux at the PhC interface, trans-
mission of the incident wave is maximized while the
coupling of the evanescent component is optimized.

Following such design requirements, we introduce a
quasi-zero-average-index (QZAI) heterostructure based
on negatively refracting PhC [Fig. 2(a)]. Each PhC stripe

has a length of ð3 ffiffiffi

3
p � 0:4Þa, corresponding to 0:92a in air.

The calculated light intensity profile and energy flux illus-
trate the light beam propagation along the structure from
bottom to top [Fig. 2(a)]. The 3� 6 �m device area shown
is located 10 �m from the front of the heterostructure. The
intensity profile, obtained using 2D FDTD calculations
with a Gaussian incident beam width of �=5 at a half

period of the PhC (1:5
ffiffiffi

3
p

a) from the front of the first
PhC stripe (not shown) and perfectly matched layer bound-
ary conditions, shows that a well-confined light propaga-
tion is established along the heterostructure, with the beam

spot size preserved 100 �m from the entrance interface. In
essence, the beam is refocused in every stripe as it prop-
agates, resulting in a strong macroscopic self-collimation
effect over the entire length of the metamaterial. As this
air-PhC structure is not exactly balanced (i.e. quasi-zero
index), the refocusing at each pair of stripes is not located
at the same relative z-position, and the beam shape is not
exactly the same after each refocusing. Yet, the beam is
well-confined along the structure. This effect does not
involve any nonlinearity and can in principle be carried
on over large distances.
Looking carefully at the energy flux [Fig. 2(b)], obtained

as the time-average of the Poynting vector, we see that
optical vortices play a crucial role in coupling the evanes-
cent wave component into the structure. This mechanism
was shown previously at the interface of NIM and air [24]
and in transmission by subwavelength slits [25], where it is
essential to trap light in the vicinity of the aperture to
observe enhanced transmission and its related phenomena.
Observing energy flux inside a PhC stripe [Fig. 2(c)] gives
more insight into the propagation mechanism. An ex-
tremely collimated shape is preserved in the absence of
any physical waveguide structure that laterally confines the
beam.
The 2� 2 mm device (Fig. 3) was fabricated on a SOI

substrate using a high-precision nanofabrication process

FIG. 2 (color). The field propagating inside the QZAI meta-
materials calculated using a FDTD code. (a) The intensity of the
electric field component Ey (TM polarization). (b) The time-

average Poynting vector. (c) Surface termination helps match the
air and negatively refracting PhCs.

FIG. 3. SEM images of the nanofabricated device.
(a) Alternating of space and photonic crystal material, with
different termination on each PhC structure. (b) Magnified im-
age.
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with high-voltage electron beam lithography and a gas-
chopping inductively coupled plasma etching process [26].
Scanning electron microscope (SEM) images of the device
shows airholes with a diameter of 360 nm and periodicity
of 470 nm in every PhC stripe. The experimental setup for
optical characterization of the device [Fig. 4(a)] consisted
of a CW laser (� ¼ 1:55 �m emission), connected to a
lensed input fiber producing an incident full width half
maximum (FWHM) beam spot size of 2:9 �m measured
experimentally. The input and output fibers are fixed on
two different 3-axis nanopositioning stages with a resolu-
tion of 20 nm and are used to optimize coupling between
the incident beam, as delivered from the lensed fiber, and
the PhC heterostructure.

The light propagation inside the heterostructure is di-
rectly observed using an IR camera Xenics Xeva 185 and a
high numerical aperture (NA ¼ 0:42) objective with a long
working distance. Our structures are designed with the
requirement neffðPhCÞ ¼ �1; i.e., the PhC EFS lies exactly

on the air light cone [Fig. 1(a)]. To monitor the light
propagation, light scattering out-of-plane (x, z) from the
heterostructure is achieved by moving the lensed fiber in
the y-direction. This produces a slight misalignment be-
tween the input fiber and silicon guiding layer, resulting in
a small vertical component for the incident wave that
couples with propagating wave vectors in air. Monitoring
the scattered radiation takes into account that the metama-
terial exhibits a periodic modulation of refractive index in
the z-direction due to the alternating air and PhC layers
[Fig. 4(b)]. The period� of such effective grating profile is
given by the distance between two air layers (or two PhC

layers), equivalently:� ¼ 3
ffiffiffi

3
p

a ¼ 2:453 �m. The radia-
tion scattered out-of-plane (x, z) will couple with the mth-
order of this grating such that, if kin ¼ 2�=� is the wave
vector in the (x, z) plane, the scattered radiation in (y, z)
plane will have components with z-component kz;m ¼
kinþm2�=� coupled with the grating periodicity. This
is equivalent to the application of the grating equation
m� ¼ �ðsin�þ sin�Þ, where the incident wave vector
kin with respect to the normal forms an angle � ¼ �90
and consequently the mth-diffracted orders, with respect to
the normal, have angle �: sin� ¼ 1þm�� where m ¼
�1, �2 . . . . Among the components of the scattered
waves, only three orders propagate. They are associated
with orders m ¼ �1, �2, �3, for which j sin�j � 1 is

satisfied. An experimental angular scan, performed in the
y-z plane Fig. 4(c), clearly shows the diffraction peak
located exactly at the angle � ¼ 21:5�. The angular scan
also proves only a small fraction of energy is coupled to
grating order whereas the propagating wave, � ¼ 90�
corresponding to m ¼ 0 in grating equation, is two order-
of-magnitude larger. The insertion loss is minimized by the
surface termination design and are estimated in theory to
be less than 0.2 dB. In this experiment, the insertion losses
between the entrance of the metamaterial and the input
lensed fiber are estimated to be 1.2 dB due to impedance
and mode mismatch in the coupling between the structure
and the input lensed fiber. IR images of the light beam
recorded along ��1 ¼ 21:5� provide clear evidence of a
collimated beam propagating along the entire metamaterial
[Fig. 5(a)], with the energy extremely concentrated in
comparison to equivalent propagation over unpatterned
SOI [Fig. 5(b)] recorded with an input power 2 orders of
magnitude larger. Detailed images of the field intensity
inside the structure are also recorded. The 20� 20 �m
images recorded along the propagation direction z
[Figs. 5(c)–5(e)] strikingly demonstrate preservation of
beam width and strong beam confinement along the entire
propagation distance in the x direction, without any struc-
ture to laterally limit the beam in this direction. The beam
profile is extracted from Figs. 5(c)–5(e) and exhibits a
well-confined shape with a FWHM ¼ 2:9� 0:4 �m in
the first part of the sample, Fig. 5(f) ;FWHM ¼
3:2� 0:4 �m in the middle part, Fig. 5(g); and FWHM ¼
3:0� 0:4 �m at the end of the sample Fig. 5(h).
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FIG. 4 (color online). Experimental setup and grating cou-
pling. (a) Schematic of experimental setup. (b) Out-of-plane
scattering couples with grating direction ��1, ��2.
(c) Angular scan in logarithmic scale in the (y, z) plane.
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FIG. 5 (color online). The experimental images. (a) The image
of the scattered radiation along the ��1 direction reveals a well-
collimated beam along the whole 2 mm length of the sample,
(b) compared to the propagation over the unpatterned SOI. (c) A
magnified image of the scattered radiation in the first part, (d) in
the middle, and (e) in the final part of the quasi-zero-average
metamaterial. (f)–(h) The corresponding beam profile.

PRL 102, 133902 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending
3 APRIL 2009

133902-3



Even considering the worst case of Fig. 5(f), the FWHM
of the transmitted beam is, within the measurement error,
indistinguishable from that of the incident beam. This
proves beam spreading is negligible over the entire length
of these QZAI metamaterials. Interestingly, in our experi-
ments, the beam intensity is largely preserved throughout
the device, suggesting vertical diffraction from the device
is low. Furthermore, the experimental results are consistent
with the theoretical predictions.

We are aware that this structure cannot totally fulfill the
requirements for an ideal complementary media as de-
scribed in [13]. It is clear that PhCs can be considered
negatively refracting media in the sense of an effective
medium description [10,11]. Finally, the finite size of the
PhC structure as compared with the wavelength limits the
recovery of all evanescent components of the incident
beam, i.e., arbitrarily small details of the source at the
image plane and ideal complementary behavior is affected
from the impedance mismatch between air and PhC [27]. A
negative index metamaterial based on a purely dielectric
photonic crystal has slightly smaller lattice period com-
pared to a metallodielectric fishnet metamaterial operating
in the same wavelength range and exhibiting a large figure
of merit between the real and imaginary parts of the re-
fractive index [1]. Taking into account such limitations, our
simulation shows that subwavelength spot size can be ob-
tained for the collimated beam over a large scale, whereas
previous experiments have already verified the amplifica-
tion of evanescent components by a single slab of a very
similar PhC metamaterial [12]. These results provide for
the possibility of supercollimation at subwavelength beam
spot size and efficient long-range spatial transfer of near-
field information. These findings could impact a wide
range of applications, such as imaging and optical inter-
connect systems. What’s more, these results imply the
synergistic combination of negative- and positive-index
materials could lead to greatly enhanced versatility and
flexibility, potentially resulting in a variety of new devices
and systems unachievable in negative-only or positive-only
media. For example, functional elements could be incorpo-
rated in the positive-index portion of the metamaterial; the
negative and positive portions can be individually designed
and optimized, adding extra degrees of freedom to the
design. On a more fundamental level, the results presented
here can be regarded as a first explicit experimental veri-
fication of the concept of optical antimatter [13]. For the
frequency where the condition neff ¼ �1 is satisfied, a slab
of metamaterial appears to annihilate an equal thickness
slab of air. Neither in air nor in metamaterial does the light
follow a straight line, as shown in Fig. 2(a), but the global
effect is as if a 2 mm space was optically removed and
becomes invisible to the specific wavelength.

Portions of this work were performed at the Molecular
Foundry, Lawrence Berkeley National Laboratory, which
is supported by the Office of Science, Office of Basic
Energy Sciences, of the U.S. Department of Energy under
Contract No. DE-AC0205CH11231.
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