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Introduction (and necessary disclaimer/disclosure)
I cannot summarize the last decade of nanophotonics:
Number of discoveries are simply too large, and
admittedly, my own perspective is probably biased.

However, I can try to select some helpful examples:
– To showcase the substantial progress to date…
– To suggest exciting opportunities for the future…

Framework: Discovery across disciplines
Photonics is a field at intersection of many disciplines
(e.g. Biology, Chemistry, Engineering, Physics),
because there is immense interest in controlling and
understanding the electronic structure of matter.
Photonics is also naturally suited to nanoscale science,
and the development of nanoscale tools has helped
to bridge the gaps between fields….
3 Examples from the past decade
Optical Antennas: Scaling light to matter
Metamaterials: Sculpting materials at sub‐λ scale
Superresolution Microscopy: Seeing at the nanoscale

Optical Antennas: Scaling Light to Matter
A decade ago, researchers were just beginning to design optical
antennas to help amplify and direct single molecule emission.

Greffet. Science
308, 1561 (2005).
Mühlschlegel et al. Science 308, 1607 (2005).

Kuhn et al. PRL 97, 017402 (2006)

Anger, Bharadwaj, Novotny.
PRL 97, 017402 (2006)

T. H. Taminiau et al.
Nature Photon. 2, 234 (2008)

Optical Antennas: Scaling Light to Matter
Today, optical antennas provide unprecedented control over light
emission, e.g., helping address optical fields to electronic emitters.

A.G. Curto et al. Science 329, 930 (2010).

A.G. Curto et al. Nat. Commun. 4, 1750 (2013).

M.W. Knight et al. Science 332,702 (2011).

J. Sun et al. Nature 493, 195 (2013)

Metamaterials: Sculpting materials at Sub‐λ Scale
A decade ago, metamaterials were largely focused on demonstrating
negative index of refraction, and were just pushing into infrared.

T.J. Yen et al. Science 303, 1494 (2004).

V.M. Shalaev. Nature Photonics 1, 41 (2007).

S. Linden et al. Science 306, 1351 (2004)

N. Liu et al. Nature Mater. 7, 31 (2007)

Metamaterials: Sculpting materials at Sub‐λ Scale
Today, ultrathin metasurfaces can be used for wavefront engineering,
with subwavelength control of amplitude, phase, and polarization.

N. Yu et al. Science 334,333 (2011)
P. Genevet et al. APL 100, 13101 (2012)

N. Yu et al. Science 334,333 (2011).

D. Lin et al. Science 345, 298 (20014).

Superresolution Microscopy: Seeing at the Nanoscale
A decade ago, new techniques were beginning to reveal how
photochemistry & photophysics could improve optical resolution.
PALM–Photoactivation
Localization Microscopy

STED – Stimulated Emission Depletion

STORM – Stochastic Optical
Reconstruction Microscopy

Rust, Bates & Zhuang
Nature Methods 3, 793 (2006)

S. Hell Science 316,1153 (2007).
Betzig et al. Science 313, 1642 (2006)

Superresolution Microscopy: Seeing at the Nanoscale
Today, superresolution microscopes are commercially available,
and researchers continue to develop new, improved techniques.
Commercial System – Nikon NSTORM

Commercial System – Zeiss SR-SIM / PALM

Chen et al. Science 346, 439 (2014)

Nanophotonics at the Intersection of Disciplines
Superresolution Microscopy: See at the Nanoscale
Leveraging fundamental knowledge about the
chemistry and physics of individual emitters to
circumvent resolution limits in optical imaging.

S. Hell Science 316,1153 (2007).
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Superresolution Microscopy: See at the Nanoscale
Leveraging fundamental knowledge about the
chemistry and physics of individual emitters to
circumvent resolution limits in optical imaging.
Metamaterials: Sculpting materials at sub‐λ scale
Metamaterials have helped redefine the range of
materials & phenomena available for photonic devices

Mass et al. Nature Photon. 7, 907 (2013).

Rambus Lensless Smart Sensor Architecture
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Optical Antennas: Scaling light to matter
Emission is a coupled system that depends on both
electronic emitter and its local optical environment.

Example from our lab: Tuning an emitter’s spectrum
Active control of emission using a simple
geometry and scanning mirror

S. Karaveli, A.J. Weinstein & R. Zia, Nano Lett. 13, 2264 (2013)

Opportunities for exploration and integration

Materials: A greater diversity in the range of materials
for photonics (e.g. for biology & quantum optics)

Methods: Closer integration with the computational
and mathematical basis of imaging & optics

Opportunity: New materials for biosensing
Today, new fluorescent systems are being developed for biological
sensing (e.g. optical imaging of transmembrane potential).

Kralj, Douglass, Hochbaum, Maclaurin & Cohen Nature Methods 9, 90 (2012).

In the next decade, what new materials may be developed?
How can their emission properties be exploited for better sensing?

Opportunity: New materials for quantum optics
Today, there is substantial research activity on defect centers (e.g.
diamond NV‐ and SiV‐ centers) for solid‐state quantum optics.

Doherty et al. Phys. Rep. 528, 1(2013).

Childress et al. Phys. Today 67, 38 (2014)

Rogers et al. Nat. Commun. 5, 4739 (2014).

In a decade, what new materials will we discover ? (Last exploration
of solid‐state emitters occurred decades ago for laser materials;
here is a new area with fundamentally different requirements.)

Opportunity: New approaches for adaptive optics
Today, adaptive optics is the domain of spatial light modulators,
whose large pixel dimensions limit wavefront engineering.

Dodson & Zia. Nature Nanotech.
Hosseini et al. Nature 511, 206 (2014)

In a decade, could adaptive metasurfaces based on phase‐change
materials allow dynamic realization of any linear transformation?

Opportunity: New approaches for informed optics
Today, we generally design optical systems for a specific task, but
there are now exciting ideas about self‐configuring components.

D. A. B. Miller Photon. Res. 1, 1 (2013).

In a decade, might we build
programmable elements
and integrate form more
closely with mathematical
measurement theories?

Wide‐Angle Energy‐Momentum Spectroscopy
Our group has developed a spectroscopic technique for characterizing the wavelength and
polarization dependent radiation patterns of quantum emitters and optical nanostructures.

This new spectroscopic technique allows for:
•

Simultaneous measurement of the polarized
radiation patterns at every wavelength within the
measurement domain.

•

Improved optical throughput by two to three orders of
magnitude without sacrificing spectral resolution.

•

Determination of contributions to emission/scattering
in any system with well defined basis functions.

Dodson, Kurvits, Li & Zia, Opt. Lett. 39 (2014), 3927.

Natural “Hadamard Mask” for Quantum Emitters
Quantum transitions have a natural basis:
vector spherical harmonics.
The impulse response of electronic emitters
(i.e. LDOS – local density of optical states)
easily transforms into sparse representation.
In Fourier-space, the local environment
provides a structured “mask” on emission.
•

Light emission has a naturally sparse representation.
The first three multipoles (ED, MD, EQ) are sufficient
to described almost all known emission processes.

•

Challenge is to create measurements that preserve
distinctions in projected measurement space (i.e.
minimize overlap between projected basis functions).

•

Convolving energy, momentum, and polarization
distributions preserves such distinctions without
sacrificing information content or resolution.

•

Convex optimization allows efficient deconvolution
back to physical basis (i.e. electronic transitions).

Minimize || A x + η – b ||2 + α ||∆x||2
Subject to x ≥ 0
Dodson, Kurvits, Li & Zia, Opt. Lett. 39 (2014), 3927.
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