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Zero phase delay in negative-refractive-index
photonic crystal superlattices
S. Kocaman1 *, M. S. Aras1, P. Hsieh1, J. F. McMillan1, C. G. Biris2, N. C. Panoiu2, M. B. Yu3,
D. L. Kwong3, A. Stein4 and C. W. Wong1 *
We show that optical beams propagating in path-averaged zero-index photonic crystal superlattices can have zero phase
delay. The nanofabricated superlattices consist of alternating stacks of negative index photonic crystals and positive index
homogeneous dielectric media, where the phase differences corresponding to consecutive primary unit cells are measured
with integrated Mach-Zehnder interferometers. These measurements demonstrate that at path-averaged zero-index
frequencies the phase accumulation remains constant and equal to zero despite the increase in the physical path length.
We further demonstrate experimentally that these superlattice zero-n bandgaps remain invariant to geometrical changes
of the photonic structure and have a center frequency which is deterministically tunable. The properties of the zero-n gap
frequencies, optical phase, and effective refractive indices are well described by detailed experimental measurements,
rigorous theoretical analysis, and comprehensive numerical simulations.

A

n intense degree of interest in negative-index metamaterials
(NIMs)1,2 has developed in recent years. Metal-based
NIMs3–11 have been actively studied because of their
unusual physical properties and their potential for use in many
technological applications12–22; however, they usually have the disadvantage of demonstrating large optical losses in their metallic
components. As an alternative to metal-based NIMs, dielectricbased photonic crystals (PhCs) have been investigated and shown
to emulate the basic physical properties of NIMs23–27, while also
having relatively small absorption losses at optical frequencies.
Equally important, PhCs can be nanofabricated within current
silicon foundries, suggesting signiﬁcant potential for the development of future electronic–photonic integrated circuits.
One particular type of PhC can be obtained by cascading alternating layers of NIMs and positive-index materials (PIMs)28–32.
This photonic structure (Fig. 1) has unique optical properties,
including new surface states and gap solitons33,34, unusual transmission and emission properties35–39, complete photonic bandgaps40, and a phase-invariant ﬁeld for cloaking applications41.
Moreover, these binary photonic structures have an omnidirectional
bandgap that is insensitive to wave polarization, incidence angle,
structure periodicity and structural disorder42–44. Such a gap exists
because the path-averaged refractive index is equal to zero within
a certain frequency band28–32,35. At this frequency, the Bragg condition, kL ¼ (nv/c)L ¼ mp, is satisﬁed for m ¼ 0, irrespective of
the period L of the superlattice (k and v are the wave vector and
frequency, respectively, and n is the averaged refractive index).
Because of this property this photonic bandgap is called zero-n,
or zero-order bandgap30,35.
Near-zero-index materials have a series of exciting potential
applications, such as beam self-collimation35, extremely convergent
lenses and spontaneous emission control36, strong ﬁeld enhancement38 and cloaking devices41. The vanishingly small value of the
refractive index of near-zero-index materials and their large phase
velocity19 can reshape electromagnetic phase fronts emitted by

optical antennas37 or, for highly directive antennas, transfer
near-ﬁeld phase information into the far-ﬁeld. In the near-zeroindex regime, the electromagnetic ﬁeld has an unusual dual character; that is, it is static in the spatial domain (the phase difference
between arbitrary spatial locations is equal to zero), while remaining
dynamic in the time domain, thus allowing energy transport.
Perhaps the most important application of near-zero-index
materials is in optical links in lumped nanophotonic circuits45. In
particular, chip-scale optical interconnects or interferometers that
can guide light over hundreds of wavelengths without introducing
phase variations can be effectively used to reduce the unwanted
effects of frequency dispersion. This remarkable property, which
is also the main topic of our study, has other exciting technological
applications in photon delay lines with zero phase difference, information-processing devices, and new optical phase control and
measurement techniques.
In this Article, we demonstrate the zero phase delay at near-infrared wavelengths in chip-scale photonic superlattices that consist of
alternating PhC-based NIM and homogeneous slab waveguide
PIM layers. First, we observe the existence of the zero-n gaps, a prerequisite for zero phase delays, and demonstrate the zero-n gap
invariance to structural changes and their deterministically
tunable centre frequency. Next, by embedding the negative–positive
index binary superlattices in integrated Mach–Zehnder interferometers (MZIs), we describe a series of measurements where the total
phase accumulation in the superlattice is equal to zero, at the pathaveraged zero-index frequencies. Furthermore, we present comparative phase delay studies across different superlattice conﬁgurations
and negative-index unit cells, and detailed numerical simulations
that prove that these zero-n gaps are robust to effects induced by
structural disorder.

Existence, invariance and tunability of zero-n gap
First, we examine zero-n superlattices and show experimentally
that the zero-n gap markedly differs from a regular Bragg gap.
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Figure 1 | Schematic of an MZI and scanning electron microscopy (SEM)
images of the fabricated device. a, Schematic representation of the MZI
(L1 ≈ 850 mm; L2 ≈ 250 mm; L3 is initially zero and is incremented by
additional SPs in the phase measurements). b, SEM image of a sample,
showing the PhC layer only (period of hexagonal lattice, a ¼ 423 nm; ratio
between hole radius and period, r/a ¼ 0.283; ratio between thickness of
wafer and period, t/a ¼ 0.756). Inset: zoomed-in image. (For a schematic
representation of the PhC and superlattice, see Supplementary Fig. S1.)
c, SEM image of a fabricated superlattice with seven SPs. Each PhC
layer contains seven unit cells of PhCs (d1 ¼ 2.564 mm, d2 ¼ 2 mm,
L ¼ 4.564 mm) with the same parameters as in b. d, SEM image of
the Y-branch. Inset: zoomed-in image.

In particular, because this gap is formed when the spatially averaged
index is zero, it is insensitive to superlattice period variations as long
as the condition of zero average index is satisﬁed28–32,35. This property also implies that the total phase accumulation upon beam
propagation in the superlattice cancels at wavelengths corresponding to the zero-n gap.
The existence of zero-n bandgaps can be inferred from the
Bloch–Floquet theorem, where for a one-dimensional (1D) binary
periodic lattice the trace of the transfer matrix, T, of a primary
unit cell can be expressed as28,30

 

nvL
Z1 Z2
−
Tr [T (v)] = 2 cos(kL) = 2 cos
+ −2
c
Z2 Z1

 

n1 vd1
n2 vd2
sin
× sin
c
c

described in refs 27 and 46. Although alternative choices can be
used, such as the wave vector of the plane wave with the largest
amplitude in the Fourier series decomposition of the Bloch
mode47, our approach provides a convenient method with which
to analyse the phase properties of the optical modes of the PhC.
In our design, the longitudinal direction of the superlattice
(z-axis) coincides with the G–M axis of the hexagonal PhC. The
1D binary superlattice and the hexagonal PhC have different
symmetry properties and therefore different ﬁrst Brillouin zones
(Supplementary Fig. S1). Moreover, within our operating wavelength range (Fig. 2b) the PhC has two transverse-magnetic
(TM)-like bands, one with a positive refractive index and the
other with a negative refractive index, and an almost complete
transverse-electric (TE)-like bandgap.
We fabricated a set of three devices of different periods L, with
the negative-index PhC layer in the superlattice spanning 7, 9
and 11 unit cells palong the z-axis, so that pthe thickness of this
layer was
p d1 ¼ 3.5 3 a (2.564 mm), d1 ¼ 4.5 3 a (3.297 mm) and
d1 ¼ 5.5 3 a (4.029 mm), respectively. Our experiments spanned
1,520 nm to 1,620 nm, with the negative refractive index band existing for wavelengths up to 1,570 nm. The effective refractive index of
the PhC region was obtained from the band diagram (Fig. 2a,b, see
Methods) and the PIM layer index computed from the asymmetric
TM slab-waveguide mode effective index (for example, at 1,550 nm
the mode index is 2.671). To locate the zero-n frequency in the
middle of our negative-index band, the length ratio between the
PIM and PhC sections of the superlattice was set to 0.78. As such,
the zero-n gap should occur at 1,552.6 nm (see Supplementary
Information). The corresponding PIM layer thickness was determined by requiring the average index to be zero [n ¼ (n1d1 þ
n2d2)/L ¼ 0], while keeping the ratio d2/d1 unchanged for all
three devices in the set. Here, n1 and n2 are the effective mode
indices in the PhC and homogeneous layers, respectively, at the corresponding wavelengths. This leads to the following values for the
superperiods (SPs): L7UC ¼ 4.564 mm, L9UC ¼ 5.869 mm and
L11UC ¼ 7.173 mm. Example transmission spectra for the fabricated
samples are summarized in Fig. 2c, and show that the zero-n gap is
1,557.8+1.5 nm, very close to the theoretically predicted values
(Dl/l , 0.5%) and numerically computed spectra. In the
Supplementary Information, we further demonstrate the tunability
of the zero-n gap and provide near-ﬁeld scanning optical microscope
images to conﬁrm transmission.

MZ interference with negative-refraction PhCs on both arms

(1)

where n1(2) and Z1(2) are the refractive index and impedance of the
ﬁrst (second) layer, respectively, and k is the Bloch wave vector
of the electromagnetic mode. Equation (1) implies that if the
spatially averaged refractive index is zero (n ¼ 0), all solutions for
the wave vector are imaginary, which signiﬁes the presence of a
spectral bandgap28–31.
The photonic structures examined for zero-n gaps (Fig. 1) consist
of dielectric PhC superlattices with alternating layers of negativeindex PhC and positive-index homogeneous slabs30. The PhC
band structure is shown in Fig. 2a,b, with geometrical parameters
from averaged fabricated samples (hole-to-lattice constant (r/a)
ratio of 0.283 and a ≈ 423 nm). This two-dimensional (2D) hexagonal PhC has a negative index within the spectral band of 0.270–
0.278, in normalized frequencies of va/2pc, or wavelengths from
1,520 nm to 1,566 nm. The phase index of refraction is deﬁned
with respect to the wave vector in the ﬁrst Brillouin zone, as
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DOI: 10.1038/NPHOTON.2011.129

We next examine PhC structures integrated with MZIs for phasedelay measurements. In most free-space interferometric applications, the phase difference leading to interference originates
from the physical length difference between the two arms, but in
integrated photonic circuits this delay can easily be modulated
by the imbalance in the refractive indices of two arms (see
Supplementary Information and ref. 48). As illustrated in Fig. 1a,
the unbalanced interferometer is designed so that after splitting
from the Y-branch (Fig. 1d); a single-mode input channel waveguide adiabatically tapers (over 400 mm) to match the width of
the superlattice structures. On the reference arm, there is either a
slab (with or without PhC) that has the geometry required to
match the index variations in the other arm and hence isolate the
additional phase contribution of the PhC structures, or a channel
waveguide leading to a large index difference and hence to distinctive Mach–Zehnder fringes.
For this purpose, we designed and fabricated 100 unit cells of
PhC on one arm of the MZI and a geometrically identical
homogeneous slab on the other arm (see Methods). In the
transmission (Fig. 3b; red), the MZ interference spectra are slowly
varying as expected, due to small imbalance in the MZI.
However, there are two steep variations, the ﬁrst at the end of the
NATURE PHOTONICS | VOL 5 | AUGUST 2011 | www.nature.com/naturephotonics
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Figure 2 | Band diagram of the PhC, veriﬁcation of period-invariant zero-n bandgaps, and inﬂuence of structural variations on transmission spectra. a,
Band diagram of the PhC with the parameters given in Fig. 1 (for a schematic of the Brillouin zones, see Supplementary Fig. S1). The TM-like and TE-like
photonic bands are depicted in blue and red, respectively. The light cone is denoted by green lines. b, A zoomed-in representation of the spectral domain
corresponding to the experimental region of interest. Experiments were performed in the spectral region delineated by two horizontal lines (normalized
frequency, 0.278–0.261). c, Experimental veriﬁcation of the zero-n bandgap in superlattices with varying period (Lblack ¼ 4.56 mm, Lred ¼ 5.87 mm and
Lgreen ¼ 7.17 mm) and the same ratio d2/d1 ¼ 0.78 (a.u., arbitrary units), and numerically simulated transmission spectra (dashed lines). d, Inﬂuence of lattice
disorder (parameter s ) on transmission spectra. Colour bar: transmission scaling.

−25
−30

MZI
0.283
0.236

−35
−40
1,540

Wavelength (nm)

1,560

1,580

1,600

Wavelength (nm)

Figure 3 | MZ interferences with negative refraction PhCs. a, The band diagram shifts to lower frequency when the r/a ratio changes. Blue, original design;
purple, design with r/a ¼ 0.236. b, Red line: MZI transmission with 100 unit cells of PhC on one arm and a homogeneous slab waveguide on the other arm.
Blue line: transmission spectrum for non-MZI PhC with 60 PhC unit cells. c, Red line: MZI transmission with 62 unit cells of PhC on one arm with r/a ¼ 0.283
and 62 unit cells of PhC with r/a ¼ 0.236 on the other arm; lattice period a is the same in both cases. Blue line: transmission spectrum for PhC superlattice
with r/a ¼ 0.283 and 80 unit cells of PhC. Purple line: transmission spectrum for PhC superlattice with r/a ¼ 0.236 and 80 unit cells of PhC. Different index
differences Dn from 1,525 nm to 1,550 nm and from 1,580 nm to 1,615 nm give different phase difference f and different interference output.

ﬁrst (negative-index) band and the second at the start of the
second (positive-index) band. This is a clear indication of an
abrupt refractive index change (Supplementary Fig. S2c), which
is only possible when there is an abrupt switch between two photonic bands (a band-to-band transition). A non-MZI transmission
spectrum of a similar structure is shown in Fig. 3b (blue)
for reference.
To characterize this steep index change further, we placed on the
two arms of the MZI PhC, sections of different radius r. We kept a
unchanged to retain the same total physical length on both arms,
for the same number of unit cells in the PhC sections. With this
approach, the MZI sections that do not contain PhC regions are
identical, so the two PhC sections are the only source for any
measured phase difference. For example, we set r2 to 5/6 of the original value of the radius r1 (r2/a ¼ 0.283 × 5/6 ¼ 0.236). Figure 3a
illustrates the difference between the band structures of the two
PhC designs, namely, a frequency shift of the photonic bands. As

a result of this shifted band structure, the accumulated phase difference between the two arms is almost independent of wavelength,
except for a steep variation that again corresponds to a steep refractive index change (moving from band to band). When we place a
section of 62 PhC unit cells in both arms of the MZI, the transmission spectra have two spectral domains, 1,525–1,550 nm and
1,580–1,615 nm, where the interference transmission is rather constant (red curve in Fig. 3c) with 14 dB transmission difference
between the two domains (for high spatial resolution images, see
Supplementary Fig. S6).

MZ phase delay measurements with photonic superlattices
Next, we prove that the total phase accumulation in the superlattices
is zero. In these measurements we used a single-mode channel
waveguide for the MZI reference arm. Owing to the large imbalance
between the tapering slab and the channel waveguide, a series of
high-visibility interference fringes can be observed at the output
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Figure 4 | Phase measurements. a, Output of the MZI with increasing number of SPs (5, 6 and 7) on one arm and single-mode channel waveguides on the
other. Each PhC layer contains seven unit cells (d1 ¼ 2.564 mm, d2 ¼ 2, d2/d1 ¼ 0.78 and L ¼ 4.564 mm). b, As in a, with increasing number of unit cells in each
SP (7UC, L ¼ 4.564 mm; 9UC, L ¼ 5.869 mm); each device has ﬁve SPs. c, As in a, but for d2/d1 ¼ 0.8 and nine unit cells in each PhC layer (d1 ¼ 3.297 mm,
d2 ¼ 2.572, d2/d1 ¼ 0.78, L ¼ 5.869 mm). d, As in b, with d2/d1 ¼ 0.8 (7UC, L ¼ 4.616 mm; 9UC, L ¼ 5.935 mm); each device has seven SPs.

and used to determine the phase delay by analysing the fringe spectral locations and peak-to-peak free spectral range (FSR). We
designed the taper length to have a large number of fringes within
the measurement window. With this approach we avoid the uncertainty of transmission and coupling losses (and the resulting
normalization by the individual device transmissions) when determining the phase differences between devices. We performed
phase measurements for four different sets of devices: (i) d2/d1 ¼
0.78 and seven unit cells in the PhC layer, with increasing
number of SPs (5, 6 and 7); (ii) d2/d1 ¼ 0.78 and ﬁve SPs with different unit cells in the PhC layers (7 and 9); (iii) d2/d1 ¼ 0.80 and nine
unit cells in the PhC layer with increasing number of SPs (5, 6 and
7); and (iv) d2/d1 ¼ 0.80 and seven SPs with different unit cells in
the PhC layers (7 and 9). When we designed these devices, we modiﬁed the MZI so that when we added a SP to the superlattice the
length of the adiabatic transition arms was increased by L/2,
making the horizontal single-mode channel waveguides shorter
(from L2 to L22L/2), at both the input and output sides of
the device arm in Fig. 1a (for a schematic illustration, see
Supplementary Fig.S3). This change is compensated by adding the
same length to the vertical part (from L3 to L3 þ L/2 on both
sides in Fig. 1a). As a result, the only phase difference between
devices is due to the additional SPs. At each wavelength, the
502

phase difference between the waves propagating in the two arms
of the MZI is given by (see Supplementary Information)
 


2p
nslab − nwg Lslab + nsl Lsl
cos[f] = cos
l

(2)

where nslab , nwg and nsl are the refractive indices of the tapering
slab, the channel waveguide and the superlattice, respectively.
These have different frequency dispersions, and therefore different functional dependence on the probed wavelength. Lsl and
Lslab are the physical lengths of the superlattice and the tapering
slab (total 850 mm). Figure 4a shows the interference pattern
for d2/d1 ¼ 0.78 with seven unit cells in the PhC layer. As
shown, outside the zero-n spectral region the fringes differ
from each other both in wavelength and FSR, but overlap very
well within the zero-n spectral domain, indicating that the
additional phase contribution from the nslLsl term in equation
(2) is zero.
To further illustrate the phase evolution, we show in Fig. 5a the
FSR values for each of the devices examined — speciﬁcally, we calculate the spectral spacing between the transmission minima and plot
the spectral spacing versus centre wavelength between the two
NATURE PHOTONICS | VOL 5 | AUGUST 2011 | www.nature.com/naturephotonics
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Figure 5 | FSR wavelength dependence corresponding to superlattices in Fig. 4. a–d, FSR spectral spacing between the transmission minima versus centre
wavelength between the two neighbouring minima, extracted from the data in Fig. 4a–d. At the zero-n bandgap wavelength, the FSR does not change
between devices when the physical length of the MZI arm increases, which proves the zero phase contribution from the added SPs.

neighbouring minima. As noted above, in general there is an inherent
FSR due to the MZI imbalance, and after adding each SP the
FSR increases, so the imbalance decreases. However, in the zero-n
spectral domain the FSR corresponding to each of the devices
approaches the same value, indicating that the corresponding
phase difference remains constant. This is a surprising conclusion,
because the physical path is certainly not the same in all cases.
This apparent paradox has a simple explanation: although the physical path difference varies among the three cases the corresponding
optical path difference is the same as the spatially averaged refractive
index of the three superlattices vanishes. In other words, within the
zero-n spectral region the photonic superlattice emulates the properties of a zero phase delay line.
The output corresponding to the structures with d2/d1 ¼ 0.78
and ﬁve SPs with different unit cells (7 and 9) in the PhC layer
is shown in Fig. 4b, and the FSR values are plotted in Fig. 5b.
Here, the device with seven unit cells is the same as the one corresponding to the results in Fig. 4a. Remarkably, although the
additional length is different in this case (instead of a length
difference of 2 × L7UC , we have now added a length of 5 ×
(L9UC – L7UC)), we again obtain a good overlap in the interference
pattern and a match in the FSR value. Therefore, the phase difference is independent of the length of the superlattice (see also
equation 2); this further proves that we indeed observe a zero
phase difference and not a multiple of 2p. In other words, if
n × L7UC (n × 4.56 mm) and n × L9UC (n × 5.87 mm) are multiples of l/2 at l ¼ 1,557.8 nm, the only possible solution is
that the multiple is equal to zero. With this, we also prove a fundamental difference between a Bragg gap and the zero-n gap; the
former scales with the lattice period L and forms at multiples of
2p, whereas the latter is independent of L and occurs at a constant wavelength as long as the property of path-averaged zero
index is preserved.

Finally, Fig. 4c,d and Fig. 5c,d show the interference patterns for
the case of d2/d1 ¼ 0.80 and nine unit cells in the PhC layer with
increasing number of SPs (5, 6 and 7) and with seven SPs with changing number of unit cells in the PhC layer (7 and 9), respectively.
Again, both the FSR (Fig. 5c,d) and absolute wavelength values
(Fig. 4c,d) overlap in the zero-n spectral domain, proving the zero
phase variation across the superlattices.

Robustness against structural disorder
One of the main properties of zero-n bandgaps is their remarkable
robustness against effects induced by structural disorder. To study
this property, we considered the optical transmission in randomly
perturbed photonic superlattices. Speciﬁcally we considered superlattices for which the PIM lengths were randomly distributed
within the domain (d2 2 Dd2/2, d2 þ Dd2/2), amounting to a
random variation of SP L. The degree of structural disorder is quantiﬁed by the parameter s ¼ Dd2/d2. The main results of our computational investigation are presented in Fig. 2d. It can be clearly seen
that the zero-n bandgap is preserved, even when the disorder parameter is as large as s ¼ 10%, that is, a value much larger than
arising from our fabrication processes. Note that the amplitude
oscillations in the transmission spectra represent Fabry–Perot resonances in the superlattice. In addition, our numerical simulations
show that the structural disorder associated with a random perturbation of the hole radii or their location has a comparable or smaller
inﬂuence on the existence of zero-n bandgaps (Supplementary
Fig. S7a,b).

Conclusion
We have demonstrated, for the ﬁrst time, zero phase delay in negative–positive-index superlattices, in addition to observations of
deterministic zero-n gaps that remain invariant to geometric
changes. Through stable chip-scale interferometric measurements,
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binary superlattices of varying lengths are shown unequivocally to
enable rigorous control of the optical phase. Devices with different
SPs, unit cells and negative–positive length ratios have all demonstrated the presence of the zero phase delay. Engineered control of
the phase delay in these near-zero refractive index superlattices
can be implemented in chip-scale transmission lines and interferometers with deterministic phase array and dispersion control,
and has signiﬁcant technological potential in phase-insensitive
image processing, phase-invariant ﬁelds for electromagnetic cloaking, lumped elements in optoelectronics, information processing,
and engineering of radiation wavefronts to pre-designed shapes.

Methods
Numerical simulations. The band diagram in Fig. 2a was calculated using RSoft’s
BandSOLVE, a commercially available software that implements a numerical
method based on the plane wave expansion of the electromagnetic ﬁeld. Threedimensional simulations were performed to calculate 30 bands. In all these
numerical simulations, a convergence tolerance of 1 × 1028 was used. The photonic
bands were divided into TM-like and TE-like, according to their parity symmetry.
The path-averaged index of the superlattice was calculated using the negative
effective index of the second TM-like band and the effective modal index of the
homogeneous asymmetric slab waveguide.
The effective refractive indices corresponding to the TM-like bands (Fig. 2b)
were determined from the relation k ¼ v|n|/c (with k in the ﬁrst Brillouin zone) (see
Supplementary Information). Note that, for the second band, the effective index
of refraction is negative because k decreases with v (ref. 23).
The transmission spectra were determined using MIT’s MEEP49, a freely
available code based on the ﬁnite-difference time-domain (FDTD) method. In all
numerical simulations we used a uniform computational grid of 40 grid points per
micrometre. This ensured that a widely used rule-of-thumb for setting the size of the
computational grid in FDTD simulations was satisﬁed, namely, that the smallest
characteristic length of the system (in our case, the diameter of the holes) contained
at least 10 grid points. The transmission spectra corresponding to a speciﬁc
geometry of the photonic superlattice were determined by normalizing the
transmission spectrum of the photonic superlattice to the transmission spectrum
of the homogeneous structure that was obtained by replacing the PhC regions with
homogeneous slabs. In all our FDTD-based numerical simulations we used a pulsed
excitation source with a central wavelength of l0 ¼ 1,550 nm and spectral full-width
at half-maximum of 90 nm. A typical simulation run on 64 IntelwXeon processors
was performed in 7 h.
Sample nanofabrication. The PhC structures shown in Fig. 1 were fabricated as a
hexagonal lattice of air holes arranged on a silicon on insulator (SOI) wafer with a
320 nm-thick silicon slab (nSi ¼ 3.48) on top of a 2-mm-thick layer of buried oxide
(nSiO2 ¼ 1.46), either with electron-beam or deep-UV lithography. For electronbeam lithography, ZEP520A (100%) positive tone electron-beam resist was spincoated at 4,000 r.p.m. to a thickness of 370 nm, and baked at 180 8C for 3 min. A
JEOL JBX6300FS electron-beam lithography system was used to expose the pattern,
followed by development in amyl acetate for 90 s, and rinsing with isopropyl alcohol
(IPA) for 45 s to completely remove the developer (amyl acetate) residue.
For pattern transferring into silicon, an Oxford instruments Plasmalab 100 was
used to perform cryogenic etching of the silicon50 using an inductively coupled
plasma reactive ion etcher (ICP-RIE). First, we applied 10 min O2 cleaning at
–100 8C in the chamber, followed by cryogenic etching at –100 8C using a mixture of
SF6 (40 s.c.c.m) and O2 (18 s.c.c.m.) at 15 W radiofrequency (rf ) power, 800 W ICP
power and 12 mtorr pressure for a total of 18 s. Subsequently, the wafer was placed in
1165 resist remover for 4 h to completely remove the remainder of the resist. The
chip was cleaved and mounted on the sample holder for measurements.
Experiments. An in-line ﬁbre polarizer with a polarization controller was used to
couple TE light from an ampliﬁed spontaneous emissions source (ranging from
1,520 nm to 1,620 nm) into the waveguide via a tapered lensed ﬁbre. A second
tapered lensed ﬁbre collected the transmission from the waveguide output, and
the signal was sent to an optical spectrum analyser (OSA).
It should be noted that in all our plots of experimental data we used raw data,
so there was no data post-processing, except for intensity rescaling. Measurements
were taken three times with 500 pm resolution for Figs 2c and 3b,c, 100 pm and
500 pm resolutions for Fig. 4a, and 200 pm and 500 pm resolutions for Fig. 4b–d.
There is 0.5% deviation between Fig. 3b and Fig. 3c in terms of the centre
frequency of the bandgap region, because of fabrication differences between the
samples. In Figs 2c, 4 and 5, the r/a ratio was ,5% smaller than in Fig, 3b, resulting
in a shift of the band structure to lower frequencies (but in Fig. 3c was ,5%
larger than in Fig. 3b, leading to a shift of the band structure to higher frequencies),
consequently causing a shift of the zero-n bandgap.
For the three devices in Fig. 2c, we designed seven SPs for the devices with
seven unit cells of PhC, and ﬁve SPs for those with nine and eleven unit cells of PhC,
to ensure a sufﬁcient signal-to-noise ratio for the transmission measurements.
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Supplementary Information
I. Schematic representation of the zero- n superlattices
Schematic representation of a superlattice with 3 superperiods is shown in Fig. S1. The
superlattice consists of alternating layers of hexagonal PhCs and homogeneous slabs. Note that
the hexagonal PhC and the photonic superlattice have different symmetry properties, and
therefore they also have different first Brillouin zones.

Figure S1 | Schematic representation of the photonic superlattice. There are two Brillouin
zones defined as follows: one for the hexagonal photonic crystal lattice and one for the photonic
superlattice. a is the lattice period and r is the radius of the holes forming the hexagonal lattice.
d1 is the length of the PhC layer and d2 is the length of the PIM region. d1 + d1= is equal to the
superperiod (SP) of the photonic superlattice.
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II. Effective indices from band diagram
The effective refractive indices corresponding to the TM-like bands (Fig. S2b) are
determined from the relation k= |n|/c (with k in the first Brillouin zone) and plotted in Fig. S2c.
Note that for the second band the effective index of refraction is negative since k decreases with

ω [23].

Figure S2 | Band diagram of the PhC, a, Band diagram of the PhC with the parameters given
in Fig. 1. Inset: first Brillouin zone of the hexagonal PhC (for a schematic of the Brillouin zones,
see the Supplementary Information, Fig. S1). The TM-like (TE-like) photonic bands are depicted
in blue (red). The light cone is denoted by the green lines. b, A zoom-in of the spectral domain
corresponding to experimental region of interest. Experiments were performed in the spectral
region marked by the two horizontal lines (0.278-0.261 normalized frequency; 0.270 (dashed
line) to 0.278 is negative index region). There is a complete TE-like band gap, and there are two
TM-like bands. Lower frequency one band (marked with ×) has positive effective index of
refraction, higher frequency band (marked with ) has negative effective index of refraction. c,
Calculated effective index of refraction of the PhC, corresponding to the two TM-like bands
shown in Fig. S2b marked with the same symbols.
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III. Device modification for phase measurements, and theoretical calculations for
interferometer transmission
Figure S3 shows a schematic representation of a device with 2 superperiods and the
integrated Mach Zehnder Interferometer is modified after introducing the third superperiod. The
adiabatic region remains unchanged if L1 is increased to L1+ and L2 is shortened by /2, in both
the input and output sides of the device. To keep the total length of the waveguide unchanged,
the length L3 is increased to L3+ /2. This procedure is used each time a superperiod is added to
the structure. In addition, to be able to compare devices with different number of unit cells in the
PhC layer, a common reference point is used for all devices that have the same d2/d1 ratio.

Figure S3| Schematic representation of the device modification induced by adding a
superperiod. a, Integrated MZI of a device with 2 superperiods and a channel waveguide. b,
Device modifications after the third superperiod is added. The length of the channel waveguide
remains the same so as the effect of the additional superperiod is isolated.
In our implementation, the interferometer output intensity is given as:

I = I1 + I 2 + 2 I1I 2 cosφ

(S1)

3
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where φ is the phase difference (or imbalance) between the modes propagating in the two arms
(denoted by subscript 1 and 2). Considering our implementation, the phase φ can be decomposed
as:

φ = φ1 − φ2 =
=

2π

λ

2π

λ

[n (L
wg

[(n

wg

wg _ 1

Lwg _1 + nslab _1 Lslab _1 + nsl Lsl ) − nwg Lwg _ 2

]

− Lwg _ 2 ) + nslab _1 Lslab _1 +

2π

λ

]

(S2)

nsl Lsl

where nwg, nslab_1, nsl are the effective mode refractive indices of the channel waveguide, the
adiabatic slab in arm 1, and the zero-index superlattice, respectively. Li denotes the
corresponding lengths.
We note that the difference between the physical path length of the channel waveguides
on both arms is designed to be equal to the physical path length of the tapering slab. Thus we
have:

 2π

cos[φ ] = cos  ((− nwg LSlab _ 1 + nSlab _ 1 LSlab _ 1 ) + nsl Lsl )
λ

 2π

= cos  ((nSlab _ 1 − nwg )LSlab _ 1 + nsl Lsl )
λ


[

= cos φslab −wg + φsl

]

(S3)

The mode indices nwg, nslab_1, nsl have different frequency dispersion. We kept the phase (φslab_wg),
arising from

2π

λ

(n

slab _1

− nwg ) Lslab _1 , constant between different devices in each set of

measurements by simply ensuring that the physical lengths and widths of the slabs are the same
for each nanofabricated device. The remaining phase variation therefore is generated only by the
photonic crystal superlattice (φsl =

2π

λ

n sl Lsl ). If nsl is equal to zero, φsl is zero too, hence the total

phase difference φ in the interferometer arises only from the φslab_wg component and is the same
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for all the devices in each set. Therefore, the sinusoidal oscillations in the transmission and the
free spectral range are determined only by φslab_wg.

IV. Experiments on tunability of the zero- n region
In order to demonstrate the tunable character of the zero- n bandgaps, we performed
transmission experiments on four sets of binary superlattices, with each set having different
superlattice ratios: d2/d1=0.74 (Fig. S4a), d2/d1=0.76 (Fig. S4b), d2/d1=0.78 (Fig. S4d), and
d2/d1=0.8 (Fig. S4e). In all our experiments the negative index PhC has the same parameters as
those given in the main text. Note that there is a slight (~5%) change in r/a, which results in a
small shift (<1%) in the spectrum. For example, Fig. 2c in the main text and Fig. S4d here
correspond to the same design but there is about 10 nm (~0.6%) shift in the center of the zero- n
region. However, all the experimental data in this section corresponds to the same chip, therefore
the invariance of the gap for the geometrical changes and its tunability can be clearly observed.
As described in the main text, each set of photonic superlattices consists of three devices
of different period Λ, with the negative index PhC layer in the superlattice spanning 7, 9, and 11
unit cells along the z-axis, so that the thickness of this layer is d1 = 3.5 3 a (2.564 m),

d1 = 4.5 3 a (3.297 m), and d1 = 5.5 3 a (4.029 m), respectively. The corresponding thickness
of the PIM layer is determined by requiring that the average index

is zero

_

[ n = (n1d1 + n2 d 2 )/ = 0 ], while keeping the ratio d2/d1 unchanged for all devices in each set (see
Table S1). Here, n1 and n2 are the effective mode indices in the PhC and homogeneous (PIM)
layers, respectively, at the corresponding wavelength.
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Table S1 | Calculated parameters of the devices in the Fig. S4 (units in µm).
Fig. S4a
# of unit cells
7
9
11

d1
2.56
3.30
4.03

d2
1.90
2.44
2.98


4.46
5.74
7.01

Fig. S4b
# of unit cells
7
9
11

d1
2.56
3.30
4.03

d2
1.95
2.51
3.06


4.51
5.80
7.09

Fig. S4d
# of unit cells
7
9
11

d1
2.56
3.30
4.03

d2
2.00
2.57
3.14


4.56
5.87
7.17

Fig. S4e
# of unit cells
7
9
11

d1
2.56
3.30
4.03

d2
2.05
2.64
3.22


4.62
5.93
7.25

For the three devices in each set, we designed 7 SPs for the devices with 7 unit cells of
PhC and 5 SPs for those with 9 and 11 unit cells of PhC (these designs ensure a sufficient signalto-noise ratio for the transmission measurements). In these experiments we have tested both the
existence of the zero- n bandgap as well as its tunability. For the three devices belonging to each
set, we observed the zero- n bandgap at the same frequency whereas the spectral locations of the
other bandgaps were observed to shift with the frequency – this confirms the zero- n bandgap
does not depend on the superperiod length Λ (the gap existence is dependent only on the
condition of path-averaged zero index: n1d1 + n2d2 = 0) while the frequency of the regular 1D
PhC Bragg bandgaps does depend on Λ. Our measurements show that the invariant, zero- n ,
bandgap is located at 1525.5 ±1 nm, 1535.2 ±2 nm, 1546.3 ±1.5 nm, and 1556.5 ±2.5 nm,
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respectively (averaged over the three devices in each set). The slight red-shift with increasing
number of unit cells in each set is due to effects of edge termination between the PhC and the
homogeneous slab.
Furthermore, when we tuned the ratio d2/d1 and repeated these same experiments we
observed a redshift (see the values above) of the zero- n mid-gap frequency as we increased the
ratio d2/d1. This result is explained by the fact that for the negative index band the refractive
index of the 2D hexagonal PhC decreases with respect to the wavelength (see Fig. S2c) and
therefore when the length of the PIM layer in the 1D binary superlattice increases (higher d2/d1),
the wavelength at which the effective index cancels is red-shifted. The effective index of the PIM
layer, n2, is calculated numerically and for the asymmetric TM slab waveguide mode
corresponds to, for example, 2.671 at 1550 nm. By using these n1 (Fig. S2c) and n2 values, we
determined the average refractive index for the different d2/d1 ratios as summarized in Fig. S4f.
A distinctive red-shift in the zero- n gap location is observed with increasing d2/d1 ratios from
the numerically modeling, demonstrating good agreement (~0.5% difference) with the
experimental measurements (Fig. S4a, 4b, 4d, and 4e). Furthermore, Fig. S4c shows how the
spectral features of the zero- n bandgap changes with increasing the number of superperiods. We
note that this is the first rigorous and complete experimental confirmation of invariant and
tunable character of zero- n bandgaps in photonic superlattices containing negative index PhCs.
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Figure S4 | Experimental verification of period-invariance and tunability of zero- n
bandgaps. a, Experimental verification of the zero- n bandgap in superlattices with varying
period (Λ). The ratio d2/d1 =0.74 and Λ=4.46 m for black (solid), 5.74 m for red (dashed), and
7.01 m for green (dotted) curves (a.u. arbitrary units). b, Same as in a, but for d2/d1 =0.76.

Λ=4.51 m for black (solid), 5.80 m for red (dashed), and 7.09 m for green (dotted) curves. c,
Transmission spectra for superlattices with d2/d1=0.76, containing 5, 6, and 7 superperiods (SPs).
Each PhC layer contains 7 unit cells (d1=2.564 m,Λ=4.51m). d, Same as in a, but for
d2/d1=0.78. Λ=4.56 m for black (solid), 5.87m for red (dashed), and 7.17 m for green (dotted)
curves. e, Same as in a, but for d2/d1=0.80. Λ=4.62 m for black (solid), 5.93 m for red
(dashed), and 7.25 m for green (dotted) curves. f, Calculated effective index of refraction for
the superlattices with the ratios in a, b, d, and e. The wavelengths at which the average index of
refraction cancels agree very well with the measured values.
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V. Near-field scanning optical microscopy and high-resolution imaging measurements
We further used near-field scanning optical microscopy (NSOM) to examine the zero- n
transmission in the near-field, as illustrated in Fig. S5. Our NSOM is an aperture-type instrument,
where the fiber is produced in National Chiao Tung University in Taiwan by using of thermal
pulling method. A metal coating is used to create the aperture. The NSOM fiber was then
attached to a tuning fork sensor produced by Veeco Instruments. The detection is performed with
a New Focus 2153 InGaAs femtowatt photoreceiver with lock-in amplification. The NSOM
instrument is a modified Veeco Aurora-3.
Coupling light into the zero- n superlattices is achieved by UV-curing adhesive bonding
of a tapered lens fiber to the silicon input waveguide. The input fiber was stably UV-epoxy
bonded to the devices selected for the measurements. We observed the light propagation through
the sample by NSOM and used a widely tunable laser with controlled polarization to vary the
input wavelength. From the near-field images of the superlattices (9 unit cells in PhC layer and
d2/d1 ~0.76), it can be seen that the light propagation in the superlattices is characterized by low
transmission inside the zero- n gap (Fig. S5a, =1535 nm), and high transmission outside the
zero- n gap (Fig. S5b,= 1560 nm).

Figure S5| Near-field scanning optical microscopy of zero- n superlattices. a, Near-field
image of a zero- n device that has 9 unit cells in each PhC layer at =1535 nm (in the center of
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the gap). b, Same as in a at =1560 nm (in the high transmission). Scattering occurs at the edge
of the PhC/PIM interfaces and is an indicative of transmission. Scale bar: 2.5 µm.
In addition, we performed high spatial resolution imaging of the radiated input-output
ports for the devices that have been used for the experiment presented in Fig.3c. Results are
illustrated in the Fig S6 as follow: In the case of the reference arm (i-iii), we see light
transmission for all three wavelengths, which corroborates the characteristics of the transmission
spectrum in Fig. 3c. For the device arm (iv-vi) there is transmission for 1600 nm and 1530 nm
but not for 1570 nm. This agrees with the transmission spectra in Fig. 3c. Note that although
there is similar transmission for both arms at 1530 and 1600 nm, the interference output has
14dB difference.

i

r/a=0.236
λ =1530nm

iv

r/a=0.283
λ =1530nm

ii

r/a=0.236
λ =1570nm

v

r/a=0.283
λ =1570nm

iii

r/a=0.236
λ =1600nm

vi

r/a=0.283
λ =1600nm

Figure S6| Infrared images pertaining to the experiments corresponding to Fig3c. i-iii is
taken from the reference arm containing a PhC structure with r/a=0.236 and iv-vi is taken from
the device arm where the ratio r/a=0.283. In all the images the input beam is impinging onto the
structure from the right, which means that light scattering at the left facet of the device indicates
light transmission.
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VI. Computational study of the influence of disorder on the properties of zero- n
superlattices.
In addition to the model for structural disorder of the photonic superlattice discussed in
the paper, we have also considered two other disorder models in which either the radius of each
hole in the PhC sections or the position of the holes is randomly perturbed. More exactly, the
radius of the holes is set in the domain (r–∆r/2, r+∆r/2), according to a uniform random
distribution whereas in the second case the location of the holes is randomly perturbed by ∆l. In
these models, the degree of structural disorder is characterized by a disorder parameter defined
as σ=∆r/r and σ=∆l/a, respectively. The main results of our computational investigations are
summarized in Fig. S7. Thus, it can be seen that in the case of random perturbation of the radius
of the holes the transmission spectra in the superlattice are only slightly affected, even if the
disorder parameter is as large as σ=10%. As observed, the main effect consists of a small
decrease of the zero- n superlattice transmission with increasing values of the disorder parameter

σ. It is seen, however, that structural disorder induced by randomly changing the location of the
holes has a much larger effect on the transmission spectra. We note though that a value of

σ=10% corresponds to variations of tens of nanometers of the location of the holes, variations
which are much larger than those measured in our fabricated devices.
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Figure S7 | Transmission spectra calculated for different values of the disorder parameter
σ. The inset shows the expanded transmission spectra. a, The structural disorder is introduced by
randomly changing the radius of the holes in the PhC sections of the superlattice. b, The
structural disorder is generated by randomly perturbing the location of the holes.
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suggests that the density of Cooper
pairs remains unchanged in the CuO2
layers, which may allow the realization
of almost decoupled 2D stacks with a
Kosterlitz–Thouless superconducting
transition. Interlayer coupling would
simply allow 3D superconductivity to
develop, yielding a larger value of the
3D ordering temperature. An alternative
scenario suggests that the condensed
state does not survive in the absence of
the Josephson coupling 7. This work could

have potential applications in signal
transmission and light switching, once the
gating field can be controlled to allow the
phase differences to reach multiples of π
❐
and π/2.
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Fundamental optical physics

The quest for zero refractive index

A superlattice comprising alternating layers of negative-refractive-index photonic crystals and positive-refractiveindex dielectric media has been shown to exhibit an effective refractive index of zero. Experiments show that light
passing through such a material experiences no phase shift.

Jörg Schilling

D

uring the early years of research
into metamaterials, many scientists
strived to fabricate structures with
negative refractive index (n). Recently,
some interest has shifted towards the
realization of materials that exhibit zero
or near-zero refractive index. A refractive
index of zero implies that light enters
a state of quasi-infinite phase velocity
and infinite wavelength. It also means
that every point within the metamaterial
experiences a quasi-uniform phase of the
light wave present, as though all the dipoles
inside the metamaterial are oscillating in
unison. Thus, the shape of the wavefronts
leaving the metamaterial depends solely
on the shape of the exit surfaces of the
metamaterial, which provides high
flexibility in the design of phase patterns1.
A simple planar slab of a zero-n material
could, in principle, function as a highly
selective angular filter that allows the
transmission of plane waves only at normal
incidence. By applying convex or concave
surfaces, the outgoing wavefronts could be
either divergent or focusing.
The uniform phase distribution of
light within such a material may also
have far-reaching consequences for light
emission. Placing an emitter inside a zero-n
material creates a radiation field with
spatially uniform phase inside the material,
which produces a highly directional and
collimated outgoing beam at an extended
planar surface2. Because the phase is
spatially independent, the exact position
of the radiation source inside the zero-n

material seems to be irrelevant and the
formation of a single collimated beam from
many spatially distributed point sources
should be possible.
Researchers have attempted to realize
a material with zero refractive index
(or zero permittivity, ε) through several
different strategies. One suggestion was to
use metallic metamaterial structures such
as stacked frequency-selective surfaces.
Alternative approaches include the use of
microwave waveguides close to the mode
cut-off 3 and the combination of negativeand positive-index materials4,5.
Serdar Kocaman and colleagues,
reporting in this issue of Nature Photonics 6,
have now constructed a one-dimensional
(1D) periodic superlattice from alternating
strips of unpatterned regions of positiverefractive-index dielectric media and 2D
negative-refractive-index photonic crystals.
Using phase-sensitive interferometric
measurements, they have demonstrated
that light of a specific frequency
propagating through such a superlattice
experiences no change of phase. Thus, from
a macroscopic view point, the superlattice
exhibits an effective refractive index (n–)
of zero.
The layered structure is formed in slab
waveguides that have been fabricated
on silicon-on-insulator substrates by
structuring the thin top silicon layer. Each
superlattice period, Λ, consists of two
sections with widths of d1 and d2 (Fig. 1).
The first section (width d1) contains a 2D
photonic crystal with a hexagonal pore

array fabricated by electron beam or deepultraviolet lithography. The second section
(width d2) is an unpatterned section of the
waveguide slab. The period and pore radius
of the photonic crystal section were chosen
in such a way that light with a wavelength
of λ0 = 1,552 nm couples to a mode of
the second photonic band of transversemagnetic-like polarization. Because the
second photonic band has a negative slope
within the first Brillouin zone, the group
velocity appears negative, meaning that
the directions of phase propagation and
energy propagation are counter-parallel.
Kocaman et al. describe this propagation
by a negative refractive index n1 whose
absolute value is derived from the band
structure within the first Brillouin zone.
The phase of a wave travelling through
the photonic crystal section changes by
Δφ1 = n1d1k0, where k0 is the free-space
wavenumber. Because the refractive
index n1 is negative, the phase of the
wave actually evolves backwards and
accumulates a negative relative phase in the
photonic crystal layer. However, when the
wave propagates through the subsequent
unpatterned section with positive refractive
index n2, its phase changes by Δφ2 = n2d2k0.
Because the refractive index of this layer is
positive, the phase evolves forwards and the
negative phase accumulated in the photonic
crystal layer ‘unwinds’. If the ratio between
the two superlattice layer thicknesses,
d1/d2, is adjusted to give Δφ1 = −Δφ2, the
net phase change of the wave (Δφ1 + Δφ2)
after traversing the whole superlattice
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a

Δ–
φ1 + Δ–φ2 = (n1d1 + n2d2) k0 = 0

Δ–
φ1 = n1d1k0 < 0

b

Δ–
φ2 = n2d2k0 > 0
Δ–
φ1 + Δ–φ2 = 0

ΔΨ = 0

Δ–
φ1 + Δ–φ2 = 0

Figure 1 | Phase delays in a zero-n– superlattice. a, A superlattice with an effective refractive index of zero
can be realized by combining negative-refractive-index photonic crystal sections (width d1) and positiverefractive-index unpatterned waveguide sections (width d2). Negative and positive phase changes (Δφ1
and Δφ2) cancel out at the design wavelength, leading to an overall phase change of zero (Δφ1 + Δφ2 = 0)
over the whole superlattice period. b, Development of the zero-n bandgap. Because the average refractive
index over each superlattice period is zero, the optical path length and the accumulated phase ΔΨ for all
the Bragg-reflected waves is also zero. The interference of all the Bragg-reflected waves is therefore always
constructive and independent of the length of the superlattice period, which results in a zero-n bandgap.

period Λ is zero; that is, the effective index
of the superlattice is n– = 0. However, this
condition can only be fulfilled for a single
wavelength because n1 is highly dispersive
and a near-zero n– can only be obtained in
a narrow spectral range. To experimentally
demonstrate a zero-n material,
Kocaman et al. employed two strategies.
First, the researchers observed the
formation of the zero-n bandgap in
transmission measurements. Bragg
reflection generally leads to the formation
of bandgaps in photonic crystals. For
the case of a zero effective index in the
superlattice, the phase difference between
the wavelets of light reflected at the first
superlattice period and those reflected
at subsequent periods is zero. This
corresponds to the zeroth order of the
Bragg condition. This zero-n bandgap was
observed in the transmission spectra as
a dip between wavelengths of 1,550 nm
and 1,565 nm. To demonstrate that the
observed dips are indeed due to the
450

expected zero-n bandgaps, Kocaman et al.
prepared several superlattices with different
periods Λ, but kept the ratio d1/d2 constant.
The observed spectral independence of the
bandgap position from the period of the
superlattice gives a clear indication that the
observed bandgap is indeed the expected
zero-n bandgap.
Second, Kocaman et al. used an
interferometric technique to monitor
the relative phase change of the wave
travelling through the superlattice. The
superlattice structure was included in one
arm of a Mach–Zehnder interferometer,
whose second arm represented a reference,
unstructured waveguide. Interference
fringes appeared in the transmission
spectra after the light from both arms
was rejoined, owing to the inherent
difference in optical path length. The
researchers observed that adding further
superlattice periods (and thus extending
the geometric path for light travelling
through the superlattice arm) does not

change the position or spectral period of
the interference fringes within the spectral
range of the zero-n bandgap. They also
changed the length of the superlattice
period but again did not observe an
impact on the position or period of the
interference fringes within the zero-n
bandgap. Changing the number or length
of the superlattice periods therefore did
not influence the accumulated phase of the
light propagating through the superlattice,
even though the geometric path length in
the superlattice was being varied. This is
only possible if the superlattice periods do
not contribute to the phase accumulation
because the optical path length within the
superlattice is zero, which corresponds
to n– = 0.
Through these phase-sensitive
measurements, Kocaman et al. demonstrated
that a superlattice consisting of alternating
2D photonic crystal and unpatterned
waveguide sections can exhibit an effective
refractive index of zero while also providing
zero relative phase delay. Furthermore,
they showed that the average refractive
index n– can be controlled by adjusting
the relative thicknesses of the superlattice
period (d1 and d2). Tuning the ratio d1/d2
shifts the spectral position of the zero-n
bandgap and thus achieves complete phase
compensation for another wavelength. It
is therefore possible to fulfil the zero-n
condition at nearly any desired wavelength,
which provides enhanced flexibility in
system design.
Using dielectric photonic crystals
to provide the negative refractive
index avoids Ohmic losses, which are
intrinsic to metallic metamaterials. This
is particularly important for structures
operating at visible and near-infrared
frequencies because their comparatively
deeper penetration into metals causes
significant losses. Ohmic dissipation,
which is related to the conversion of
electromagnetic energy to phonons (heat)
through the damping of free electrons in
the metal, is not present in a dielectric
material. However, even photonic crystal
superlattices made from nearly lossless
dielectric materials suffer from systematic
transmission losses due to scattering and
out-of-plane diffraction. The period of
the superlattice is several micrometres in
length, which allows it to function as a
grating coupler that can diffract light out
of the thin silicon slab, thereby lowering
transmission levels in the waveguide. This
fact has already been used to observe light
propagation through a similar superlattice
structure5. Furthermore, the zero-n
bandgap exists at the design wavelength,
where the zero-n condition is exactly
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fulfilled. This causes considerable backreflection, which reduces transmission
levels, especially when the number of
superlattice periods is increased. These
effects therefore limit the size of structure
that can practically be employed before the
intensity of the transmitted light becomes
too low.
It is useful to compare the negative
refractive indices found in metal
metamaterials and dielectric photonic
crystals, given the key role played by
the negative refractive index section
of the superlattice in the work of
Kocaman et al. In metamaterials, a
negative refractive index is usually
achieved by combining two different
kinds of resonators (wires and split
rings) driven at a frequency slightly
above their resonance. Each resonator
therefore radiates more than 90° out of
phase with their individual excitation,
leading to both negative permeability
and negative permittivity — ‘backwards’
waves. Although such individual resonators
do not exist in photonic crystals, the
generation of backwards-evolving waves
is achieved by Bragg reflection due to
the periodic variation of the refractive
index. Whereas metamaterials avoid
diffraction by using subwavelength-sized
structures, photonic crystals use diffraction

as the source for negative-refractiveindex behaviour.
It should be noted that the description
of wave propagation through a
periodic structure with a single negative
refractive index could be misinterpreted
if care is not taken. A wave in a periodic
structure travels as a Bloch mode,
which is represented by a sum of many
plane waves with different directions
of propagation and spatial periods
(both defined by their wave vector).
For example, the wave vector of the jth
plane wave is defined by the condition
K + Gj, where K is the wave vector in
the first Brillouin zone and Gj is any
reciprocal lattice vector (j being an integer).
This multitude of wave vectors makes it
non-trivial to define a single refractive
index. The absolute phase change of
each plane wave component is different
along the considered propagation
direction. Over an integer of N periods
of propagation in the photonic crystal,
the phase change is Δφ1,j = n1d1k0 + Nj2π.
However, the additional term — an integer
multiple of 2π — is irrelevant when
evaluating interferometric results; only
the negative relative phase change n1d1k0
has an impact. This relative phase change
matches the negative absolute phase change
of the plane wave component of the first

Brillouin zone considered by Kocaman
et al., and therefore justifies the description
of wave propagation through the photonic
crystal slabs by a negative refractive index
for the described situation.
The superlattice approach is currently
restricted to 1D propagation. However, 2D
wave propagation is desirable to realize
sophisticated phase-shaping schemes. In
addition, a zero-n material with curved
entrance and exit surfaces might be of interest
for new optical elements that take advantage
of the zero accumulated phase or uniform
phase within the structures. Whether or not
this can be achieved using photonic crystal
❐
superlattices remains to be seen.
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Atom optics

Marriage of atoms and plasmons

The interaction between atoms in a Bose–Einstein condensate and plasmon-enhanced fields is a step towards the
goal of realizing hybrid atom–polariton systems for tasks in quantum information processing.

James P. Shaffer

S

urface polaritons and atoms can
both be quantum objects, yet their
unique characteristics make them
suitable for different tasks. Atoms can
be isolated from their environment and
manipulated precisely with lasers, which
makes them good candidates for storing
information and building single-photon
sources, traceable sensors and quantum
gates. Surface polaritons, in contrast, are
capable of interfacing with solid-state
devices and being moved around on a
surface using micro- and nanostructures.
They are therefore an attractive means of
transporting quantum information from
one point to another on a microscopic chip,
perhaps between different clouds of trapped
atoms. The individual advantages of atoms

and polaritons can be combined to allow
the realization of sophisticated circuits.
One important future goal is to develop
efficient hybrid quantum devices in which
individual excitations can be transferred
between atoms and polaritons on demand,
thus allowing both systems to be used to
their maximum advantage. Informationprocessing circuits that exploit both atoms
and surface polaritons and operate using
the principles of quantum entanglement
are an important example of what might be
achievable in the future.
Although such hybrid atom–polariton
systems are still a long way from fruition,
the work of Stehle et al.1 demonstrates
an important preliminary step towards
their realization. Writing in this issue

of Nature Photonics, Stehle et al. report
the interaction of a Bose–Einstein
condensate (an ultracold collection of
atoms that share the same quantum state
and thus behave as a single entity) with
small customized surface potentials. The
potentials were created from the plasmonic
electromagnetic fields formed by tailored
metallic microstructures on the surface of
a prism. It is hoped that such potentials
could eventually be used to guide atoms
around circuits.
Surface plasmons are a type of surface
polariton that result from the coupling
between an electromagnetic field and
collective oscillations of the conduction
electrons in a metal. They can be created
using light and propagate along the
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