








structures have enabled new designs for im-
proved functionality. Photonic crystal lasers have
now become so advanced that they can deliver
power in the watt range (Fig. 3A) (36). The
emission of light-emitting diodes (LEDs) is strong-
ly enhanced if a suitably designed periodic array
of Ag nanoparticles is embedded in the light-
emitting phosphor (Fig. 3B). These nanostruc-
tures help to efficiently couple and scatter light
from the UV pump LED into the phosphor mate-
rial and, at the same time, aid the directional
outcoupling of the phosphor emission, which
enhances LED efficiency and brightness (37).
Conversely, periodic and aperiodic metasurfaces
composed of resonant plasmonic or dielectric
nanoparticles can lead to improved light cou-
pling and trapping into solar cells, supporting
increased photovoltaic energy conversion effi-
ciency, as well as thinner cell designs that can
be made at lower cost (Fig. 3C) (25). Recently,
efficient solar cells were realized by using InP
nanowires (38). Here, the small radius of the
wire enables efficient collection of electrical car-
riers. At the same time, optical resonances in the
nanowire can lead to light concentration, in-
creasing the photovoltage (39).

Metal nanowire networks have been devel-
oped as transparent electrically conducting coat-
ings. Even though these nanowires suffer from
ohmic losses owing to plasmon excitation, they
show a beneficial tradeoff between optical trans-
mission and electrical conduction and can be
made at relatively low cost (Fig. 3D) (40). These
nanowire networks are already finding applica-
tions in solar cells, computer display, and tablet
technology, replacing the commonly used, ex-
pensive, and brittle indium-tin-oxide as a trans-
parent top-contact.

The near-field focusing provided by plasmonic
nanostructures has also found applications in
heat-assisted magnetic recording (HAMR) for
data storage, a technique in which the mag-
netic phase change in a recording medium is
facilitated by a transient temperature increase
(Fig. 3E). This increase is induced by an optical
hotspot resulting from nanofocusing of plasmons
onto a magnetic film (7). Plasmonic hole arrays
have been demonstrated as color multiplexers in
charge-coupled display (CCD) imaging systems
(Fig. 3F) (42). Here, light within specific wave-
length bands is guided to the matching light
collection pixels on a CCD array and then con-
verted to electrical signals. This represents an
important advantage over the use of conventional
color filters, in which a substantial portion of the
impinging light is lost by absorption.

Future developments and perspectives

Nanophotonics provides a diverse set of tools to
build on: Photonic crystals offer ultimate disper-
sion control and low-loss storage, whereas plas-
monics is the platform of choice to control light
on ultrafast time scales and ultrasmall length
scales, matching optical interactions with single
molecules. Metamaterials and metasurfaces pro-
vide the ultimate control over all properties of light.
With the great control over light at the nanoscale
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Fig. 3. Nanophotonic technologies and applications. (A) High-power photonic crystal laser. [Reprinted
with permission from (36); copyright 2014, Nature Publishing Group] (B) LED without (left) and with (right)
enhanced emission because of light scattering from embedded Ag nanoparticles. [Image: A. Nikitin, after
(37), reprinted with permission; copyright 2013, Nature Publishing Group] (C) Black silicon wafer with
(right) and without (left) dielectric optical metasurface for enhanced light coupling and trapping in solar
cells. [Reprinted with permission from (25); copyright 2012, Nature Publishing Group]. (D) Transparent
conducting nanowire network made from randomly dispersed chemically grown single-crystal Ag nano-
wires. [Reprinted with permission from (40); copyright 2012, Nature Publishing Group]. (E) Schematic of
heat-assisted magnetic recording head with plasmonic light-focusing taper. [Reprinted with permission
from (41); copyright, 2009, Nature Publishing Group] (F) Image taken by a plasmonic CCD chip with
integrated plasmonic nanohole array for wavelength multiplexing. [Reprinted with permission from (42);
copyright, 2013, American Chemical Society]

that has now been achieved, the nanophotonics
community is in an ideal position to bring the field
another step further, by coupling light with other
degrees of freedom at the nanoscale. Hybrid nano-
photonics revolves around the simultaneous con-
trol of tightly confined light and phonons, electrons,
spins, and/or excitons interacting with light. For

example, when optical fields and acoustic vibra-
tions are colocalized at the nanoscale, light can
be used to control mechanical motion and vice
versa, with optomechanical coupling strengths
that are not achievable with other geometries
(Fig. 4A). These interactions have, for example,
been used for laser cooling of a nanomechanical
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resonator to its quantum ground state (43). It
has even been suggested that plasmon-enhanced
SERS can be described by the dynamic backaction
of the plasmon on a molecule’s vibration, paving
the way to a new form of molecular quantum
optomechanics (44). Future hybrid nanophotonic
systems hold the promise to couple electron spins
with light, enabling integrated networks for quan-
tum nanophotonics—for example, by using single-
photon emission by color centers in diamond or
defect centers in materials such as SiC (45).

Nanophotonics is also at the brink of making
key contributions to the development of novel
energy-conversion mechanisms. The recently
discovered plasmoelectric effect in metal nano-
particles and hole arrays (46), in which optical
illumination directly creates an electric poten-
tial by off-resonant excitation of a plasmonic
structure (Fig. 4B), is being further explored
to investigate how electrical power can be best
generated. Another intriguing challenge is to
harvest the excess energy of hot electrons ex-
cited in optically excited plasmonic nanostruc-
tures (47). This may find applications in energy
harvesting and also plasmon-assisted surface ca-
talysis for the generation of fuel (such as ethanol
and hydrogen) from sunlight. More generally,
plasmon-assisted photochemistry and catalysis
is a research field with many opportunities to be
explored.

An initial motivating factor for nanophotonics
research was its direct impact on optoelectronic
integration, aiming to bring together electronic
and photonic length scales. The development of
novel nanostructures that enable a nonreciprocal
flow of light paves the way to on-chip all-optical
isolation, in which light can only propagate in
one direction, which is one of the missing com-
ponents toward a fully integrated light-based
communication system. Recent proposals and
experimental demonstrations have shown that
nonreciprocity can be indeed achieved by using a
suitably designed spatiotemporal modulation of
the local permittivity in waveguides and microring
resonators (Fig. 4C) (48, 49). Another interesting
direction in this context lies in the exploration of
the photonic equivalent of topological insulators.
In such structures, unidirectional flow of light
and reflectionless propagation robust to disorder
may be achieved by designing periodic metasur-

Fig. 4. Nanophotonics future challenges and
research fields. (A) Hybrid nanophotonics: cou-
pling light with other degrees of freedom, such as
mechanical motion. (B) Plasmoelectric effect con-
verting sunlight to electrical power by using me-
tallic nanostructures. (C) Nonreciprocal optical
integrated circuit enables logic functions for op-
tical computing. (D) Electrically tunable optical
metasurface serves as wavelength division multi-
plexer in optical communication networks and may
be operated as an analog computing metasurface.
(E) Electrically tunable 2D graphene optoelec-
tronic integrated circuit brings together optical
and electronic length scales. [lllustrations are
inspired by (23, 24, 27, 28, 43, 46, 49, 54)]

faces that support topologically nontrivial band
diagrams (50).

Two further important ingredients for opto-
electronic integration are access to strong non-
linearities within a very compact footprint and
dynamic tunability and adaptability (51). The
nonlinear optical response of materials is typ-
ically weak, and therefore large volumes are
required to realize a measurable response. The
recent observation of a giant nonlinear response
from plasmonic metasurfaces coupled to inter-
subband transitions in semiconductors may
open exciting venues for nonlinear nanophotonics
(52). Similarly, one may ask how metasurfaces
can enable new schemes for dynamically tun-
able integrated photonics. For example, can
electrically tunable metasurfaces be used to
steer and multiplex light on a chip, integrat-
ing an optical fiber communication system
within an electronic integrated circuit? Also,
how can “metatronic” optical signal processing
and computing circuits be built and reconfig-
ured by using building blocks with discrete
optical functions (Fig. 4D)? Novel 2D mate-
rials and heterostructures based on graphene,
MoS,, and WSe, will play an important role in
bringing light to the nanoscale, enabling 2D
electrically tunable integrated optical nanocir-
cuits (Fig. 4E) (563, 54). It will be interesting to
see to what degree of integration complexity op-
tical and electronic functionality can ultimately
be achieved on a chip by using these materials.
A decisive factor will be to find the right trade-
off between light confinement and optical ab-
sorption losses.

The control over light at the nanoscale that
scientists have achieved in recent years leads
to a continuous stream of new fundamental
insights in the interaction of light with mat-
ter at a deep-subwavelength scale. There is no
doubt that this intense research activity prom-
ises a bright future for nanophotonics in the
years to come.
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Transforming the optical landscape

J. B. Pendry,'* Yu Luo,> Rongkuo Zhao®

Electromagnetism provides us with some of the most powerful tools in science,
encompassing lasers, optical microscopes, magnetic resonance imaging scanners,

radar, and a host of other techniques. To understand and develop the technology requires
more than a set of formal equations. Scientists and engineers have to form a vivid
picture that fires their imaginations and enables intuition to play a full role in the process
of invention. It is to this end that transformation optics has been developed, exploiting
Faraday’s picture of electric and magnetic fields as lines of force, which can be
manipulated by the electrical permittivity and magnetic permeability of surrounding
materials. Transformation optics says what has to be done to place the lines of force where

we want them to be.

he nature of light was revealed by Maxwell

a century and a half ago. His equations

stand today as an exact description of light,

and all electromagnetic phenomena, at the

classical level. It has long been known that
Maxwell’s equations are invariant under a coor-
dinate transformation (7-3). If e(x),u(x) are the
permittivity and permeability tensors expressed
in some coordinate frame, then a transformation
to a new coordinate frame x’ does not alter the
form of Maxwell’s equations but only changes
the values of permittivity and permeability to be
used. Formally we have

" = [det(A)] AL A] €7
W = [det(A)] AL AT Y

where

4

o

o

This simple mathematical statement has been
elaborated over the past couple of decades into
an intuitive working tool of electromagnetic
theory (4-8). Here we give a physical interpreta-
tion of the equations and re-derive the formulae
in an intuitive fashion, followed by examples of
where transformation optics has been effec-
tively applied.

Bald mathematical statements hide the real
power of the transformation method, which is
only revealed when we appeal to Michael Faraday’s
representation of electric and magnetic fields
in terms of lines of force. In this scheme, the dis-
placement field D(x) and the magnetic field B(x)
are represented by field lines that begin and
end on charges in the case of the displacement
field and are continuous in the case of the mag-

IThe Blackett Laboratory, Department of Physics, Imperial
College London, London SW72AZ, UK. Photonic Centre of
Excellence (OPTIMUS), School of Electrical and Electronic
Engineering, Nanyang Technological University, Nanyang
Avenue 639798, Singapore. *National Science Foundation
Nanoscale Science and Engineering Center, 3112 Etcheverry
Hall, University of California, Berkeley, CA 94720, USA.
*Corresponding author. E-mail: j.pendry@imperial.ac.uk

netic field. Their density represents the field
strength. A coordinate transformation can be
thought of as a distortion of space, which moves
the field lines around as if they were embedded
in a block of rubber. As we distort the coor-
dinates, we carry the field lines along too. This
yields an intuitive picture of how to manipulate
fields: Just as Snell’s law tells how rays of light
can be redirected and focused using the refrac-
tive index, transformation optics shows how field
lines can be manipulated and gives an exact pre-
scription for the values of £(x),u(x), ensuring that
the distorted field lines obey Maxwell’s equa-
tions. Replacing the rays of Snell’s law with
Faraday’s fields extends our powers of visual-
ization into regimes untouched by Snell, such
as the subwavelength electric fields found in
plasmonic systems and even the regime of static
electric and magnetic fields (9).

Not only does this manipulation apply to D
and B, but also to any electromagnetic quantity
that is conserved and therefore represented by
field lines: For example the Poynting vector rep-
resenting the flow of energy serves as a gener-
alization of the ray picture. Another example is
the flow of charge either as an electrical current
or as the trajectory of an individual particle.

The power of transformation

Here we give a few examples that demonstrate
the power of the technique, but first let us make
an alternate, intuitive, derivation of the trans-
formation equations.

Consider an electric displacement field D,,
parallel to the y axis in a dielectric medium (as
shown red in Fig. 1A). Next make a coordinate
transformation in which one half of the space is
uniformly compressed by a factor m (Fig. 1B. We
then ask how the permittivity in the compressed
medium must change. To calculate €', we re-
quire that E, be continuous. Noting that owing
to the compression, the lines of force have been
pushed closer together and hence D', has been in-
creased by afactor m™, D /e, = D', /e', =m " D, /¢,
and hence €', = m™ ¢,. The same argument for
magnetic fields shows that ', = m™ .

To find €, consider an electric displacement
field D,, parallel to the 2 axis (as shown in cyan
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