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Metamaterials and Transformation Optics
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Propagation of light is controlled by considering artificial 3D
materials with designed permittivity and permeability.

What can we do in 2D ? ““Metasurfaces’’



Metasurfaces

Metasurfaces enable new physics and phenomena that
are distinctly different from those observed in three
dimensional (3D) metamaterials, providing us with
the unique capability to fully control light with planar
elements and thus realize ““planar photonics™.

The reduced dimensionality of the optical
metasurfaces opens up new physics and leads to
novel functionalities distinctly different from those in
3D metamaterials



Metasurfaces: a new technology platform ?

Planar technology is central to Integrated Circuit technology ( $ 300 B industry):
Technology platform.

Because of fabrication complexity 3D optical materials (metamaterials etc.) don’t
have a good chance of a major technology impact (large scale applications) at
optical wavelengths.

We should look at what we can do in 2D with metasurfaces

METASURFACES FOR FLAT OPTICS
Local phase, amplitude and polarization control of light along the surface using
optical resonators: dielectric; metallic

Optically thin engineered metasurfaces for wavefront and waveguiding control

New class of flat, compact and broadband components:(lenses, polarizers, etc.), be-
yond conventional diffractive optics

Optical phased arrays for high speed wavefront control; new spatial light
modulators



Jlopics

Wavefront Control: amplitude, phase, polarization
(transmittarrays & reflectarrays)

Gradient and Huyghens metasurfaces

Flat optical components

Graphene (VdW Heterostructures) metasurfaces
Aberrations and Achromatic metasurfaces

Structured Light: vector beam generation

Holographic metasurfaces

Active (Nonlinear Optical) Metasurfaces

Waveguide control: guided and free space mode conversion
Polarization controlled routing

Materials



Phased- -array antennas
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328, 1135 (2010) P. Genevet et al, Nano Lett.

10, 4880-4883 (2010) L. Novotny et al., Nature Photon., 5, 83 (2011)
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By the way phase jumps are not hard to create. We can use different types of optical resonators, because the scattered light and excitation can have large and controllable phase difference depending on where we are operating on the resonance peak.


Metasurface Building Blocks

PLASMONIC ANTENNAS AND RESONATORS

Ceramlcs
Au, A TCO Graph

uv IR “ Vis uv IR & Wis AT

Semiconductors Thin Films
(Si, Ge,
GaAs, GaN)

Semiconductor
(vO,, HfO,) Superlattices

Dielectrics
(Diamond, SiN, )

200 nm

HYPERBOLIC AND QUANTUM METASURFACES

Systems
IR “ Vis uv IR “ Vis uv
TUNABLE AND ACTIVE STRUCTURES
(Si, Ge, GaAs)

VO, . Graphene
Chalcogenides
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Constituent materials for metasurface building blocks and architectures at various
wavelengths ranges (IR to UV) that could offer novel functionalities and provide low-loss
behavior as well as tunability and modulation/switching capability

Hybrids with
Emitters

Non-linear
(LiNbO,)

Semiconductors




CONVENTIONAL OPTICAL COMPONENTS

Conventional optical components
rely on propagation effect

Camera lens (cross-section) Quarter-wave plate

B
Propagation phase: I kon(f’)df’ Bulk birefringence: d | N - N, |=1/4
A

What if we introduce in the path a distribution of phase jumps?



Designer Metasurfaces
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What if could have a spatial distribution of different phase discontinuities along the entire

jump)

interface? —> can make any desired wave front !
How? —> Optically thin array of sub-wavelength spaced resonator
Z
Secondary wavelets
Interface | > Interface

¢ Primary wavefront ¢

Tools: Heuristic: Huyghens’ and Fermat’s Principles,Young’s experiment
Numerical: FDTD etc.
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 What is we take this wave front, and we just break it by putting a sudden phase jump or a discontinuity?
 Moreover, what if could have a spatial distribution of different phase discontinuities along the entire interface?  can make any desired wave front


Generalized laws of reflection and refraction of light
N. Yu, et al., Science 334, 333 (2011)
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The constant phase gradient is equivalent to an effective wavevector that can bend transmitted and reflected light into arbitrary directions.

In fact the laws of refraction and reflection shall be rewritten. And there is an additional term proportional to the phase gradient in the two equations.

The generalized law of reflection also has a term that is proportional to the phase gradient. Notice that now the angle of reflection sita_r  is no longer equal to the angle of incidence sita_i.

These two generalized laws are very powerful tell us that the reflected and the transmitted light can point to any arbitrary directions depending on the value and the sign of the phase gradient. Physically, the phase gradient is equivalent to an effective wavevector or an effective momentum that can be imparted onto the reflected light and the transmitted light. So it can be used to bend light into arbitrary directions.

Now the phase gradient is in plane and this is a 2D situation.



Wavevector conservation at gradient metasurface

ents of EM
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Phase gradients out of the plane of incidence
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F. Aieta et al., Nano Letters 12, 1702 (20121?
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We can further generalize the optical laws for a 3D situation, where the phase gradient can be out of the plane of incidence. In this case the anomalous reflection and refraction will be out of the plane of incidence; they can essentially point to any arbitrary directions in their respective half space.

Now for each incident angle, we have to use two angles to label the anomalous beam and the generalized law contains two equations. For example, this is the 3D generalized law of refraction, the two equations consider, respectively, the in-plane and out-of-plane components of the phase gradient. 

This phi_t tells us how far the anomalous refraction is away from the plane of incidence and it is determined by the out-of-plane component of the phase gradient.



Phase response of rod antennas
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The antenna resonance is like any other resonance. Across the resonance peak there is a phase
shift close to pi. Therefore for a fixed wavelength, one can choose different antenna lengths to
address different amount of phase change in the scattered light. H
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Abrupt and controllable phase shift can be achieved by using the antenna resonance. 

The antenna resonance is like any other resonance. Across the resonance peak there is a phase shift close to pi. Therefore for a fixed wavelength, one can choose different antenna lengths to address different amount of phase change in the scattered light. This is the basis of Yagi-Uda antenna. 

Here is how we control the amplitude and phase response of optical antenna. The idea is to use antenna of different sizes so that we can address different positions on the resonance curve. 

Antenna resonance occurs when the length of the antenna roughly equals to half wavelength. At resonance, the amplitude of the scattered light is maximum. While across the resonance, the phase of the scattered light changes quickly from pi to a very small value.

It is a bit like a mechanical resonator, such as mass on a spring, if we drive it slowly the mass follows the driving force whereas if we drive it fast, there is a pi phase shift between the mass and the driving force. From another perspective, the impedance of the antenna changes from capacitive to resistive and to inductive, when we fix the wavelength and increase the size of the antenna. This is where the pi phase shift comes from. This mechanism is used in the famous Yagi-Uda antenna

An antenna resonance will provide a phase shift anywhere between 0 and pi. For a complete control of the wavefront, we need a 2pi phase. 


V-shaped antennas for broad phase coverage
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This antenna has a broader resonance and greater phase coverage than a linear one
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The scattering spectrum is a combination of the scattering from the two modes (coherent addition, including phase) 

The looking at the polarization-converted field gives us a phase extension when considering this two-oscillator system. 


Phase gradient = Effective wavevector Anomalous reflection
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One of the key lessons we learnt from studying metasurfaces is that a spatial phase gradient is equivalent to an effective wavevector that can be used to bend the propagation of light.

This is the basis of our early demonstration of the so-called generalized Snell’s law.


We use gold optical antennas of different shapes patterned on si substrate. The metasurface introduce a constant phase gradient in the horizontal direction so that if you shine a plane wave normally onto the metasurface, the transmission and reflection will bend sideways.


Flat lens based on Metasurfaces

To focus at a certain focal f the interface must compensate for the distance of every point from a
spherical surface centered in the focus and with radius f.

20—

#y(x,y) = —-RS, = 27”(\/@2 +y) +f° —f)

No spherical aberration and large numerical aperture; poor focusing efficiency
F. Aieta et al Nano Letters 12,4932 (2012)
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we take the delays accumulated over the glass in a conventional lens and it map out on the surface


Optically thin and high reflections

Poor efficiency, exacerbated by optical losses
for visible/near-ir in the case of metals;

Solutions:
Reflectarrays

Dielectric structures

Impedance matching
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Yu et al., Science 334, 333 (2011)
Ni, et al. Science 335, 427 (2012)

* Single-layered antennas supporting multiple
antenna resonances. V antennas and V-
apertures.

* Reflect array structures consisting of an
antenna layer and a metallic ground plane
separated by an insulating dielectric spacer.
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Sun et al., Nano Lett 12, 6223 (2012)
Sun, et al., Nature Mater. 11, 426 (2012)
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People have used a variety of antenna structures to provide the 2pi phase coverage, which is needed for a full control of the wavefront.
There are two types of them. One is single-layered antennas supporting multiple antenna resonances. Examples inlcude V antennas and V-apertures. The second type is the so called reflect array structures consisting of an antenna layer and a metallic ground plane separated by an insulating dielectric spacer. The spacer is optically thin and there is a strong optical interaction between antennas and their images in the ground plane. And it is this strong near-field coupling that broadens the phase coverage.


O Major Efficiency Improvement

y-polarized incidence from
collimated quantum incidence

1
1
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Nano-antennas capped above a metal sheet separated by a dielectric layer

The metal sheet serve as:
Reflected mirror: Cancel the transmitted components

Magnetic-response : Dipoles of nanoantennas couple to backplane to induce anti-parallel
currents: induced magnetic mode, 27t-phase modulation can be achieved

Lei Zhou (Fudan U) and Din Ping Tsai (Acad. Sinié®, Taiwan) Groups
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Metal-insulator-metal structure or dielectric antenna patterned on a metallic substrate
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The previous metasurfaces are made of a single layers of V antenas and the scattering efficiency is low. Only 10-15% of the optical power is coupled into anomalous beams. There has been interesting progress recently to boost the device efficiency. The key is to use the so-called reflectarray structures. It can be a metal-insulator-metal structure or dielectric antenna patterned on a metallic substrate. In these configurations, all optical power is reflected.

Furthermore, 


Reflective Meta-Surfaces at Optical Frequency

‘--n-lllll'--
L Schematics of the designed meta-surface

Max EEEE W +Max

ENN

1500

-90 60 -30 ; 30
Working wavelength around 850nm

- Sandwich structure of Au bars (30nm) / MgF, (50nm) / Au film (130nm)
Unit cell: L, x L, = 1200 nm x 300 nm
Linear reflection phase distribution along x-direction
70% to 80% efficiency in anomalous beam
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S.Sun et al.,, Nano Lett. 12(12), 6223-6229 (2012).



Mid-IR Flat Lens for Imaging: Design & Fabricatior  gmm

R eflecti®marvordéh

flat lens
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Design principles:

e Cylindrical phase profile to focus light

uniform intensity as 7¢ Focal spot

excitation

* Linear phase profile to direct light at an angle

it-s0m  Fabrication techniques:
: e E-beam evaporation, PECVD, photolithography
e Materials:Au and SiO,

hy SiO,
i Au

D 200000OCOOOOOOO
Lesign parameters. © 0000000000000
) 2000000000000 0
D=3.08 mm (size of lens, 1401 antennas) L) 0000000
0=45° (beaming angle), h=400 nm ::??e:: :::::
r=4 cm (focal distance) SLooNs epeie © o000

Shuyan Zhang, Capasso group
Nanfang Yu group (Columbia)
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Meta-Reflectarrays Applications

N. Mohammadi Estakhri, C. Argyropoulos, and A. Alu, Phyl. Trans. A, in press (2015)
N. Mohammadi Estakhri, A. Alu, IEEE AWPL (2015)
(b) in-couplingt and out-coupling energy from radiating to guided modes; (c) cloak a large
object on a ground planet by ailoring the local phase of the reflected beam,, (d) trap light: by
steering the reflected beam on the bottom plate of a thin film solar cell one can increase
the optical path.All these phenomena are inherently broadband (non resonant elements)
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The figure shows a sample of applications of graded metasurfaces working in reflection. The idea is to manipulate the reflected wavefront at will, which may be used for: (B) in-coupling and out-coupling energy from radiating to guided modes; (c) to cloak a large object on a ground plane: tailoring the local phase of the reflected beam, one can hide the object; (d) trap light: by steering the reflected beam on the bottom plate of a thin film solar cell one can increase the optical path. All these phenomena are inherently broadband, as they are based on local gradients of the reflection coefficient, not resonant elements.


Metasurfaces based on the Geometric Phase
(Pancharatman Berry phase)

_y (mm)

1 : |:CDS m}
\ﬁz- sin a Kang et al., Opt Express 20 15882 (201

Polarization change - Phase change (Geometric Phase)
Tiny apertures with different orientations defined in a metal film. The apertures are like tiny

polarizers. The transmission through the apertures carries a phase of phi equal to the

orientation angle of the aperture and sign equal to the helicity of the circular polarization
Pioneering work by E. Hasman group (Technion)

Kang et al., J Opt Soc Am B 29, 572 (201.
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In the above examples, abrupt phase changes are introduced by the dispersion of antenna resonance. 

A completely different way to achieve abrupt phase changes is to use the so called P-B phase, which is the phase change related to polarization change. Let us look at this example. These are tiny apertures with different orientations defined in a metal film. The apertures are like tiny polarizers. One can easily show using a Jones matrix formulism that for circularly polarized incident light, the transmission through the apertures carries a phase of alpha equal to the orientation angle of the aperture. The sign of the phase depends on the spin of the circular polarization. 

The first example shows a metasurface design that can generate vortex beam and the second example is a flat lens that can focus circularly polarized incident light.


Optically thin and high reflections

Poor efficiency, exacerbated by optical losses
for visible/near-ir in the case of metals;

Solutions:
Reflectarrays

Dielectric structures

Impedance matching



lgal Brener Group (Sandia)

Huygens’ principle

oo

Huygens sources radiate
unidirectional as superposition
of electric and magnetic dipoles

Unidirectional scattering by
electric & magnetic dipole

X

Liu et al., ACS Nano 6, 5489 (2012)

Y. Kivshar, A. Miroshnichenko,b D. Neshey, Australian National University

Pure electric and magnetic dipole in Si spheres

- Noise)

amp

(Signal - Noi

ise) (L
- N w = o o
L L L 1 1

o

ed

500 500 700 800

wavelength, nm Kuznetsov et al.,

Sci. Rep. 2, 492 (2012)

Elec. & mag. dipole can be overlapped in Si disks
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By changing the aspect ratio of the Si disks one can overlap

E & M resonances, leading to zero reflection

Staude et al., ACS nano 7, 7824 (2013)
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Top left: The Huygens principle states that wave front can be represented as a superposition of secondary sources that radiate in spherical waves in forward direction
Bottom left: It was later realised that such spherical waves can be represented as a superposition of electric and magnetic dipoles. Our group has shown that such superposition can be realised in core-shell nanoparticles.
Top right: In fact, scattering from dielectric, e.g. spheres can be represented as a superposition of an electric and magnetic dipoles, however their spectral position cannot be individually controlled.
Bottom right: Individual control of the position of both (electric and magnetic) resonances can be achieved with dielectric disks, by varying their aspect ratio. This is also beneficial for fabrication using planar lithography technics on SoI for example


If many such disks are packed together, one can realise a dielectric metasurface with negligible reflection
and no losses as in the plasmonic metasurfaces.

Arrays of silicon disks form a dielectric metasurface

Complete 21T phase range in transmission
Near-unity transmittance for ideal metasurface
No reflection losses

No absorption losses (NIR)

No polarization conversion losses

Single step lithography fabrication
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Decker et al., Adv. Opt. Mat. doi: 10.1002/adom.201400584 (2015)
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If many such disks are packed together, one can realise a dielectric metasurface with negligible reflection and no losses as in the plasmonic metasurfaces.
Due to the overlap of two resonances the total phase accumulation spans a range of 2Pi (bottom left) in contrast to plasmonic metasurfaces (<Pi)
The measured transmission is polarisation independent and is higher than 60% (bottom right), while  theoretically being closer to unity.


Minovich et al,, “Functional and Nonlinear Optical Metasurfaces” Laser & Photonics Review 9, 195 (2015)

Spatial wavefront control: High-transmission-efficiency (>70%) beam-shaping or
holograms i .
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Temporal wavefront control Emission control
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Achieved strong emission enhancement
of QDs in the resonance overlap regime

Decker et al., Adv. Opt. Mat. doi: 10.1002/adom.201400584 (2015) Staude et al.,,ACS Photon. 2, |72 (2015)

Dispersion more than |cm of glass from a single metasurface
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The properties of such dielectric Huygens metasurfaces open a wide range of applications, including
Spatial wavefront control for unpolarised light, with high efficiency. The example on the right shows the generation of an optical vortex with >70% efficiency.
Temporal wavefront control can be achieved due to the very high dispersion > 1cm of glass for a single pass through the metasurface (bottom left).
Emission control: the overlap condition offers stronger emission enhancements (bottom left) and possible unidirectional radiation patterns.


Huyghens metasurfaces:
High-efficiency transmitarray metasurfaces based on LC components

Tl -

I

2 0 2 4 20 5 10 15
y/A Suen® XA
Efficiency ~ 86%

C. Pfeiffer and A. Grbic, Phys Rev Lett 110,
197401 (2013)

F. Monticone ... A. Alu, Phys Rev Lett 110, 203903 (2013) 10 GHz Screen thickness 1/5 of wavelength

Efficiency > 75%

Local control of electric and magnetic fields to achieve impedance matching
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While it is relatively straightforward to create high efficiency reflectarrays, it is much more difficult to realize high efficiency transmit arrays. 

The difficulty is that the metasurface not only has to introduce the desired wavefront but it has also to be impedance matched with the free space. So that we can eliminate reflection and funnel all the optical power to the transmission side. 

The key to solve this problem is to design metasurfaces that control the E field as well as the H field of the incident light. Here is two pioneering work in the direction. 



Metatronic Metasurfaces in Near IR

Caglayan, Hong, Edwards, Kagan, Engheta, Phys. Rev. Lett. 111, 073104 (2013)
a . :: ;1*7-;
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These metasurfaces act as filters for the near IR regimes.

(@) The E field is perpendicular to the nanorods; therefore, nanoinductors (with nanoresistors)
& nanocapacitors form a series combination, (b) the E field is parallel to the nanorods

and thus they form a parallel


Presenter
Presentation Notes
These metasurfaces act as filters for the near IR regimes. Schematic of metatronic nanocircuits.  The width and height of the nanorods and the width of the air gaps are denoted by w, h, and g. (a) The E field is perpendicular to the nanorods; therefore, nanoinductors (with nanoresistors) and nanocapacitors form a series combination, whereas in (b) the E field is parallel to the nanorods, and thus they form a parallel
combination of lumped circuit elements. Scanning electron microscopy (SEM) images of a fabricated ITO nanorods array with w . 320 nm, g . 180 nm, and h . 150 nm (c) in cross section and (d) top down (inset: photograph of a nanorod array over a large area 9 mm 20 mm).  The filtering properties (i.e., transmittance spectra) of these structures are shown in the next page.
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Transmittance spectra of 5 different samples A through E. Experimentally measured data for (a) perpendicular (b) parallel polarization of the incident wave impinging on the nanorod arrays. Full-wave simulation results (c) and (d) and circuit theory calculation results (e) and (f ), fully taking into account the effect of the substrate for two polarizations.


One-Atom-Thick IR circuit metasurface -

With proper choice of graphene conductivity for each patch (via electrostatic gating or chemical doping), we can
envision one-atom-thick circuits in the mid IR, enabling one-atom-thick capacitor, one-atom-thick inductor, etc

=

=

If Im(c)>0——> Inductor L /VYYL N. Engheta, U Penn.

I Tm(c)<0——> Capacitor C —
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This slide has animation:  With proper choice of graphene conductivity for each patch (via electrostatic gating or chemical doping), we can envision one-atom-thick circuits in the mid IR, enabling one-atom-thick capacitor, one-atom-thick inductor, etc.  With this paradigm one can consider thinnest possible IR optical devices, such as one-atom-thick optical waveguides, etc.  Please see next page. 


Region 1: Im(c)>0
., =150 meV

Region 2: Im(c)<0
U, =65 meV

A. Vakil and N. Engheta, Science, 2011
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Results of our numerical simulations for one-atom-thick optical waveguides for 30 THz frequency signal.  (This slide has animation).


Gate-controlled Graphene Metasurfaces for
wide-range phase modulation
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Amplitude/phase modulation (Expt.)

e Gating graphene can dramatically modify the
reflection-phase spectra of the coupled system

e Nearly full-range phase modulation realized
with two independently gated “bits”.

. | . s I . | .
0.2 0.3 04 0.5 0.6 0.7 0.8

Frequency (THz) . .
Nearly full-range phase modulation Lei Zhou’s group Fudan UR\IETeREI! al., arXiv:1409.6845
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Phase modulation plays an important role in photonics, but currently available schemes exhibit limited phase modulation range.

Recently, Lei Zhou’s group at Fudan University combined gate-controlled graphene and reflective meta-surface to realize an extremely wide-range phase modulation. 

As shown in the figure, the group found experimentally that gating graphene can dramatically modify the reflection-phase spectra of the coupled system, leading to very significant phase modulation near the resonance frequency. The underlying physics is that, gating graphene can drive the coupled system to transit from an under-damped resonator to an over-damped one, and thus lead to a very large phase variation accompanying such a transition. 

Using two independently tuned graphene meta-surfaces with slightly different resonance frequencies, the group realized nearly full-range phase modulation in the frequency interval between two resonances. 


Tunable metasurface absorber: Theory

Y. Yao, et. al, Nano Lett..4, 6526 (2014)

Graphene

. 0.04
= 12
b 1x10
= 0.02 O
S 1x10 "cm
2
0.00 . : : .
~ 0.02
0 0.00
E 0.024 | . | |
4 5 6 7 8

Wavelength (um)

Wavelength (pm)

* Resonance peak of the metasurface conductivity
tuned by changing the gate voltage

e = reflection minimum of the entire structure is
blue shifted

The phase shift of the reflection coefficients can
be any value instead of the typical 0 or 1r as long
as the optical conductiviyt ov is a complex
number.

As aresult, the critical coupling condition in the
metasurface resonator cannot be reduced to
separate conditions for loss and roundtrip
phase, as in most well studied resonators.

The roundtrip phase accumulation 23d does not
have to be close to 1, which makes it possible
to achieve the critical coupling condition with a
much smaller dielectric layer thickness d than
the wavelength.
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300 nm AlOx
Critical coupling condition: minimum reflectivity, i.e. all light is absorbed as the light transmitted is zero due to the back metal 


Y. Yao, et.
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 Maximum modulation depth :

>95%
* Optimizing the design will lead

to modulation depth = 100%

Bandwidth: 2 um (5 um-7 um, for
modulation depth > 50%)
Modulation speed estimated
~1.2GHz
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300 nm AlOx
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Stanford | ENGINEERING
Resonant Optical Properties of Semiconductor Structures

Example: Optical properties of high index semiconductor nanowires

e Free space photons can couple to Mie or leaky mode resonances
Ve

[ntuitive resonance condition: | mA_z = 2nr

e For top-illumination resonances split in TM and TE modes

™ ™ ™ ™ IEI2
H i il 2 - : Nomenclatur
™ k o ke O OH % I e TM
. > jo o] oo ml
0
7 TE,; TE,, TE,, TE;, |H|21 m: # wavelengths
E | : # radial maxima
N Q0 !
e s el 50 o
/ DO oce
0

Cao, et al., Nano Lett., 2649, 10, 2010. Cao, et al., Nano Lett., 10, 439 (2010).
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M = number of wavelength around the circumference; L is radial order
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Axicons based on Si Gradient Metasurfaces?

Example: Construction of a Si-based axicon
Conventional Axicon

5mm
> <
Ref Thorlabs.com
Gradient Metasurface
100nm

Phase discontinuities

Phase discontinuities

40
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Conventional optical elements modifies the wavefront through the phase pickup through propagation, so the thickness of conventional axicon is on the order of several mm. And the 3D surface is cost-effective to fabricate. Can we replace Optical by Gradient Metasurface? Metasurfaces are attracting attention for their ability to manipulate electromagnetic waves within ultrathin planar layers. gradient metasurface provide virtually abrupt phase changes over the scale of subwavelength along the optical path, caused the shaping of wavefront within ultra-thin metasurfaces
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By combining PBOE and NW resonator, we demonstrate the first Si-based gradient metasurface operating in the visible spectral range. Here is an example of DMOE of axicon. It consist of thousands of nanowire antennas, rotating at different angle. By controlling the local orientation of nanowire antennas, DMOE axicon can achieve 8 discrete level phase approximation of desired conical phase distribution of a conventional axicon


Broadband Metasurface
Broadband light bending

Broadband Holograms 10 9
(c) (d) (e)
7]
T
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E
o -5
Chen et al, Nano Letters 14 2014 =
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Yu et al, Science 334, (2011)
Ni et al, Science 335 (2012)

Ribot et al, Adv. Opti.Mater. vol 1, 7 2013
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Not achromatic due
Nispeivotdueter to dispersive behavior




Achromatic Optics with Metasurfaces

Achromatic
Metasurface

desired
6 & wavefront

Diffractive Optics

Refractive Optics

11

Beam
deflection

wavefront
2 N4\
B A = bonst.
: 0
O qom,g',f’/lg ) cPm\i!
L

Y W

F. Aieta et al. Science 347, 1342 (2015)



Achromatic Metasurface

total accumulated phase
rptﬂt (r: ‘a‘) - fpm (T: ‘1) + {Pp (T, ‘a‘)

matasurface propagation

desired wavefront
hase
phase P

Constructive interference: Same phase for all light paths \Q

o Chromatic effects can be overcome by
compensating the dispersion of the propagation
phase with the wavelength-dependent phase

shift imparted by a metasurface consisting of B f X >
subwavelength resonators T T
o The phase shifts ¢,,;and ¢, are designed so that ¢,,; and

®yor; @re the same (modulo 2) at different wavelengths

Pm (xi' Al) - A_Sin 9[}

L

o The basic unit of the achromatic metasurface are low-loss coupled

dielectric resonators that can be designed to adjust the scattered

phase at different wavelengths Coupled Rectangular

Dielectric Resonator
F. Aieta et al. Science 347, 1342 (2015)



Dispersion-less light bending

o Chromatic effects can be overcome by compensating the
dispersion of the propagation phase with the wavelength-
dependent phase shift imparted by a metasurface

lambda lambda lambda

Pm(x,4;) = — A—Sin Oox  , ym m,

L
The resonators have to be designed to adjust &
the scattered phase at different wavelengths 033-
@,(r,A) in order to satisfy this equation 2

mmmm Total scattering
m— e scattering
wmmm md scattering

- moderate permittivity dielectrics
- several modes (dense spectrum)

- design flexibility O H00 1300 1550 1800 2000
- low-loss A (nm)




Coupled Rectangular Dielectric Resonator Design

1550 1800 2000

A (nm)

1100 1300

Aperiodic metasurface

Optimize geometry of each unit cell to obtain the desired phase response at
each design wavelength ~ uniform transmitted amplitude for all the unit cells




Dispersion-less light bending

A, =1.3 um i Rectangulay, Dielectric Resonators
9,=-17deg "2 =1.55pm W, W, /
Ay =1.8 um pm |
o Rl

sio, |

unit cell with geometry s=1 ym, t=400 nm, _ |
w;=300 nm w,=100 nm and g=175 nm. oum  WD=29mm  ENT= 300k TitAngles 00° image Pixl Size = 1.196 nm
 —

Tilt Corrn. = Off Width = 2450 ym

400 nm amorphous silicon (a-Si) on a fused silica (SiO,) substrate by PECVD
240 um X 240 um metasurface of 240 unit cells



Dispersion-less beam deflector

Dispersive grating
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Achromatic lenses

Regular lens with Chromatic

Achromatic lens - 2 wavelengths

______ .),,.,

F. Aieta et al. Science 347, 1342 (2015)
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Ordinary refractive lenses suffer from significant chromatic aberrations as different wavelengths are focused in different spots. To compensate for this chromatic dispersion additional  lenses have to be added in an objective to compensate for chromatic aberrations as the number of wavelengths to be corrected increases. A so called achromatic doublet  corrects for 2 wavelengths, an apochromat for 3 and finally a so called super-achromat for  four wavelengths. Our new lenses based on metasurface are designed to focus light  in the same spot for 3 different wavelengths with no need to increase the lens thickness  and foot print. Such lenses  can be designed with large numerical aperture. 


Achromatic Flat Lens

The FLAT LENS imparts with the right amount of optical path difference at each wavelength :
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Measured intensity for three wavelengths along the optical axis

A=1300 nm A=1800 nm

X(pm)

x(um})

z(mm)

Top: Experiments

Bottom: Simulations Reza Khorasaninejad et al. Unpublished (2015)



Intensity distribution in the focal plane
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Fresnel Optics vs Metasurface Based Optics

non refractive nm (1 0-° m)
par Mo
=555 min N
------------------- |1 B x\/
----- ./’ ;//
_____ e
Fresnel Optics Metasurface
finite lateral phase control sub wavelength phase control
polarization insensitive polarization control

multi wavelength operation hard | controlled dispersion: achromatic

multiple steps of lithography:
N phase level>log, N steps single lithographic step




 Technology simplification:
Bernard Kress (Google) “a single digital pattern (one mask level)
can create an arbitrary analog phase profile”



Jlopics

Wavefront Control: amplitude, phase, polarization
(transmittarrays & reflectarrays)

Gradient and Huyghens metasurfaces

Flat optical components

Graphene (VdW Heterostructures)metasurfaces
Aberrations and Achromatic metasurfaces

Structured Light: vector beam generation
Holographic metasurfaces

Active (Nonlinear Optical) Metasurfaces

Waveguide control: guided and frees space mode conversion
Polarization controlled routing

Materials



Vortex plates based on metasurfaces

Polarization N
converter

/ | N\

rrrrrrrr

act|§ N /i MidR| . &
BS ... camera |

P. Genevet et al., Appl. Phys. Lett. 100, 13101 (2012)



i ! Sandia
@é@ Gaussian-to-Bessel transformer )t

C. Pfeiffer, A. Grbic, Physical Review Applied, 2, 044012, 2014.

 Anisotropic and inhomogeneous metasurfaces allow
for simultaneous control of the wavefront and its
polarization.

» Metasurface was designed to transform an incident
Gaussian beam into a radially polarized Bessel beam.

« Each unit cell provides 360° phase coverage for
wavefront control and acts as a waveplate for
polarization control

57
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Presentation Notes
Anisotropic and inhomogenous metasurfaces allow for simultaneous wavefront and polarization control.  For example Carl Pfeiffer and Anthony Grbic developed a metasurface that converts a normally incident Gaussian beam into a radially polarized Bessel beam (see top right). A typical unit cell of the metasurface is shown on the bottom left. It consists of 3 cascaded sheets that provide complete phase control and high transmission. In addition, each cell was designed to act as a waveplate to control the polarization.  A picture of the fabricated metasurface that operates at 10 GHz is shown in the center. This metasurface was illuminated with a Gaussian beam and the transmitted longitudinally polarized electric field was measured (see bottom right). You can see that the transmitted field exhibits a zeroth order Bessel function profile, which demonstrates that the metasurface is efficiently converting the incident Gaussian beam to a transmitted Bessel beam.


Circular Dichroism Spectrometer

- Circular Dichroism (CD) spectrometer measures the differential absorption between
circular polarizations (LCP and RCP), important in bio-sensing of chiral molecules. CD
spectrometers typically obtain LCP and RCP spectra “sequentially”. They are very large
and complicated because of the hardware required to switch the circular polarization of
the laser and to manage sequential data collection.

- The metasurface separates CP and RCP spectra “spatially”. UsesnPhotonic Spin Hall
Effect in Gap-plasmon metasurface to reflect different optical spins (circular
polarization) in opposite sides at wavelength dependent angle.

V. Shalaev, A. Boltasseva, A. Kildishev, Purdue 2015
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Circular Dichroism Spectrometer
Circular Dichroism (CD) spectrometer measures the differential absorption between circular polarizations (LCP and RCP), important in bio-sensing of chiral molecules. CD spectrometers typically obtain LCP and RCP spectra “sequentially”. They are very large and complicated because of the hardware required to switch the circular polarization of the laser and to manage sequential data collection.
Instead, we propose a metasurface that separate LCP and RCP spectra “spatially”.   we utilize Photonic Spin Hall Effect in Gap-plasmon metasurface to reflect different optical spins (circular polarization) in opposite sides at wavelength dependent angle.
This CD spectrometer: (1) is real-time (2) is the smallest to our knowledge (130 nm thick, and the whole 3D size is sub-millimeter) (3) eliminates the need  for tunable polarized laser source (non-coherent lamp with equal components of LCP and RCP will do)

Optical Rotation
Optical Rotation of polarized electric field around propagation direction require differential phase-shift between LCP and RCP components of light. We propose a metasurface that introduce an abrupt phase shift between LCP and RCP to rotate light polarization by 45-degree. This can be applied to secure quantum communications where data are encoded to light polarization direction.

Refractory Plasmonics
A broadband metasurface absorber with an average high absorption of 95% and a total thickness of 240 nm is fabricated, using the refractory plasmonic material, titanium nitride. The metasurface layer is composed of TiN square, ring-like unit cells with outer and inner side lengths of 250 and 150 nm, respectively that are bi-periodically distributed with a pitch of 300 nm. The 30-nm thick metasurface is separated from a 150-nm thick TiN back-mirror with a 35-nm thick Si3N4  spacer with a melting point around 1900 °C. The all-ceramic device efficiently converts the energy into heat sustaining temperatures higher than 1000 ̊ C.  

Polychromatic Phase Hologram
 - Nano-slit antennas are used to simultaneously encode both color (wavelength) and phase information. Monochromatic phase holograms where antennas encode phase data at a single wavelength have a capacity limit. Antennas closer than λ/2 are not distinguishable in the far field. If antennas are resonating at different wavelengths. They can be closer than λ/2 and their information are distinguishable. 
Regarding color imaging application, it is only needed to encode antennas with the three red, green, blue colors (controlled by antenna length), and phase information is encoded through antenna orientation (Berry phase or geometric phase). The three phase hologram images together compose multi-color image.

Metasurafce Based Nano-Cavity 
Reducing the dimensions of cavities can be applied to nano-lasers, spontaneus emission enhancement, single photon source and threshold-less lasing.
Conventional Fabry–Pérot cavities are diffraction-limited, because wave oscillation requires a minimum roundtrip phase accumulation of 2π.
We replace at least one of the two mirrors with a reflecting metasurface. It induces an abrupt phase-shift to compensate for accumulated phase inside the cavity.
100 nm length cavity can resonate at wavelengths from 0.6–1μm (wavelength depend on dimensions of nano-structures).

Dielectric Metasurface Lens  
Dielectric metamaterial layers are lossless, and exhibit relatively high transmission efficiencies (contrary to plasmonic metasurfaces). Subwavelength dielectric lenses have been developed - demonstrating beam area contraction ratio of three, and insertion losses of 11%.
  

Huygens’ Surfaces
- By independently controlling both electric and magnetic responses of the metasurface, reflection can be minimized (impedance matching). This leads to efficient light bending in transmission (30% efficiency).



Bianisotropic metasurfaces laorore

« Systematic design procedure for realizing complete
polarization control using cascaded anisotropic sheets
was developed.

« Asymmetric circular polarizer provides high transmission | |}
for RHCP when propagating in the +z direction. E,, Hy,

 RHCP is reflected when propagating in —z direction.

* Performance is an order of magnitude improvement
over previous optical structures providing asymmetric

transmission.
SU-8

374 nm
(A/4.0)
Transmittance

1.2 1.3 14 15 16 1.7 1.8 19 2
(A/4.0) (A/3.75) A (nm)

C. Pfeiffer, C. Zhang, V. Ray, L. J. Guo, A. Grbic, Phys. Rev. Lett., vol. 113, 023902, 2014
59
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Additional polarization control can be realized with metasurfaces that exhibit bianisotropic responses. A systematic design procedure for realizing arbitrary polarization control was developed by Carl Pfeiffer and Anthony Grbic. To illustrate the design process, a metasurface that provides asymmetric transmission for circular polarization was developed at an operating wavelength of 1.5 um. This metasurface provides high transmission of right handed circular polarization when it is incident upon the back of the metasurface, but completely reflects RHCP when it is incident upon the front. The unit cell is shown on the left and a SEM image of the fabricated metasurface is shown in the center.  The bottom right shows the 4 elements of the measured and simulated transmission coefficient: L corresponds to left-handed circular polarization and R corresponds to RHCP. We can see that the metasurface efficiently converts incident right handed circular polarization into left LHCP with an efficiency of 50%, and reflects all other elements of the transmission coefficient. The metasurface exhibits an extinction ratio of 20:1. This work demonstrates that the design process can be used to realize arbitrary bianisostropic metasuraces from microwave to optical frequencies. 


Ultrathin Metasurface Holograms

676-nm Kr/Ar laser

Hologram of Letter P

Polychromatic Phase
Hologram

X. Ni et al. NATURE COMMUNICATIONS | DOI:
10.1038/ncomms3807 (shalaev group)

Sajid Choudhury, et al,“Color
Hologram Generation Using a
Pancharatnam-Berry Phase
Manipulating Metasurface ”, CLEO
(2015)
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Aluminum Plasmonic Multicolor Meta-Hologram
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Length of rod, L (nm)

lllustration for the device  Reflective phase / amplitude SEM image
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- Sandwich structure: Al-nanorod/SiO./Al-mirror

- Aluminum plasmonics: Visible plasmon resonances, low-cost, mass-producible

- Narrow resonances & 2-level phase modulation scheme: Color multiplexing

- Conserved linear polarization, polarization-dependent images

- 180 x 180 pixels, each made of 4 sub-pixels; one for blue, one for green, and two for
red to compensate for the lower reflectance in red.

Phase-modulated full-color meta-hologram. The reconstructed image is polarization-
dependent, achieved by using Al nanorods with resonances covering whole visible range.

D. P. Tsai, et al., Nano Letters, ASAP (DOI:10.1021/acs.nanolett.5b00184) D. P. Tsai Group
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Left:
1. This is the first demonstration on a phase-modulated full-color meta-hologram. 
2. The reconstructed image is polarization-dependent that is achieved by using aluminum nanorods with resonances covered whole visible range.

Meddle:
To avoid the cross-talk between light with different wavelengths, a two-level metasurface is employed for the design of meta-hologram. 

Right:
1. The multi-color metahologram consists of 180 × 180 pixels, each made of 4 sub-pixels; one for blue, one for green, and two for red to compensate for the lower reflectance in red.


Wavelength and polarization-dependent images @

Color multiplexing
A =658 nm 532 nm

Simulated image Polarization-dependent reconstructed images

-

D. P. Tsali, et al., Nano Letters, ASAP (DOI:10.1021/acs.nanolett.5000184)

62

Sandia
National
|aboratories



Presenter
Presentation Notes
1. This page shows the experimental results: top for reconstructed images by different wavelengths; down for reconstructed images by different polarization of incident light.

2. Taking into account of the wavelength dependence of the diffraction angle, the images are reconstructed to specific locations with pre-determined size. This is benefitting for readers to clearly observe all the reconstructed images in the same time.


Nanostructured holograms with local Polarization engineering
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Radially polarized light:
an example of vector beams
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. Lin, P. Genevet, et. Al. Nano Lett.,13, 4269 (2013)

l




Nanostructured holograms for vector beam generation
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Radially polarized light:
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Nanostructured holograms for broadband manipulation of light
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Broadband property is a consequence of the shift theorem of Fourier (é;))ncs
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Constructive interference for a given wavelength (1,) is controlled by 2 jmo

It will be observed at another wavelength (A,) at the angle 0, defined by: 6, =sin™ {isin 91}
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Jlopics

Wavefront Control: amplitude, phase, polarization
(transmittarrays & reflectarrays)

Gradient and Huyghens metasurfaces

Flat optical components

Graphene (VdW Heterostructures)metasurfaces
Aberrations and Achromatic metasurfaces

Structured Light: vector beam generation

Holographic metasurfaces

Active (Nonlinear Optical) Metasurfaces

Waveguide control: guided and frees space mode conversion
Polarization controlled routing

Materials



EFFICIENT SECOND-HARMONIC GENERATION OVER A SURFACE

Quantum engineering of nonlinear coefficients with intersubband transitions

N-doped multiple 60 G TTn T 5
~ Yo (@ > 20)~ N, — : ——~10" pm/V
quantum wells (MQW) so0——] — | he, (@, —20—iy, )@y ——iry)
T 4001 =193 mev R 103-10% times larger than in traditional materials
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T S — ':300 E;;=133 meV 2 Simil hf I ffici f
S = 209 z:;=1.9% [ =iE | » Electro-optic effect
L = 1T 1 + Difference- and sum-frequency generation
e s + Phase conjugation, all-optical control
Thickness [nm] .
+ Electromagnetic engineering of plasmonic resonators M. Belkin Group, UT Texas
’
t Design considerations: A. Alu GrOUp
o
v A= *» Strong coupling of impingent field to z-polarized intersubband transitions
' * Resonances and strong field enhancement at both input and output frequencies
o + Maximizing overlap integral for optical modes at input and output frequencies, e.g. for o =2 2o:
@ - @ . 4y =) 20 . -
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= Ultrathin highly-nonlinear and electrically/optically reconfigurable metasurfaces

Proof-of-concept demonstration:

Ultrathin mid-IR second-harmonic metasurface’

* Automatic phase matching in reflection
» 2x10%% conv. eff. for only 15 kW/cmZ2intensity
» ~108 improvement over traditional materials

J. Lee et al., Nature 511, 65 (2014)
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Strong Coupling Between Metamaterials to ol
Intersubband Transitions in Quantum Wells

Igal Brener Group
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Presentation Notes
Talking points:

Metamaterial resonators behave like a “nanocavity” and they can couple strongly to dipolar resonances in layers in close proximity to the metal traces.
We previously demonstrated this effect with LO optical phonons, and here we demonstrate the effect using dipole transitions implemented using intersubband transitions (and I know you’ll enjoy this topic , preaching to the choir… )
The top 2 sketches are schematics to explain the general concept.
The lower left simulation shows the optical field inside the semiconductor. It is confined to a couple hundred nm below the metal. The mode volume is very small.
The resonators used are called “dogbone” and the two plots on the lower right are the anticrossing plots when we vary the size of the resonators keeping the IST the same.
This system is scalable: we showed this in the mid IR (~10um) using InGaAs QWs and in the near IR using GaN QWs.
The Rabi splittings are huge, ~20% of the fundamental frequency (although Carlo might have higher values using patch antennas).
This is a single resonator effect, we demonstrated this in the Nat. Comm. paper by diluting the areal coverage of the resonators
We can Stark tune the transitions and have a voltage tunable device (we have an APL on that).
There is a  lot of nonlinear optical work going on now by Misha and us using similar concepts.  


Jlopics

Wavefront Control: amplitude, phase, polarization
(transmittarrays & reflectarrays)

Gradient and Huyghens metasurfaces

Flat optical components

Graphene (VdW Heterostructures)metasurfaces
Aberrations and Achromatic metasurfaces

Structured Light: vector beam generation

Holographic metasurfaces

Active (Nonlinear Optical) Metasurfaces

Waveguide control: guided and frees space mode conversion
Polarization controlled routing

Materials



Controlling guided EM waves using metasurfaces
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Tensor holographic impedance for -
converting surface wave into circularly
polarized wave in the far-field Metasurface Luneburg lens

Fong, et al., IEEE Trans Antennas Propag 58, 3212 (2010) Vakil and Engheta, Science 332, 1291 (2011)
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Recently people have started to look into the problem of using metasurfaces to control in-plane propagation of guided EM waves, which is a situation very different from controlling light in free space.


Far-Field Demonstrations

O Experimental setup O Measured and simulated normalized
scattered electric field intensity
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Experimental results match well with FDTD simulations

S.Sun et al., Nano Lett. 12(12), 6223-6229 (2012).
Lei Zhou (Fudan U) and Din Ping Tsai (Acad?ginica,Taiwan) Groups



http://pubs.acs.org/action/doSearch?ContribStored=Zhou,+L
http://pubs.acs.org/action/doSearch?ContribStored=Tsai,+D+P

Generalized Snell’s Law & New Surface Waves

0 Anomalous reflections at different U E, Field patterns on the x-z plane
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The momentum conservations of scattered field:
KosinB, = Ky sinB, + ¢, = 0.7 k,

Negative reflection, positive reflection, and surface wave generation are demonstrated

S.Sun et al., Nano Lett. 12(12), 6223-6229 (2012).

Beyond critical incident angle 0_.=-17° (plane wave — surface wave)

» Lei Zhou (Fudan U) and Din Ping Tsai (Acad/Sinica, Taiwan) Groups



http://pubs.acs.org/action/doSearch?ContribStored=Zhou,+L
http://pubs.acs.org/action/doSearch?ContribStored=Tsai,+D+P

% Using metasurfaces to control waveguide mode conversion
Nanfang Yu group

Au antenna on Si
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Using metasurfaces to control in-plane propagation of light/guided waves
Devices consist of waveguides integrated with a linear phased antenna array made of gold
Phased antenna array  constant phase gradient  unidirectional effective wavevector  phase matching between different waveguide modes
Incident wavevector and phase gradient in opposite direction  Conversion into higher order waveguide modes
Incident wavevector and phase gradient in the same direction  optical power eventually converted into surface waves
Unique features of the device:
 Small footprint: length of the antenna array ~ a few free-space wavelength
 Broadband: e.g., converted waveguide mode have purity > 95% from 3.5 to 5 um wavelength
 Small insertion loss: if antenna array is made of high refractive index dielectric (optical phased introduced by Mie scattering), transmission through the device can approach unity; if antenna array is made of metal, transmission through the device is around 50%



o Waveguide mode converters and polarization rotators (A =4 um)
Nanfang Yu Group
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A few examples showing conversion between different waveguide modes; the third example is a waveguide polarization rotator
Conversion between any waveguide modes can be achieved by engineering (1) antenna array length, (2) number of antennas and their separation, (3) orientation angle of the antennas, (4) location of the linear antenna array relative to the central axis of the waveguide
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School of Engineering

and Applied Sciences Surface Plasmon Polaritons: Coupling to Free Space Photons

Common CGoupling Methods: Limitations
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(A) Prism Coupling

The generated SPPs propagate along
the direction of the incident field.

Only p-polarized incident light is cou-
pled.

B "
<—  — ¢

(B) Grating Coupling

Direction fixed by momentum matching condition
given by wavelength, angle of incidence and the
grating period.

Fornormal angle ofincidence, SPPs are launched
towards both sides.

Grating-like structures can only convert incident
light that is polarnzed perpendicular to groove- or
ridge-like features to SPPs.



temtaed HARVARD

School of Engineering “Fishbone” Gratings

and Applied Sciences

Interference between
transmitted beam through
film and SPP. Period equal
Aspp = 606 nm

A =633 nm, Aspp =606 nm.

Geometrical parameters : S =150 nm, Vertical antenna separation
D= 300 nm, Antenna width & length: W=40 nm and L = 200 nm.
Column pairs spacing: 600 nm; thickness of the Au film = 150 nm.

Jiao Lin et al. Science 340,331 (2013)



Polarization controlled coupling to a long range surface plasmon waveguide

a) <) o \-*Pulymer cladding benzocyclobutene (BCB)
=\ (‘ polymer
Au antenna array 15nm thick, 10um wide
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The polymer has a refractive index of n = 1:535 at 1550 nm. This geometry

supg;orts a single TM—}:)oIarized mode at C and L band frequencies (10 = 1530 nm to 1625 nm),
J. B. Mueller et all. Nano Lett.14, 5524 (2014)
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InGaAs Camera Image
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lllumination:

e Polarization-dependent switching

Polarization-dependent switching. (=30dB Extinction)

“Note the difference in camera settings.

Towards new polarimeters ! (J. P. Balthasar Mueller)




Flat optics

* New class of flat, compact and broadband components: lenses, polarizers., filters, high speed
tunable phased array for real-time wavefront control. Add quantum effects: actives metasurfaces

* Lithography: from Deep UV to Nanoimprinting and Soft Lithography
* Ultimate frontier: Inverse optical design. Given the wavefront what is the metasurface ?
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Explore new metasurfaces and their breakthrough applications in photonics, in particular active

metasurfaces that are reconfigurable and/or tunable in real time with external control of their optical characteristics
Metasurfaces can be used to design new optical forces on nanoparticles, surfaces: wide open frontier!

Materials Physics of Metasurface Quantum Active
building metasurface platforms metasurfaces metasurfaces
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- ALTERNATIVE MATERIALS

21 JANUARY 2011 VOL 331 SCIENCE

MATERIALS SCIENCE

Interband losses

Low-Loss Plasmonic Metamaterials 1 , o
Nature Photonics News&Views Highlight
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Focus on VIS and NIR


“THE PAST AND PRESENT

. The Past .
== & e/~ ol [EE

The Present

Au, Ag, Cu

TiN, TiAIN, ZrN, HfN, ScN, TaN, YN, VN, NbN, CuN, WN

ITO, Ga:ZnO, Al:ZnO, CdO, CdSbO, GalnO, MgInO, SrTiO,
SrSnO, CdTeO BaSnO, SrGeQ, InO, TiO, IrO, VO, RuO

CoSi, CrSi, FeSi, HfSi, IrSi, NbSi, NiSi, OsSi, PtSi, PdSi, ReSi,
RhSi, RuSi. TaSi, TiSi, VSi, WS, ZrSi, CaSi, MgSi

RuGe, OsGe, BaGe, SrGe, CaGe, MgGe, CrGe
GaAs, AlGaAs, InGaAs, InP, AlinAs
Li, Na, K YH

Graphene MgB
Au, Ag, Cu
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Focus on VIS and NIR


TITANIUM NITRIDE

o

Metallic/Plasmonic: Golden luster

o

Hard & tough: high speed drill-bits, coatings
CMOS-compatible (silicon ICs):

Gate metal

o

Barrier layer

o

Deposition: CVD, sputtering, evaporation...

- Epitaxial growth on c-sapphire, MgQO, and silicon
(2nm layer)

- Mechanically, chemically stable OV
- BIOCOMPATIBLE high biostability SN KClinten 8742
- BioMEMS -’

- Medical implant

- REFRACTORY (melting point 2900C)
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Slide on bio - apps�Re(epsilon)/Im(epsilon) - to include�compare to gold�transparency window at 800 nm (bio applications) - bio-compatibility�of TiN (used in transplants!)�TiN is better since the peak is broader
Barrier layer in Damascene process
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