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APPLIED OPTICS

Dielectric gradient metasurface

optical elements

Dianmin Lin,"* Pengyu Fan,'* Erez Hasman,> Mark L. Brongersma't

Gradient metasurfaces are two-dimensional optical elements capable of manipulating light
by imparting local, space-variant phase changes on an incident electromagnetic wave.
These surfaces have thus far been constructed from nanometallic optical antennas, and
high diffraction efficiencies have been limited to operation in reflection mode. We describe
the experimental realization and operation of dielectric gradient metasurface optical
elements capable of also achieving high efficiencies in transmission mode in the visible
spectrum. Ultrathin gratings, lenses, and axicons have been realized by patterning a
100-nanometer-thick Si layer into a dense arrangement of Si nanobeam antennas. The
use of semiconductors can broaden the general applicability of gradient metasurfaces,
as they offer facile integration with electronics and can be realized by mature

semiconductor fabrication technologies.

he field of nanophotonics has started to

facilitate the replacement of bulky optical

components by ultrathin, planar elements

(I-5). Such elements can be realized by nano-

patterning thin films and can benefit from
a more natural integration into electronic and
mechanical systems. They can also provide
entirely new functions that capitalize on the
rapid developments in the field of metamate-
rials (6). The recent realization of metasurfaces,
or metamaterials of reduced dimensionality (7),
is of particular relevance as it is opening up new
opportunities to realize virtually flat optics (8, 9).
Metasurfaces consist of dense arrangements of
resonant optical antennas. The resonant nature
of the light-matter interaction with such struc-
tures affords substantial control over the local
light scattering amplitude and phase. These scat-
tering properties can be manipulated through
choices of the antenna material, size, geometry,
orientation, and environment. By arranging
antennas with distinct scattering properties on
a surface, space-variant metasurfaces are created
that offer tremendous freedom in manipulating
optical wave-fronts. Metasurfaces constructed
from high-index antenna arrays are used as anti-
reflection coatings (70), as well as to enhance
absorption (I1), create structural color (12), and

1Geballe Laboratory for Advanced Materials, Stanford
University, 476 Lomita Mall, Stanford, CA 94305, USA.
Micro and Nanooptics Laboratory, Faculty of Mechanical
Engineering and Russell Berrie Nanotechnology Institute,
Technion-Israel Institute of Technology, Haifa 32000, Israel.
*These authors contributed equally to this work. tCorresponding
author. E-mail: brongersma@stanford.edu

298 18 JULY 2014 « VOL 345 ISSUE 6194

manipulate the state of polarization (13, 14). How-
ever, space-variant metasurfaces for beam steer-
ing and focusing have thus far been constructed
from nanoscale metallic antennas only (7). Ohmic
losses in the metal and the limited scattering cross
sections of the antennas have limited high device
efficiencies to reflection mode (75, 16). We leverage
recent advances in the realization of high-index
dielectric antennas (12, 17, 18) and Pancharatnam-
Berry phase optical elements (PBOEs) (19, 20) to
realize easy-to-fabricate and highly efficient trans-
missive devices. Si-based gradient metasurfaces
capable of serving as optical gratings, lenses, and
axicons are demonstrated.

Figure 1 shows a dielectric gradient metasur-
face optical element (DGMOE) serving as an axicon.
Whereas conventional glass axicons are a few
millimeters in size (Fig. 1A), the DGMOE features
a 100-nm-thick layer of poly-silicon deposited on
a quartz substrate (Fig. 1B) generated in a single
patterning step (21). Figure 1D shows a scanning
electron microscopy (SEM) image of the fab-
ricated DGMOE composed of thousands of Si
nanobeam antennas.

When illuminated with a collimated Gaussian
left circularly polarized (LCP) light beam at a
550-nm wavelength, the DGMOE creates a non-
diffracting Bessel beam on the transmission (Fig.
1, C and E, and section S2 of the supplementary
materials). The intensity distributions along and
across the center of Bessel beam are shown as
insets to Fig. 1E. The ratio between the high-
intensity central beam spot and the first ring
is 6:1, a signature of a Bessel beam. The operation
of the lens could be analyzed by understanding

all of the coherent far-field and near-field inter-
actions between the Si nanobeam antennas. Here,
we describe the behavior of the optical element
based on an understanding of the Pancharatnam-
Berry (PB) phase.

The PB phase is a geometric phase achieved by
space-variant polarization manipulations (22, 23),
as opposed to a propagation phase. PBOEs are
constructed from wave plate elements for which
the orientation of the fast axes depends on the
spatial position. Well-defined algorithms exist
for realizing specific optical functions. By tiling
a surface with half-wave plates with their fast-
axes orientations according to a function 6(x,y),
an incident circularly polarized light beam will
be fully transformed to a beam of opposite
helicity and imprinted with a geometric phase
equal to @g(a,y) = +26(2,y) (21, 24). By control-
ling the local orientation of the fast axes of the
wave plate elements between 0 and =n, phase
pickups can be achieved that cover the full 0-to-
2n range while maintaining equal transmission
amplitude for the entire optical component. This
provides full control over the wavefront. A con-
tinuous desired phase function can be approxi-
mated using discrete wave plate orientations.
‘We use eight orientations with which a high the-
oretical diffraction efficiency of 95% can be
achieved (25). The realization of wave plate ele-
ments represents a crucial step in crafting PBOEs.

In designing ultrathin nanobeam-based wave
plates, it is important to first understand the
optical resonances of individual semiconductor
nanobeams. Top-illuminated single beams sup-
port resonances under transverse electric (TE)
illumination (with the electric field polarized
normal to the length of the structure) and the
orthogonal transverse magnetic (TM) polariza-
tion (12, 18). The thickness of the resonant
structures can be small compared with the free-
space wavelength due to the high refractive index
of semiconductors. A 120-nm-wide and 100-nm-
high Si nanobeam supports a strong resonance
and a substantial phase retardation in our target
wavelength range of interest. We chose this
beam as the basic building block for our wave
plate (Fig. 2A) in anticipation that its resonant
behavior and the accompanied phase retarda-
tion between the orthogonal polarizations would
persist in the beam array. Finite element
simulations indicate that the wavefront for a
TE-polarized light beam at 550 nm is delayed
by 0.14n as compared with the wavefront in
the absence of the nanobeams. The wavefront
for TM-polarized light is delayed even further
to 1.15n (Fig. 2B). As a result, the phase retar-
dation between the two orthogonal polarizations
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is about &, and the beam array serves as a half-
wave plate.

By sweeping the wavelength from 490 to 700 nm
in simulations, the phase retardation of the wave
plate varies from 0.4m to 1.2r (Fig. 2C). For ref-
erence, the figure also shows the comparatively
small phase retardation of 0.063n for a 100-nm-
thick film of calcite, a naturally birefringent crystal.
The substantial swing in the phase retardation
is attributed to the fact that the nanobeams
support a strong fundamental resonance under
TE illumination (as seen in absorption) and only
a very weak second-order TM resonance (fig.
S5D). The order of the resonance is determined
by the number of field maxima inside the nano-
beam (Fig. 2D, insets). Figure 2C shows that the
array’s TE resonance and associated swing in the
phase retardation can be translated spectrally by
changing the beam width.

A 2" B

100nm
>«

To realize ultrathin Si nanobeam wave plates,
we fabricated the periodic Si nanobeam array
described above (Fig. 2C, inset). These samples
were characterized optically through measure-
ments of the four Stokes polarization parameters
(supplementary materials section S4). The mea-
sured phase retardation of this dielectric meta-
surface is shown by the red squares in Fig. 2C and
is in good agreement with optical simulations
(red solid line). The transmission coefficient at
550 nm, where the phase retardation is about r,
is ~0.5. Spectral transmission measurements show
that transmission coefficients as high as 0.75
can be obtained at longer wavelengths (650 to
700 nm) closer to the Si band gap (21).

The most basic DGMOE is one that serves as a
blazed diffraction grating capable of steering a
light beam into several diffracted orders. The de-
sign follows a general strategy that can be used
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Fig. 1. Example of a DGMOE: An axicon constructed from Si nanoantennas. (A) Schematic of a
conventional glass axicon focusing light into a Bessel beam. (B) Schematic of a DGMOE axicon featuring
an ultrathin patterned layer of silicon on a quartz substrate. (C) Transversal distribution of Bessel beam
generated by the DGMOE. (D) SEM image of the fabricated DGMOE. (E) Measured intensity profile of the
nondiffractive Bessel beam generated behind the DGMOE in the xz plane. The intensity (I) along the
center of Bessel beam is plotted in the inset along the z axis. The inset along the x axis shows the cross-
sectional intensity profile at the z = O plane. a.u., arbitrary units.
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to create more complex optical elements. First,
Fourier optics is used to determine the phase
profile that will produce a desired field distri-
bution in the far field. Blazed gratings feature a
simple phase profile with a linear dependence
of the phase on position, which either increases
or decreases by 2r across one grating period.
The desired phase profile is then discretized into
segments that can take on a limited number of
discrete phases. The discretized profile @q(,y)
for a grating with a period A of 3.2 um is shown
in Fig. 3A. The phase profile is accomplished by
tiling a glass substrate with nanobeam wave
plates with space-variant orientations (Fig. 3B).
To achieve a desired far-field intensity dis-
tribution, it is important to control both the
metasurface properties and the polarization
state of the incident light. For an incident plane
wave |Ej,) with an arbitrary polarization state,
one can show that the output wave |Eg;) will be
composed of three polarization orders (26)

|Eow) = v/MElEin) + /g€ @) |R) +
Ve 2@ |y (1)

Here, |R) and |L) denote the right- and left-
handed circularly polarized unit vectors, respec-
tively. The quantities ng = |1 (¢, + €)%, ng =
‘%(tz - tyem)(L'Ein)'Z’ and L = I%(tz - tyem)
(R|Ew)|* provide the magnitude of the coupling
efficiencies to the different polarization orders.
For convenience, we use Dirac bra-ket notation,
where (0|B) denotes an inner product. The func-
tion O(x,y) describes the spatially variant distri-
bution of the fast axes of the wave plates. Here, £,,
and ¢, are the transmission coefficients for light
polarized parallel and perpendicular to the fast
optical axis, and ¢ is the phase retardation be-
tween these linear polarization states. From Eq. 1it
is clear that the optical materials and geomet-
rical properties of the beams, their orientation
distribution, and the incident polarization state
control the diffraction properties of the array. The
operation of DGMOE:s can also be explained with
simple, intuitive graphics (supplementary mat-
erials sections S7 and S8).

The diffraction patterns of the DGMOE blazed
grating were observed in transmission with the
help of a Bertrand lens (fig. S6). For an incident
right circularly polarized (RCP) beam at a wave-
length of 550 nm, part of the light changed handed-
ness to LCP and experienced a phase pickup
equal to -26(x,y) upon propagation through the
DGMOE. As a result, some light steered to the
left when viewed from the location of the source
(Fig. 3C). A fraction of the light went straight
through and emerged again in the incident RCP
state due to the fact the transmission magnitudes
t, and ¢, are not perfectly equal (fig. S5). For LCP
light, part of the light steered to the opposite
direction while transforming to RCP light. Again,
a fraction of the light went straight through and
did not change its state of polarization. For a
linearly polarized incident beam, which can be
viewed as consisting of equal amounts of RCP
and LCP light, light is steered in both directions.
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Fig. 2. Ultrathin wave plates constructed from Si nanoan-
tennas. (A) Schematic view of a periodic Si nanobeam array.
(B) Phase wavefronts for TE- and TM-polarized, 550-nm-
wavelength light upon transmission through a wave plate with
120-nm-wide Si beams. The incident wave without the Si beams
is shown for reference. rad, radians. (C) Simulated spectra of
the phase retardation of a TM-polarized wave with respect to a
TE-polarized wave for nanobeam arrays with beam widths of
100 nm (blue), 120 nm (red), 140 nm (green), with the same
thickness of 100 nm and duty cycle of 60%. The dashed black
line shows the phase retardation for a 100-nm-thick calcite film.
Measurements of the phase retardation (red squares) obtained
with an array of 120-nm beams show good agreement with the
simulations. (Inset) SEM image of the fabricated array. (D)
Simulated absorption spectra of the 120-nm-wide nanobeam
array in (C) under TE (green) and TM (blue) illumination. (Insets)
Magnetic field distribution |H,| for TE and electrical field
distribution |E, | of TM illumination at a wavelength of 600 nm.

Fig. 3. A DGMOE serving as a blazed grating. (A) Discretized
(solid line) and continuous (dashed line) phase profile of a
DGMOE serving as a blazed grating for illumination with LCP
light (red) and RCP light (green). (B) SEM image of the fabricated
DGMOE. (C) Measured diffraction patterns from the DGMOE
under illumination with right circular polarization (top), linear
polarization (middle), and left circular polarization (bottom) at A =
550 nm. (D) Theoretical (continuous line) and experimental (solid
squares) spectra of diffraction efficiency. (E) Measured diffraction
patterns of the DGMOE blazed grating and associated cross-
sectional intensity distributions versus the normalized in-plane
momentum k,/k under illumination with left circular polarization
at wavelengths of 500, 560, and 690 nm [vertical dashed lines
in (D)].

300 18 JULY 2014 » VOL 345 ISSUE 6194

<~ ®
HE N

SiO;

Incidence TE

o

Air 15

™

Phase Retardation (rad/m)

o

™ g¢(ad) 01 - - -

0.5 |Ey| 1

o

a2
N
Absorbed fraction
|
v
A

. -nt/2
500 550 600 650 700
- . Wavelength (nm)

c

R>
Linear
-
|L>
- »

T he |

N
o

ot
@

Diffraction Efficiency ©

o
o

191A=500nm
— . . —_
] ' 3
J ~,
) ' 1 >19{x=560nm
| =
| g
| 18 0
! 1 E
; BN - |
e 4 "9\=690nm
' "EmmEmngag
i : i i ) 0 o~
550 600 650 700 -0.15 0.0  0.15
Wavelength (nm) kx/k

sciencemag.org SCIENCE

Downloaded from http://science.sciencemag.org/ on April 15, 2017


http://science.sciencemag.org/

RESEARCH | REPORTS

The expected polarization states of the trans-
mitted light based on Eq. 1 were successfully
verified by adding a circular polarizer on the
transmission side of the metasurface (supple-
mentary materials section S4 and movie S2).
These observations demonstrate the possibility
to steer light by changing the incident polariza-
tion (movie S1).

DGMOE:s can operate over a broadband wave-
length range, and it is thus important to under-
stand their wavelength-dependent properties.
Because the geometric phase depends only on
the orientation function 6, the phase profile
experienced by RCP and LCP light will remain
the same at each wavelength. This does not
imply that the diffraction properties stay the
same as well. For example, the steering angle
of the blazed grating a increases for longer
wavelengths, as this quantity is determined by
the ratio of the wavelength and grating period
(sin a = A/A). The diffraction efficiency also
varies across the spectrum, as it is linked to the
wavelength-dependent transmission and phase-
retardation properties of the nanobeam wave
plates. The diffraction efficiency np, is defined by

the ratio of the power of circularly polarized
light that has been converted to the opposite
helicity (i.e., experiencing phase pickup) and the
total transmitted power that is transmitted through
the metasurface. For a well-designed blazed grating,
the intensity in higher diffraction orders is very
weak. As such, the total power of transmitted
light is approximately equal to the sum power
of the zero-order intrinsic beam and the first-
order converted beam: np = Lis/(l1st + Lora)- The
diffraction efficiency for the grating shown in
Fig. 3B was determined by measuring the light
intensity of the through beam and the diffracted
beam with a calibrated charge-coupled device
camera (supplementary materials section S6).
Figure 3D shows the experimental diffraction
efficiency spectra for normally incident LCP light
in the wavelength range from 490 to 700 nm (red
squares). It also shows theoretical efficiencies
calculated using the expressions for ng and ng
given below Eq. 1. These efficiencies were de-
termined using the measured values of £, t,,
and ¢ and by taking into account the expected
diffraction efficiency of 95% that is appropriate
for an eight-level phase discretization.

A
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Fig. 4. ADGMOE lens based on Si nanobeams. (A) SEM image of a fabricated DGMOE lens with a focal
length of 100 um at A = 550 nm. (Inset) Two-dimensional intensity profile in the focal plane. (B) Measured
intensity profile generated behind the DGMOE in the xz plane. The intensity distributions along the optical
axis and through the focus are shown along the vertical and horizontal axes.
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The experimental diffraction patterns at three
different wavelengths are plotted in Fig. 3E. At a
wavelength of 500 nm, 75% of the light is steered,
and the intensity of the zero-order beam (i.e.,
the straight-through beam) is very low com-
pared with that of the first diffracted order.
In contrast, at A = 690 nm only a small por-
tion of light is steered, and most of the energy
remains in the zero-order beam. The pattern
also shows the expected increase in the steer-
ing angle at this longer wavelength. The overall
shape of the measured efficiency spectrum qual-
itatively agrees with the predicted spectrum, but
the measured efficiencies tend to be lower, pos-
sibly attributed to imperfections in the fabri-
cated structure. Alternatively, it may be that the
birefringent nature of the nanobeam wave plates
is size-dependent.

We also realized a DGMOE serving as a con-
ventional lens (Fig. 4A). The phase profile for
this DGMOE lens again features eight discrete
levels and approximates a hyperboloidal phase
profile (supplementary materials section S9).
The lens features a focal length of 100 um and
a numerical aperture (NA) of 0.43 at a wave-
length of 550 nm. When the DGMOE is uni-
formly illuminated from the substrate side with
RCP light, it concentrates light into a LCP focal
spot (Fig. 4B and see supplementary materials
section S2 for details). The focal spot size mea-
sures 670 nm in full width at half maximum, close
to the diffraction-limited spot size.

The presented design principles are gener-
ally applicable to any high-index semicon-
ductor or insulator and can be applied at any
desired wavelength. The lowest ohmic losses
were achieved near the semiconductor band
edge. The presented ultrathin DGMOEs address
an increased need for low-cost, lightweight, and
compact optical elements that can easily be
integrated into complex systems requiring as-
sembly of optical, electronic, and mechanical
components.
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QUANTUM COMPUTING

Quantum computations on a
topologically encoded qubit

D. Nigg,'*+ M. Miiller,>*t E. A. Martinez,' P. Schindler,"t M. Hennrich,' T. Monz,"

M. A. Martin-Delgado,” R. Blatt™®

The construction of a quantum computer remains a fundamental scientific and
technological challenge because of the influence of unavoidable noise. Quantum states
and operations can be protected from errors through the use of protocols for quantum
computing with faulty components. We present a quantum error-correcting code in which
one qubit is encoded in entangled states distributed over seven trapped-ion qubits. The
code can detect one bit flip error, one phase flip error, or a combined error of both,
regardless on which of the qubits they occur. We applied sequences of gate operations
on the encoded qubit to explore its computational capabilities. This seven-qubit code
represents a fully functional instance of a topologically encoded qubit, or color code,

and opens a route toward fault-tolerant quantum computing.

fully fledged quantum computer can be

used to efficiently solve notoriously difficult

problems, such as factoring large numbers

or simulating the dynamics of many-body

quantum systems (Z). Technological prog-
ress has enabled the implementation of small-
scale prototype quantum computing devices on
diverse physical platforms (2). Sophisticated fault-
tolerant quantum computing (FTQC) techniques
have been developed for the systematic correc-
tion of errors that dynamically occur during stor-
age and manipulation of quantum information
(3-5). For quantum error correction, Calderbank-
Shor-Steane (CSS) codes (4, 5) enable indepen-
dent detection and correction of bit and phase
flip errors, as well as combinations thereof. Fur-
thermore, quantum information processing is sub-
stantially facilitated in quantum codes in which
logical operations on encoded qubits are realized
by the bitwise application of the corresponding
operations to the underlying physical qubits (i.e.,
in a transversal way). This property prevents un-
controlled propagation of errors through the
quantum hardware, which in turn is essential to
enter the FTQC regime (7). Ultimately, reliable
quantum memories and arbitrarily long quan-

Unstitut fiir Experimentalphysik, Universitat Innsbruck,
A-6020 Innsbruck, Austria. Departamento de Fisica Tedrica |,
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tum computations are predicted to become fea-
sible for appropriately designed quantum codes,
once all elementary operations are realized in a
fault-tolerant way and with sufficiently low error
rates (6, 7).

To date, topological quantum computing rep-
resents the most promising and realistic ap-
proach toward FTQC. In this method, the encoding
of quantum information in global properties of a
many-particle system provides protection against
noise sources that act locally on individual or
small sets of qubits (8). Most prominently, topo-
logical quantum computing offers highly com-
petitive error thresholds as high as 1% per
operation (9-12), which is within reach of cur-
rent experimental capabilities (13-15) and typi-
cally about two orders of magnitude larger than in
schemes using concatenated quantum codes (7).

‘Within topological quantum computing, topo-
logical color codes (16, 17) offer the distinctive
feature that the entire group of Clifford gate op-
erations, allowing for arbitrary 90° and 180° qubit
rotations, can be implemented transversally (7).
This versatile set of operations directly enables
protocols for quantum distillation of entangle-
ment, quantum teleportation, and dense coding
with topological protection (16). Moreover, a uni-
versal gate set, enabling the implementation of
arbitrary quantum algorithms, can be achieved
by complementing the Clifford operations with a
single non-Clifford gate (I). For color codes in
two-dimensional (2D) architectures (16), such an
additional gate can be realized by a technique
known as magic-state injection (78). Remarkably,

this method is not needed in 3D color codes that
enable implementation of a universal gate set
using exclusively transversal operations (17).

Previous experiments have demonstrated the
correction of a single type of error by the three-
qubit repetition code (19-21), correction of bit
and phase flip errors by the non-CSS-type five-
qubit code in nuclear magnetic resonance sys-
tems (22, 23), as well as elements of topological
error correction in the framework of measurement-
based quantum computation (24). Here, we demon-
strate a quantum error-correcting seven-qubit
CSS code (5), which is equivalent to the smallest
instance of a 2D topological color code (16). The
application of multiple operations from the en-
tire, transversally implemented set of logical single-
qubit Clifford gates represents the realization
of quantum computations on a fully correctable
encoded qubit.

Two-dimensional color codes are topological
quantum error-correcting codes that are con-
structed on underlying 2D lattices (16) for which
three links meet at each vertex and three dif-
ferent colors are sufficient to assign color to all
polygons (plaquettes) of the lattice, such that no
adjacent plaquettes sharing a link are of the
same color. The smallest fully functional 2D color
code involves seven qubits (Fig. 1A) and consists
of a triangular, planar code structure formed by
three adjoined plaquettes with one physical qubit
placed at each vertex. Color codes are stabilizer
quantum codes (7, 25), which are defined by a set
of commuting, so-called stabilizer operators {S;},
each having eigenvalues +1 or -1. More precisely,
the code space hosting logical or encoded quan-
tum states |y), is fixed as the simultaneous
eigenspace of eigenvalue +1 of all stabilizers,
Silw)r, = +|y)r. In color codes, there are two
stabilizer operators associated with each pla-
quette, which for the seven-qubit color code
(Fig. 1A) results in the set of four-qubit X and
Z-type operators
SO = x,X,X,X, SV =2.2,7,7,

X 2

8P = XoX3X X S® =2Zy732: 75 (1)
8P = XX XX, S© =Z,2,2¢7,
where X;, Y;, and Z; denote the standard Pauli
matrices acting on the ¢th physical qubit with
the computational basis states |0) and [1) (Z). The
stabilizers in Eq. 1 impose six independent
constraints on the seven physical qubits and
thus define a two-dimensional code space, which
allows the encoding of one logical qubit. The
logical basis states |0);, and [1);, spanning the
code space are entangled seven-qubit states and
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Editor's Summary

Extending the range of planar optics

To build miniature optical devices, scientists are using silicon to replace bulky three-dimensional
deviceswith flat versions. A patterned surface consisting of dense arrays of nanoscale silicon strips,
which act as antennae, can be designed to work as transparent optical devices for the manipulation of
light. Lin et al. used their versatile patterning technique to create a suite of planar optical elements. By
patterning a 100-nm layer of silicon into a dense arrangement of nano-antennae, they were able to
fabricate gratings, lenses, and axicons——a device that can add a shape to a propagating light beam.
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